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RESUMO 

 

Células dendríticas (DCs) são as principais células apresentadoras de antígenos e 

fornecem três sinais principais para a ativação completa das células T. O primeiro sinal consiste 

na apresentação do complexo peptídeo:MHC; o segundo sinal é a expressão de moléculas co-

estimulatórias da família B7, como o CD80 e CD86, e o terceiro consiste no conjunto de 

citocinas produzidas pelas DCs que irão moldar o tipo de resposta T que será gerada. Uma vez 

que algum desses dois sinais é interrompido as células T não são ativadas de forma completa e, 

ainda, podem entrar em anergia ou apoptose. As células T estão envolvidas não apenas em 

respostas de defesa, mas também em uma série de patologias, e estratégias que visam sua 

ativação ou inibição vem sendo usadas no manejo dessas doenças. Terapias que visam a inibição 

do segundo sinal (checkpoint blockade) ou a modulação das células T pelas moléculas co-

inibitórias tem sido testadas e utilizadas para tumores, autoimunidade e transplantes. Nosso grupo 

demonstrou que a proteína DnaK (Hsp70 procariótica) de M. tuberculosis tem papel 

imunossupressor em células dendríticas e in vivo, podendo diminuir a rejeição de transplantes 

cutâneos em camundongos. Porém, os mecanismos envolvidos nessa resposta ainda precisam ser 

elucidados. No presente trabalho, mostramos que a  DnaK foi capaz de diminuir a expressão 

basal de TNF-α, IFN-γ e MCP-1 em DCs de camundongos. Essa modulação foi concomitante 

com a diminuição de dois fatores de transcrição – C/EBPβ e C/EBPδ – de maneira dependente da 

via molecular TLR2-ERK-STAT3-IL-10 nas DCs. Além do terceiro sinal, a DnaK pode modular 

a expressão dos níveis de MHC II (primeiro sinal) e CD86 (segundo sinal) nas DCs, através da 

indução de uma molécula chave chamada MARCH1. Em um modelo murino de aloenxerto 

cutâneo, o tratamento local com a DnaK, antes do transplante, prolongou a sobrevida do enxerto 

e diminuiu a aloimunidade de maneira dependente de MARCH1. A indução de MARCH1 pela 

DnaK foi dependente da via molecular TLR2-ERK-STAT3-IL-10 nas DCs. Além disso, 

demonstramos que a DnaK modula exclusivamente um subtipo de DC migratório da pele – as 

DCs CD103+. Também observamos que esse subtipo de DC é o principal subtipo celular 

envolvido na rejeição de transplantes de pele, gerando um conceito biológico novo nessa área. 

Mapeamos os receptores inatos nos quais a DnaK pode se ligar. Testamos dez receptores inatos e 

vimos que essa proteína não se liga diretamente no TLR2, mas sim nos receptores LOX-1 e 

Siglec-E, formando o complexo LOX-1/Siglec-E/TLR2. Finalmente, a partir dos dados obtidos 

nessa tese, formulamos uma composição e um método para a modulação do enxerto antes da 

realização do transplante, e depositamos uma patente junto ao INPI. Portanto, a DnaK pode 

tolerizar as células dendríticas através da modulação dos três sinais necessários para a ativação 

das células T. Acreditamos que essa estratégia pode ser utilizada no tratamento de patologias 

inflamatórias, incluindo a rejeição a transplantes. 

 

Palavras-chaves: DnaK, células dendríticas, MHC II, MARCH1, transplante 



 

 

 

ABSTRACT 

 

 Dendritic cells (DCs) are the major antigen-presenting cells. They provide three main 

signals to fully activate T cells.  Signal one is when the complex peptide:MHC (p:MHC) 

expressed by DC is recognized by T cell receptor; signal two is the expression of co-stimulatory 

molecules from the B7 family (CD80 and CD86). The third signal consists in the cytokines 

produced by DCs, which will bias the quality of T cell response. Once one of this signal is 

blocked/interrupted, T cells are not fully activated.  T cells are involved in the eradication of 

pathogens, but also in the pathogenesis of several disorders and, strategies that modulate signal 

two are being used to treat these disorders. Novel therapies that inhibit the second signal 

(checkpoint blockade) or T cell modulation by these molecules have being used/tested to manage 

tumors, autoimmune disorders and transplant rejection.  Our group demonstrated that the M. 

tuberculosis protein DnaK (prokaryote Hsp70) has an immunosuppressive role on DCs, and can 

suppress rejection in a murine skin allograft model.  Nevertheless, the molecular mechanism 

involved in this response need to be further elucidated. In the present work, we demonstrated that 

the treatment of murine DC with DnaK could decrease the basal levels TNF-α, IFN-γ and MCP-1 

produced by these cells. This modulation was concomitant with a downregulation of the 

transcription factors C/EBPβ and C/EBPδ in a TLR2-ERK-STAT3-IL-10-dependent way. 

Beyond the signal three, DnaK could also downregulate the expression of MHC II (signal one) 

and CD86 (signal theree) on DCs, through the induction of a molecule called MARCH1. We 

developed an-situ treatment of skin grafts with DnaK prior the transplant. We observed that this 

treatment prolongs allograft survival with a decreased alloimmunity, and this dependent on 

MARCH1. The molecular pathway TLR2-ERK-STAT3-IL-10 was required for MARCH1 

induction by DnaK. Moreover, we found that DnaK modulates a specific skin migratory DC – the 

CD103+ DCs. This is the major subset involved in skin allograft rejection.  We tested in which 

innate receptors DnaK could bind and found that DnaK could not bind directly on TLR2, but in 

the LOX-1 and Siglec-E receptor, in a LOX-1/Siglec-E/TLR2 complex. Finally, from the data 

obtained we patented a new formulation and method to treat allografts prior the transplantation. 

Thus, DnaK tolerizes dendritic cells through the modulation of the three signals required to 

activate T cells. We believe that consists an innovative strategy to treat inflammatory disorders, 

rejection, asthma and sepsis.  

 

Keywords: DnaK, dendritic cells, MHC II, MARCH1, transplant 
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1. INTRODUÇÃO 

1.1 CÉLULAS DENDRÍTICAS E A GERAÇÃO DE RESPOSTAS T 

 

 As células dendríticas (DCs) foram descobertas em 1973 por Ralph Steinman (1). Em 

2011, ele recebeu o prêmio Nobel de Fisiologia e Medicina por essa descoberta. As DCs são 

leucócitos derivados da medula óssea e são distribuídas entre diversos tecidos. Essas células são 

responsáveis e especializadas em adquirir, transportar, processar e apresentar antígenos às células 

T, coordenando a resposta adaptativa (2, 3). Por essas características, as DCs são as principais 

células apresentadoras de antígenos (APCs). Nos tecidos periféricos, as DCs se encontram em um 

estado imaturo de desenvolvimento e estão sempre monitorando o ambiente, agindo como 

sentinelas. Uma vez que essas células reconhecem um microrganismo invasor ou algum sinal de 

dano celular, através de receptores inatos como os receptores do tipo toll (toll-like receptors – 

TLRs) ou scavenger receptors, elas adquirem esses antígenos estranhos e iniciam sua migração 

para os linfonodos (2, 3). Essa ligação de sinais de perigo, incluindo produtos microbianos, nos 

receptores inatos desencadeia a produção de citocinas pro-inflamatórias como a IL-12 e IFN-γ 

pelas DCs. Durante a migração para o linfonodo, as DCs sofrem um processo de maturação ou 

ativação. Nesse processo, essas células irão processar os antígenos adquiridos no tecido e 

apresenta-los em moléculas de MHC de classe I ou II na superfície, em um complexo 

peptídeo:MHC. Além disso, as DCs aumentam a expressão de moléculas da família B7, como o 

CD80 e CD86. Portanto, o aumento dos níveis do complexo peptídeo:MHC I ou II, do CD80 e 

CD86 são referenciados como sinais de maturação das DCs.  

No linfonodo as DCs precisam fornecer três sinais para ativar as células T de forma 

completa. O primeiro sinal ocorre quando o receptor da célula T (TCR) reconhece os antígenos 

apresentados no MHC, o complexo peptídeo:MHC. O segundo sinal, também denominado co-

estimulação, acontece quando o receptor CD28 expresso na célula T é engajado pelas moléculas 

da família B7, expresso pelas DCs – formando o complexo B7:CD28 (4). O terceiro sinal, 
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denominado de polarização, é fornecido pelo conjunto de citocinas que as DCs produzem e que 

irão determina a diferenciação das células T em seus diversos subtipos, como Th1, Th2, Th17, 

Treg, células CD8 citotóxicas (CTLs) (5), entre outros. Se algum desses sinais é interrompido, as 

células T não são ativadas de forma completa e, ainda, podem entrar em anergia ou em apoptose 

(4). Portanto, as DCs podem ser moduladas de acordo com o microambiente no qual estão 

presentes e, por isso, são consideradas a ponte entre a imunidade inata e adaptativa.  

Depois das células T receberem os sinais necessários, elas sofrem uma expansão clonal e 

migram para os tecidos para combater os agentes invasores ou os danos. À medida que esses 

antígenos são erradicados, as células T sofrem uma redução em seu número e algumas delas 

persistem como células de memória específicas ao antígeno. Células T CD8+ são essenciais para 

a indução direta da morte de células infectadas com vírus e tumores. As células T CD4+ possuem 

um papel crucial nas respostas imunes: orquestram a resposta contra patógenos e ao dano celular, 

ajudam as células B a produzirem anticorpos, são responsáveis pela amplificação e manutenção 

das respostas T CD8+ e regulam a função de macrófagos (6). As células T CD4+ reguladoras 

(Tregs) regulam e suprimem outras células imunes para ajustar a amplitude e persistência de 

respostas efetoras, evitando o dano tecidual excessivo e a autoimunidade (7). Porém, esse 

controle muitas vezes não é perfeito e o desequilíbrio  de respostas mediadas por células T CD4+ 

do tipo Th1 está associado com varias desordens inflamatórias crônicas, como as doenças 

autoimunes  (8). Subtipos de células T CD4+, como Th17 e Th1, também possuem um papel 

crucial na rejeição de enxertos (9).  

 

 1.1.1 Modulação das células dendríticas para o tratamento de desordens 

inflamatórias 

 

 Os sinais fornecidos pelas DCs moldam o tipo e a qualidade da resposta T gerada frente a 

um estímulo. Dependendo do receptor inato que vai ser estimulado e engajado, as DCs irão 

produzir citocinas e moléculas co-estimulatórias diferentes, gerando um tipo de resposta T 

diferente – pro-inflamatória ou tolerância, por exemplo (10). Uma maneira de modular as 
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desordens mediadas por respostas T é a modulação desses sinais que as células dendríticas 

fornecem. O uso de moléculas que modulem o estado de ativação de DCs é uma estratégia 

promissora que vem utilizada de forma experimental e clinica (11). As DCs tolerizadas são 

caracterizadas pela baixa produção de citocinas inflamatórias e por uma alta produção de 

citocinas anti-inflamatórias, como a IL-10 e o TGF-β. A IL-10 produzida pelas DCs pode 

modular a produção de citocinas, fatores solúveis e a expressão de moléculas de superfície, com 

consequências na habilidade dessas células iniciarem ou manterem respostas inflamatórias (12). 

Por exemplo, a IL-10 pode agir de forma autócrina nas DCs, ou ainda inibindo a proliferação e a 

produção de citocinas inflamatórias pelas células T, além de favorecer a geração de Tregs (12).   

Foi demonstrado que as DCs tolerogênicas expressam níveis baixos do MHC II e de 

moléculas co-estimulatórias, como o CD80 e o CD86 (13-15). Mesmo com baixos níveis de 

MHC II, essas células conseguem apresentar antígenos a células T específicas. Porém, com a 

falta dos sinais co-estimulatórios (segundo sinal) não há a ativação e proliferação de células T 

efetoras (4), incluindo células T aloreativas (16). Os baixos níveis da apresentação de antígeno, a 

diminuição da co-estimulação e produção de citocinas anti-inflamatórias pelas DCs tolerizadas 

podem levar à diferenciação das células T em Tregs (17-19). Com isso, as DCs tolerogênicas 

podem regular respostas imunes inatas e adaptativas (15), incluindo a resposta de células T CD4+ 

e CD8+ de memória (20, 21). Essas DCs também são mais resistentes à ativação por sinais de 

perigo via TLRs e podem fornecer sinais indutores de apoptose para células T efetoras (22). 

Nosso grupo de pesquisa vem utilizando a DnaK (nome da Hsp70 em procariotos) de M. 

tuberculosis para induzir um estado tolerogênico nas DCs (23). Para demonstrar o papel 

imunossupressor dessa proteína in vivo, utilizamos um modelo de aloenxerto cutâneo em 

camundongos, em que o tratamento in-situ com DnaK prolongou a sobrevida do enxerto [(24) – 

esse tópico será melhor explorado abaixo), de maneira dependente de Tregs. Esta tese investigou 

a hipótese de que a modulação de DCs é a fonte desse efeito, e buscou determinar os mecanismos  

pelos quais ocorre essa modulação. 

 Além disso, varias terapias que visam à inibição do segundo sinal (checkpoint blockade) 

ou a modulação das células T pelas moléculas co-inibitórias tem sido testadas e utilizadas para 

tumores (25), autoimunidade e transplantes (16). Essas terapias são baseadas no fato de existirem 
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receptores que fornecem sinais inibitiórios para as células T. Por exemplo, o CTLA-4 (cytotoxic 

T lymphocyte antigen-4) é expresso pelas células T e se liga nas moléculas da família B7, como o 

CD80 e CD86. Essa via CTLA-4:B7 tem como função regular negativamente a ativação de 

células T e manter sua homeostase (16). O PD-1 presente nas células T é engajado por seus 

ligantes PD-L1 ou PD-L2, presente nas APCs. A interação PD-1:PD-L mantém a tolerância 

periférica (26). Essas vias são utilizadas por tumores e vírus para evadir respostas imunes. O 

aumento ou a diminuição da sinalização de ambas as vias tem grande potencial terapêutico. Por 

exemplo, o microambiente tumoral é amplamente tolerizado para evitar o reconhecimento e a 

erradicação do tumor por células imunes efetoras (27). Foi demonstrado que o uso combinado de 

anticorpos que inibem essas moléculas (Ipilimumab – anti-CTLA-4 e Nivolumab – anti-PD-1) é 

uma estratégia muito promissora no tratamento de melanoma (28). Outro exemplo seria o 

Belatacept, o qual foi desenvolvido com o domínio extracelular do CTLA-4 humano fusionado 

com uma cauda da cadeia pesada de uma imunoglobulina [CTLA-4Ig (29)]. Essa molécula se liga 

ao CD80 e CD86 presente nas DCs, inibindo a geração de respostas T efetoras. Porém, testes 

clínicos que utilizaram esta droga em pacientes com transplantes de rim tiveram resultados 

inesperados como a maior taxa de rejeição aguda (29). Esse efeito foi devido ao efeito deletério 

dessa droga nas células Tregs (30, 31), além da falta de inibição de células T de memória 

específicas a antígenos do doador, as quais são menos dependentes do segundo sinal (32). 

Contudo, nenhuma dessas terapias explora a diminuição do primeiro sinal, o complexo 

peptídeo:MHC, sendo esse campo de extremo potencial terapêutico. 

 A modulação do MHC II pode acontecer através de um controle transcricional ou de 

modificações pós-translacionais. O transativador CIITA (MHC class II transactivator) é o 

principal regulador transcricional das moléculas de MHC II (33). O CIITA não se liga 

diretamente ao promotor dos genes do MHC II, porém coordena a atividade de vários fatores de 

transcrição essenciais para a transcrição do MHC II (34). A expressão do CIITA é sensível à 

sinalização desencadeada por receptores de interferon (IFN) e TLRs (33), os quais irão aumentar 

sua expressão, levando ao aumento de MHC II na superfície. Entretanto, o CIITA pode ser 

regulado negativamente pelo TLR2, o qual vai induzir a expressão de fatores de transcrição da 

família C/EBP (CCAAT/enhancer-binding protein) que inibem a transcrição do CIITA e a 

expressão de MHC II (35). 
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Além da regulação da transcrição pelo CIITA, a expressão de MHC II pode ser regulada 

por modificações pós-translacionais como a ubiquitinação (36). A apresentação de antígenos 

mediada pelo MHC II é dependente do transporte intracelular das moléculas de MHC. Estas são 

sintetizadas no reticulo endoplasmático, vão para os lisossomos onde se associam a peptídeos 

antigênicos fagocitados e degradados previamente e, posteriormente, o complexo peptídeo:MHC 

é transportado para a membrana celular (37). A ubiquitinação tem um papel crucial no controle 

do transporte intracelular do MHC II. A molécula de MHC II é composta por uma cadeia α e uma 

β, e é ubiquitinada em uma lisina citoplasmática presente na cadeia β. Essa lisina é extremamente 

conservada evolutivamente nos isotipos de MHC II presente em diferentes espécies de 

vertebrados, mostrando a importância da ubiquitinação na modulação da função do MHC II (38). 

Duas ligases foram identificadas como sendo capaz de ubiquitinar o MHC II: MARCH1 e 

MARCH8 (membrane-associated RING-CH), sendo MARCH1 a mais estudada. Além do MHC 

II, MARCH1 também pode ubiquitinar moléculas do sinal co-estimulatório CD86 (39). Quando 

as DCs são ativadas elas diminuem a expressão de MARCH1, através de um mecanismo regulado 

por CD83, levando ao aumento de MHC II e CD86 na superfície das células (40). Em contraste, a 

indução de MARCH1 é induzida pela citocina IL-10 (41), levando ao aumento da ubiquitinação 

do MHC II e CD86, direcionando essas moléculas para serem degradadas em lisossomos e 

diminuindo sua expressão na superfície das DCs (38).  Foi observado que a expressão de 

MARCH1 nas DCs de camundongos regula a ativação de células T in vitro (39) e é essencial para 

a geração de Tregs in vivo (42). Porém, o papel dessa molécula durante uma resposta inflamatória 

in vivo precisa ser melhor estudado. Estratégias que induzem MARCH1 nas DCs podem 

apresentar potencial terapêutico em modelos e autoimunidade e transplante, e precisam ser 

exploradas. 

 

 1.1.2 Subtipos de células dendríticas 

 As células dendríticas formam uma população heterogênea de células apresentadoras de 

antígenos (APCs) que podem desempenhar desencadear respostas imunes deletérias ou 

protetoras. O melhor entendimento do papel de cada subtipo em desordens inflamatórias é crucial 
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para aperfeiçoar e desenvolver novas terapias que visam à modulação dessas células. A divisão 

de células dendríticas em subtipos foi primeiramente proposta nos anos 70, quando se observou 

que as células de Langerhans (LCs) eram diferentes das DCs do baço, quanto à formação de 

grânulos Birbeck (feitos de Langerina). Hoje sabemos que a complexidade nos subtipos de DCs é 

muito maior, e que esses subtipos são definidos com base na expressão diferencial de marcadores 

de superfície, localização anatômica e função (43). Em camundongos, podemos dividir as DCs 

em três grandes grupos: DCs plasmocitóides (pDCs),  DCs que residem nos órgãos linfoides 

(DCs residentes ou DCs convencionais, cDCs) e DCs migratórias que estão presentes em tecidos 

periféricos não-linfoides (DCs migratórias) (44). Em condições inflamatórias, um quarto grande 

grupo pode surgir quando DCs são formadas a partir de monócitos (mo-DCs ou DCs 

inflamatórias, iDCs). As DCs residentes podem ser encontradas no baço e linfonodos e são 

divididas em dois subtipos, baseado na expressão de CD11b e CD8α: subtipo CD11b+ (CD11b+ 

CD8α-) e CD8α+ (CD11b- CD8α+) (45). Porém, na literatura as DCs residentes são 

referenciadas basicamente como CD8α- ou CD8α+ (43). As DCs migratórias podem ser 

encontradas na pele, pulmão, intestino e após serem ativadas, migram para os linfonodos 

drenantes para apresentarem antígenos para as células T. Podemos dividir as DCs migratórias em 

CD11b+ ou CD103+ e, no caso do intestino ainda podemos encontrar DCs CD11b+CD103+.  

Apesar das DCs compartilharem uma série de características em comum, como o 

reconhecimento de patógenos e dano celular, cada subtipo possui funções especializadas (46-48). 

Por exemplo, as pDCs produzem IFN do tipo I em infecções virais (49), enquanto as mo-DCs 

possuem funções antimicrobianas, produzindo TNF e iNOS durante infecções (50). Além disso, 

As DCs CD8α+ e CD103+ são especializadas em fazer apresentação cruzada e ativar células T 

CD8+, enquanto as CD11b+ ativam células T CD4+ naive de maneira mais eficiente (51) . 

 Por utilizarmos um modelo de aloenxerto cutâneo, vamos nos focar nos subtipos de DCs 

migratórias da pele. A pele possui três subtipos principais de células dendríticas consideradas 

migratórias, sendo um epidérmico e dois dermais. As células dendríticas dermais podem ser 

CD11b
+
CD103

-
Langerina

-
 (DCs CD11b) ou CD11b

-
CD103

+
Langerina

+
 (DCs CD103); as DCs 

epidérmicas são chamadas de Células de Langerhans (LCs) e são CD11b
+
CD103

-
Langerina

+
 (52) 

(Tabela 1 e Figura 1). Esses subtipos de DCs possuem capacidades estimulatórias diferentes, 
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podendo gerar respostas de células T distintas para o mesmo antígeno (46). Por exemplo, Células 

de Langerhans podem induzir respostas mediadas por células Tregs em um steady state, porém 

induzem células T inflamatórias em um contexto de inflamação (53). As DCs CD103+ compõem 

um subtipo residente de tecidos periféricos e correspondem à mesma linhagem das DCs CD8α+.  

Em camundongos, esses dois subtipos dependem do fator de transcrição Batf3 para seu 

desenvolvimento (54). As DCs dependentes de Batf3 (ou DCs CD103+) desempenham um papel 

na patogênese de uma série de modelos experimentais como diabetes tipo 1 (55), asma (56) e 

infecções virais (55). Sob um contexto não inflamatório, essas células podem exercer papéis 

opostos. Por exemplo, podem induzir tolerância a antígenos circulantes de OVA em linfonodos 

drenantes renais (57). Também foi visto que as DCs migratórias Langerina+ da pele possuem 

uma habilidade única em promover respostas mediadas por Tregs in vivo, quando comparadas 

com as DCs residentes CD8α+ e CD8α- , e com as DCs migratórias CD11b+ (58). Essas células 

também são especializadas em ativar células T CD8+, por uma via de apresentação cruzada (59). 

As DCs CD141
hi

 humanas são o subtipo correspondente das DCs CD103+ murinas (60). Essas 

células, quando isoladas da pele, produzem IL-10 e podem inibir o desenvolvimento da doença 

do enxerto contra o hospedeiro em um modelo xenoenxerto (61).  

 

Tabela 1. Subtipos residentes e migratórios de células dendríticas de camundongos. 

Baseado em Heath & Carbone, 2013. Nat Immunol.  

 

Subtipos/Marcadores CD11c CD103 CD11b XCR1 B220 CD4 CD8 
Langerina 

(CD207) 
DEC205 

pDCs interm    +     

Batf3-dependente 
(migratórias da derme) 

+ + baixo/- +   - +/- + 

Batf3-dependente 
(Residentes de baco e linfonodos) 

+ +/- baixo/- +   + +/- + 

CD11b+ DCs 
(migratórias da derme) 

+ - +      + 

CD11b+ DCs 
(Residentes de baco e linfonodos) 

+  +   +/- -  - 

Células de Langerhans 
(migratórias da epiderme) 

+ - interm     + + 

Mo-DCs +  +      + 
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Figura 1. Subtipos de DCs migratórias da pele. As Células de Langerhans (LCs) são CD11b
+
CD103

-

Langerina
+
 e residem na epiderme. Enquanto as DCs CD103+ (CD11b

-
CD103

+
Langerina

+
) e DCs 

CD11b+ (CD11b
+
CD103

-
Langerina

-
) são dermais. 

 

 Flacher e colaboradores demonstraram que DCs dermais Langerina
+
 podem ativar e 

induzir respostas mediadas por células T CD8+ na pele, enquanto as LCs influenciam essa 

resposta negativamente, induzindo tolerância (59). Um estudo demonstrou que as LCs não são 

necessárias para a rejeição de aloenxertos cutâneos (62), provavelmente porque elas permanecem 

presas na epiderme do enxerto, não migrando para o linfonodo drenante (63). Apesar de todos 

esses conhecimentos, os subtipos de DCs que mediam a rejeição ou a tolerância a enxertos estão 

apenas começando a serem identificados. O papel de cada subtipo das DCs dermais ainda precisa 

melhor explorado no contexto no transplante de pele. Identificar os diferentes subtipos de DCs 

dermais envolvidos na resposta alogênica enxertos de pele é essencial para o desenvolvimento de 

um imunomodulador eficiente que possa ser usado in-situ para a modulação das células do 

doador antes do transplante. 
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 Um dos aspectos que pode determinar qual tipo de resposta cada subtipo de DC irá gerar é 

o conjunto de receptores inatos que está sendo engajado nessas DCs. Por exemplo, Li e 

colaboradores demonstraram que a entrega dos mesmos antígenos, tanto próprios como 

estranhos, às DCs via receptores diferentes, pode gerar respostas T CD4+ opostas. A entrega dos 

antígenos via o receptor LOX-1 gerou células T CD4+ que produziam IFN-γ e não IL-10. 

Enquanto que a entrega via um receptor chamado DC-ASGPR favoreceu a geração de células T 

CD4+ supressoras que eram antígeno-específicas e produziam IL-10 (64). Interessantemente, 

essas células T CD4+ produtoras de IL-10 eram Foxp3- e os autores sugeriram elas tinham uma 

origem Th1. Nesse caso, o que determinou o tipo de células T geradas não foi a origem dos 

antígenos (próprios ou não-próprios), mas o receptor inato que foi engajado na superfície da DC. 

Em condições fisiológicas, foi proposto que esses receptores inatos podem ser ativados por 

padrões moleculares presentes nos patógenos ou por moléculas liberadas durante o dano e 

rompimento celular, como HMGB-1 (high mobility group box-1) e as proteínas de choque 

térmico (Hsps). Porém, foi demonstrado que as Hsps também podem ser secretadas pelas células 

(65, 66) e que podem modular respostas imunes (23, 67). Esse aspecto será melhor discutido nos 

itens a seguir. 

 

 

 1.2 PROTEÍNAS DE CHOQUE TÉRMICO (HSPS) 

 A resposta ao choque térmico foi primeiramente descrita em 1962 pelo geneticista italiano 

Ferruccio Ritossa (68). Posteriormente descobriu-se que essa resposta era mediada por proteínas 

chamadas proteínas de choque térmico ou estresse [Hsps - (69)]. Elas formam um grupo de 

proteínas induzidas por estresses celulares como o calor e radiação ionizante, sendo distribuídas 

de forma ubíqua entre organismos procarióticos e eucarióticos. As Hsps de mamíferos podem ser 

classificadas em cinco principais famílias de acordo com seu peso molecular: Hsp100, Hsp90, 

Hsp70, Hsp60 e sHsp (small heat shock proteins) e estão presentes no citosol, membrana, núcleo, 

retículo endoplasmático e mitocôndria da célula (70).  
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Cada família de Hsps é composta por membros expressos constitutivamente e outros 

induzidos. Funcionam principalmente como chaperonas moleculares, transportando proteínas 

entre compartimentos celulares, ajudando no dobramento de proteínas que estão sendo formadas 

ou no redobramento de proteínas que sofreram danos, protegendo a agregação de outras 

proteínas, além de direcionar proteínas às rotas de degradação e auxiliar na dissolução de 

complexos proteicos (71). 

Além das funções intracelulares, em 1989, Hightower e Guidon demonstraram que em 

células neurais, as Hsps poderiam ser liberadas para o meio extracelular (66). Posteriormente, 

demonstrou-se que as Hsps possuem um papel importante nas interações de sinalização célula-

célula. As Hsps possuem um papel imunológico (23, 72), cicatrização de ferimentos (73) e na 

biologia e metástase de tumores (74). Foi demonstrado que as Hsps são as proteínas mais 

conservadas e imunogênicas compartilhadas entre mamíferos e microrganismos (75). Por 

exemplo, a Hsp70 de bactérias e humanos possui um grau de homologia de 50% (76). Nos 

mamíferos, durante a maioria das respostas inflamatórias e/ou contra doenças infecciosas, são 

observadas respostas imunes contra as proteínas de choque de calor, tanto do hospedeiro quanto 

do microrganismo infeccioso. Por exemplo, durante infecções por bactérias, membros bacterianos 

das famílias da Hsp60 e da Hsp70 (GroEL e DnaK, respectivamente) são alvos comuns da 

resposta humoral e da resposta imune mediada por células (77-79). Com a observação de que as 

Hsps procarióticas e eucarióticas possuem um alto grau de homologia, foi proposta a hipótese na 

qual as Hsps são candidatas potenciais para o mimetismo molecular e muitos de seus peptídeos 

podem agir, potencialmente, como auto-antígenos (80).  

 

 1.2.1 Membros da família Hsp70 e seus efeitos imunorreguladores 

A família Hsp70 é a mais conservada e a melhor estudada entre as outras famílias de 

proteínas de choque de calor (81, 82). Sua expressão é induzida nas células expostas ao calor e a 

uma variedade de outros estímulos estressantes, como espécies reativas de oxigênio, infecção, 

inflamação, hipóxia e drogas antitumorais (83).  
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Historicamente, nosso grupo vem estudando os efeitos reguladores da DnaK (Hsp70) de 

M. tuberculosis no sistema imune (23, 24, 84, 85). Um estudo do nosso grupo demonstrou que 

células do líquido sinovial provenientes de pacientes com artrite foram incubadas com a DnaK 

por 48 horas. Após esse período, essas células apresentaram uma reversão do perfil inflamatório, 

uma alta produção de IL-10 e uma diminuição da produção de TNF-α e IFN-γ (84). Em outro 

estudo realizado pelo nosso grupo, a DnaK (Hsp70) de M. tuberculosis bloqueou a diferenciação 

de DCs diferenciadas a partir de células precursoras da medula óssea (bone marrow - BM). Essas 

BMDCs foram tratadas com DnaK e foi observada uma inibição da maturação dessas células, 

caracterizada pela geração em cultura de uma população celular com baixa expressão de MHC II 

e CD86. Além disso, essas células apresentaram uma grande produção de IL-10, principal 

citocina anti-inflamatória (85). Esse resultado indicou que DCs tratadas com a DnaK apresentam 

um fenótipo tolerogênico e, in vivo, poderiam favorecer a diferenciação de células Tregs. No meu 

trabalho de mestrado, demonstramos que a DnaK suprime a rejeição aguda em dois modelos de 

aloenxerto cutâneo. Quando camundongos BALB/c (H-2
d
/I-A

d
) são injetados via subcutânea com 

células do melanoma B16F10 (H-2
b
/I-A

b
), uma aloreação inflamatória rejeita o tumor 

imediatamente. Após doze dias, as células tumorais não são mais visíveis na pele do animal. 

Contudo, se as mesmas células forem injetadas em presença da DnaK o tumor cresce 

significativamente e  ainda é visível após doze dias. Além disso, foi detectada uma grande 

infiltração de células Tregs no tecido tumoral, demonstrando que a DnaK foi capaz de induzir um 

microambiente tolerogênico (24). 

Para excluir a possibilidade da aceitação do tumor na presença da DnaK ser devido a 

outros mecanismos imunossupressores apresentados pelos tumores no microambiente tumoral 

(27), testamos o efeito imunossupressor da DnaK em um modelo de transplante não tumoral. Foi 

utilizado um modelo murino bem estabelecido e estudado de aloenxerto cutâneo (86). Nesse 

modelo, transplantamos peles de camundongos C57Bl/6 (H-2
b
/I-A

b
) em receptores BALB/c (H-

2
d
/I-A

d
).  Os enxertos foram tratados com DnaK de uma maneira inovadora: foram embebidos 

por 1h à 4°C em uma solução contendo a proteína, mimetizando a utilização de uma solução de 

preservação. Esse tratamento in-situ foi capaz de melhorar a sobrevida dos aloenxertos cutâneos, 

inibindo a rejeição aguda em um mecanismo dependente de Tregs (24). 
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Outros grupos verificaram que membros da família da Hsp70 também eram capazes de 

induzir respostas anti-inflamatórias e imunossupressoras em modelos inflamatórios animais, 

como por exemplo, a proteção contra a artrite pode ser proporcionada através de pré-imunizações 

com a DnaK (Hsp70) de M. tuberculosis (87-89). Além disso, a Hsp70 murina foi capaz de 

proteger os animais contra modelos de colite experimental (90) e de fibrose pulmonar (91). 

Também foi observado que o aumento da expressão dessa proteína levou a uma proteção em 

diferentes modelos de injúria no sistema nervoso (92). Chalmin e colaboradores demonstraram, 

em um modelo murino, que células tumorais liberam moléculas de Hsp72 associadas à 

exossomos, resultando na ativação das funções supressoras das MDSCs. Os autores viram que 

esse efeito foi dependente de TLR2 e MyD88 e independente de TLR4 e Trif (93). Essa 

dependência de TLR2 é corroborada pelo fato de que vem sendo demonstrado que esse receptor  

é frequentemente utilizado para  induzir a produção de IL-10 (94-97), além de ser 

importantíssimo na indução de respostas inflamatórias contra patógenos (98, 99). O fato de 

membros extracelulares da família Hsp70 induzirem IL-10 em diferentes sistemas suporta a ideia 

de que o TLR2 pode ter um papel importante na via de sinalização desencadeada pela DnaK em 

DCs. 

 A modulação de células imunes por membros extracelulares da família da Hsp70 começa 

pela ligação dessas proteínas em receptores de superfície inatos. Alguns estudos analisaram a 

interação da Hsp70, disponível no meio extracelular ou presente na porção extracelular da 

membrana plasmática, com receptores presentes na superfície de células imunes. Por exemplo, 

foi descrito que a Hsp70 murina ou humana poderiam ligar-se a receptores como o TLR2 e 4 

(100), CD14 (101), CD91 (102), LOX-1 (103) e desencadear respostas pro-inflamatórias. Para a 

DnaK especificamente, alguns estudos reportam que ela poderia ligar-se a receptores como o 

CD40 (104), CCR5 (105) e DC-SIGN (106).   Porém, pelo menos em parte, esses efeitos foram 

associados com a contaminação da proteína por LPS ou outros compostos microbianos (107, 

108). Isso porque os efeitos inflamatórios da Hsp70 sumiram quando o LPS foi cuidadosamente 

removido da proteína (109, 110). Por outro lado, a Hsp70 vem sendo utilizada como vacina para 

o combate de tumores (111, 112). Nesses estudos, a Hsp70 não induziu uma resposta inflamatória 

inata nas DCs, sugerindo que as endotoxinas não estavam presentes. A Hsp70 pode facilitar o 

processamento e a apresentação de antígenos tumorais fusionados com ela, gerando respostas 
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mediadas por células T CD8+ efetoras (113, 114). A Hsp70 associada a antígenos tumorais pode  

ligar-se a receptores endocíticos presentes na superfície das células dendríticas, modulando essas 

células para um fenótipo maduro, capaz de fazer apresentação cruzada (antígenos capturados no 

meio extracelular são apresentados no MHC I), gerando uma resposta T CD8+ efetora e 

diminuindo o tamanho tumoral (115). Uma das possíveis explicações para esses efeitos 

dicotômicos é o fato desses trabalhos não utilizarem a mesma fonte de proteína, ou proteínas 

recombinantes produzidas em diferentes sistemas experimentais. Outra possível explicação seria 

a natureza dos receptores inatos que essas proteínas podem se ligar e os complexos que esses 

receptores formam entre si. Esse campo continua sendo controverso e um pouco obscuro no 

campo das Hsps e precisa melhor elucidado (23). Um dos objetivos dessa tese foi investigar 

receptores inatos aos quais a DnaK de M. tuberculosis poderia se ligar, e se isso estaria envolvido 

na resposta anti-inflamatória que ela desempenha.  

 A necessidade do aprofundamento no entendimento sobre a dinâmica celular e os 

mecanismos moleculares envolvidos no efeito imunomodulador da DnaK é essencial para a 

confirmação do papel imunossupressor exercido por essa proteína nas células dendríticas e na 

modulação da rejeição cutânea. Acreditamos que provavelmente seu efeito é local evitando que o 

receptor do transplante não entre em um quadro de imunossupressão sistêmica causada pelos 

fármacos administrados atualmente (116, 117). 

 

1.3 TRANSPLANTE DE PELE 

 1.3.1 Contexto histórico 

 Na década de 40, vítimas com queimaduras sofridas devido a ataques aéreos na 2ª Guerra 

Mundial motivaram o biólogo Sir Peter Medawar (ganhador do prêmio Nobel de Fisiologia e 

Medicina de 1960) em seus famosos estudos sobre a imunologia de transplantes. Buscando 

entender os mecanismos da rejeição a transplantes cutâneos, ele observou que coelhos rejeitavam 

enxertos cutâneos de outros indivíduos mais rapidamente do que se os animais fossem re-

transplantados com um enxerto do mesmo doador (118). 
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 Em 1953, Billingham, Brent e Medawar descreveram, em camundongos, a tolerância 

imunológica adquirida a aloantígenos (119). Esse artigo é considerado um marco na história da 

imunologia dos transplantes. No ano seguinte, a equipe lidera por Joseph Murray (ganhador do 

prêmio Nobel de Fisiologia e Medicina de 1990) realizou com sucesso, no antigo Hospital Peter 

Bent Brigham, hoje Hospital Brigham and Women’s, o primeiro transplante renal entre gêmeos 

idênticos (120). Nesse procedimento, Richard H., o receptor de 24 anos, recebeu enxertos 

cutâneos de seu irmão e doador antes do transplante renal. Depois de algum tempo, os enxertos 

foram biopsados e verificou-se que os tecidos de doador e receptor eram compatíveis, sendo os 

irmãos gêmeos monozigóticos. Portanto, podemos dizer que tanto experimentalmente como na 

clinica, o campo dos transplantes começou com transplantes de pele. 

 O transplante de pele alogênico visa o tratamento de pessoas que sofreram grandes 

queimaduras e perdas cutâneas (121). Além disso, esse tipo de transplante está envolvido em 

transplantes reconstrutivos, como transplante de membros e face. O primeiro transplante 

reconstrutivo tornou-se realidade em 1998, na França, com o primeiro transplante de mão bem 

sucedido (122). Em 2005, também na França, ocorreu o primeiro transplante de face do mundo, e 

até o presente um total de 28 pacientes foram submetidos a esse procedimento (123).  

 

 1.3.2 Base celular e molecular da rejeição de pele  

 O transplante reconstrutivo é chamado de vascularized composite allograft (VCA) e 

envolve o transplante de vários tecidos como pele, ossos, vasos, nervos e tecidos conjuntivos. A 

pele é um tecido altamente imunogênico, sendo a rejeição ao transplante de pele a mais agressiva 

dentre as que ocorrem em todos os transplantes, incluindo os de órgãos sólidos (124, 125). A 

rejeição de pele é resultado de uma série coordenada e complexa de interações envolvendo 

células do sistema imune inato e adaptativo (126). Essas interações levam a uma resposta 

inflamatória potente, a qual irá culminar na destruição das células do doador e rejeição do enxerto 

(125). 
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Células dendríticas (DCs) são responsáveis pela iniciação da resposta imune adaptativa. 

Na rejeição de pele, as DCs do doador [os clássicos leucócitos passageiros - (125)] são ativadas 

inicialmente pela inflamação e injúria isquêmica do tecido e migram da pele para o linfonodo 

drenante do enxerto, através de vasos linfáticos (127). No linfonodo drenante, as DCs da pele 

fornecem sinais suficientes para a ativação de células T. Esses sinais consistem na apresentação 

de aloantígenos em moléculas de MHC (complexo peptídeo:MHC) e em sinais co-estimulatórios 

da família B7. O complexo peptídeo:MHC ira ser reconhecido pelo receptor de célula T (TCR) e 

as moléculas co-estimulatórias como CD80 e CD86 irão  ligar-se ao receptor CD28 presente nas 

células T. Após o reconhecimento desses dois sinais, as células T são ativadas e irão exercer suas 

funções efetoras. A base molecular da rejeição está na habilidade das células T reconhecerem 

versões polimórficas de uma gama de proteínas, nesse caso, aloantígenos provenientes de um 

organismo geneticamente diferente do receptor. No momento em que as células T específicas 

reconhecerem esses aloantígenos, elas irão proliferar, diferenciar-se em células efetoras, e migrar 

para o local do enxerto, onde irão promover a destruição do tecido (rejeição) (128). Foi 

observado, em um modelo de aloenxerto cutâneo em camundongos, que no sexto dia após o 

transplante, células T efetoras (CD4
+
 e CD8

+
) começam a migrar lateralmente do tecido adjacente 

para o enxerto (63). Finalmente, no dia 10 após o transplante, células T CD8+ destroem as 

células estranhas do doador, levando à necrose do tecido enxertado e aos estágios finais da 

rejeição. 

A interação direta das células dendríticas do doador com as células T do receptor é 

chamada de via direta do aloreconhecimento, e ocorre nos primeiros dias após o transplante e esta 

associada com a rejeição aguda. Portanto, inibir o aumento da expressão de MHC e de moléculas 

co-estimulatórias nas células dendríticas pode afetar o desfecho da resposta aloimune e melhorar 

a sobrevida do enxerto. Essa estratégia inovadora precisar melhor explorada e é um dos objetivos 

dessa tese. 
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1.3.3 Células dendríticas e a indução de tolerância a enxertos 

 A tolerância a enxertos ideal seria um estado no qual o órgão do doador é aceito sem uma 

terapia imunossupressora crônica, enquanto o restante do sistema imune é mantido intacto. Deste 

modo, a falta de uma resposta patológica aos aloantígenos seria específica, e o receptor seria 

capaz de responder a microrganismos patogênicos e danos. A tolerância não implica na falta de 

respostas imunes. Na verdade, há evidencias de mecanismos imunorreguladores ativos, os quais 

podem operar para manter a tolerância aos enxertos (129). 

 Um desses mecanismos é mediado por DCs tolerogênicas. Apesar das DCs serem 

importantes para a geração de respostas de células T efetoras, elas também podem gerar respostas 

anti-inflamatórias. Uma vasta literatura demonstrou que essas DCs tem o potencial de diminuir a 

aloimunidade e promover a tolerância a transplantes em modelos animais (15, 130). Em 

transplantes, diferentes estratégias vêm sendo utilizadas, como a administração, antes do 

transplante, de DCs tolerizadas do doador ou DCs do receptor tolerizadas e pulsadas com 

antígenos do doador (131-133). O maior risco dessas estratégias é a sensibilização do receptor a 

antígenos do doador, levando a produção de aloanticorpos e a uma rejeição mediada por 

anticorpos, a qual foi documentada em estudos anteriores (134, 135). O mecanismo potencial 

pelo qual as DCs podem induzir tolerância envolve a diminuição direta de células T reativas a 

antígenos do doador, a geração de células Tregs especifica a antígenos do doador. Outro 

mecanismo seria a promoção de tolerância nas DCs do receptor. Isso ocorre quando DCs do 

receptor fagocitam DCs tolerizadas do doador e apresentam seus antígenos para as células T em 

um microambiente imunossupressor (136, 137).  

A terapia celular utilizando DCs tolerizadas possui uma série de obstáculos como a 

necessidade da expansão ex-vivo dessas células, o risco de desenvolvimento de mutações, a falta 

de padronização de qual subtipo de DC, qual fonte do antígeno do doador e o tempo ideal e o 

sitio de injeção no paciente. A modulação in-situ das DCs um pouco antes do transplante tem o 

potencial de ser uma estratégia mais simples e efetiva para promover a tolerância aloespecífica.  

Por exemplo, se conseguirmos diminuir a expressão de moléculas co-estimulatórias e aumentar as 

moléculas co-inibitórias nas DCs do doador, iremos suprimir a ativação das células T no 

linfonodo drenante, podendo levar as células T a apoptose, anergia e/ou a geração de células 
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Tregs (13). Além disso, o desenvolvimento de moléculas que alteram o fenótipo das DCs in-situ e 

sejam clinicamente aplicáveis é muito importante para desenvolvimento desse campo. O uso de 

vesículas provenientes de células apoptóticas ou exossomos derivados de APCs imaturas foram 

propostos para a geração de DCs tolerizadas, porem se observou algumas limitações como a 

dificuldade de preservação e armazenamento dos leucócitos apoptóticos e o desafio de gerar 

quantidade suficiente de exossomos para a administração sistêmica (131). Ainda, as DCs se 

comunicam de forma bidirecional com outras células do sistema imune como células T e células 

natural killer (NK). Sua modulação pode ser fundamental na indução de tolerância a enxertos 

cutâneo e fundamental para a modulação bidirecional de outros tipos celulares imunes. Assim, os 

transplantes oferecem uma oportunidade para estudar a manipulação das DCs antes ou depois do 

início da resposta imune, e estas são consideradas alvos terapêuticos promissores no manejo da 

rejeição a enxertos, visando à promoção de uma tolerância específica para o doador. 

Nossa hipótese de trabalho é que a DnaK consegue tolerizar células dendríticas murinas, 

modulando a expressão de MHC II e CD86, diminuir a produção de citocinas inflamatórias e 

induzir a produção de IL-10. Quando embebemos os enxertos cutâneos em uma solução com a 

DnaK as células dendríticas do doador vão ser moduladas, chegando no linfonodo drenante com 

um fenótipo tolerizando, induzindo uma resposta aloreativa mais branda e promovendo uma 

maior sobrevida do enxerto. 
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2. OBJETIVOS  

 

2.1. OBJETIVO GERAL 

Analisar os mecanismos celulares e moleculares pelos quais a DnaK de Mycobacterium 

tuberculosis diminuiu a expressão de MHC II e desempenha seu efeito imunossupressor em 

células dendríticas, prolongando a sobrevida de aloenxertos cutâneos. 

 

2.2. OBJETIVOS ESPECÍFICOS 

2.2.1.  Verificar os mecanismos pelos quais a DnaK diminui a expressão do MHC II nas 

células dendríticas, via CIITA e suas moléculas relacionadas ou via MARCH1; 

 2.2.2. Elucidar a via molecular pela qual a DnaK modula as células dendríticas; 

 2.2.3. Verificar em quais subtipos de células dendríticas a DnaK exerce seus efeitos;  

  2.2.4. Testar o papel da IL-10 nos efeitos induzidos pela DnaK; 

 2.2.5.  Testar o papel do TLR2 na imunossupressão mediada pela DnaK; 

 2.2.6.  Analisar as vias celulares e moleculares pelas quais o tratamento in-situ com a 

DnaK pode prologar a aceitação de enxertos cutâneos; 

2.2.7.  Identificar os receptores inatos nos quais a DnaK pode se ligar. 
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3. JUSTIFICATIVA 

 

A nova geração de terapias para transplantes e tumores visa modular a co-estimulação de 

células T, o segundo sinal. Porém nenhuma terapia foca hoje desenvolver moléculas que 

consigam modular o primeiro sinal (MHC) ou ainda os dois. Esse estudo irá consolidar nosso 

tratamento como uma estratégia inovadora para modular tanto o primeiro quanto o segundo sinal, 

os quais são necessários para a ativação de células T patogênicas. Com essa modulação 

poderemos utilizar essa proteína na tentativa de tratar ou amenizar a inflamação que causa 

doenças autoimunes ou a rejeição a enxertos. Uma vez que provavelmente seu efeito é local, isso 

poderá minimizar uma série de efeitos adversos causados pelos fármacos imunossupressores 

administrados atualmente. 

 Finalmente, investigar os receptores inatos aos quais a DnaK pode se ligar auxilia no 

melhor entendimento do papel das Hsps extracelulares e sua relação com o sistema imune. Esse 

campo padece de uma grande controvérsia e descrença, porém estudos bem controlados podem 

ser cruciais para elucidar a dinâmica de intercomunicação celular dessas proteínas tão 

importantes.  
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Abstract

Purpose: Extracellular Hsp70 has anti-inflammatory potential, demonstrated in different
models of inflammatory diseases. We investigated probable mechanisms used by Hsp70 to
down-regulate pro-inflammatory cytokines.
Materials and methods: We analysed cytokine mRNA levels in bone marrow-derived murine
dendritic cells treated with Hsp70, lipopolysaccharide (LPS) and peptidoglycan (PGN) or OVA
(an irrelevant protein control), hypothesising that this was mediated by C/EBPb and C/EBPd
transcription factors. We also tested the involvement of TLR2, IL-10, ERK and STAT3, using
genetically deficient mice and pharmacological inhibitors.
Results: C/EBPb and C/EBPd levels were inhibited in bone marrow derived dendritic cells
(BMDCs) treated with Hsp70, and that correlated with inhibition of TNF-a, IFN-g and MCP-1.
Such inhibition was not observed in TLR2 or IL-10 knockout mice, and was also abrogated upon
pretreatment of cells with ERK and JAK2/STAT3 inhibitors.
Conclusions: C/EBPb and C/EBPd transcription factors are inhibited by Hsp70 treatment,
and their inhibition occurs via the TLR2-ERK-STAT3-IL-10 pathway in BMDCs, mediating the
anti-inflammatory effects of Hsp70.
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Introduction

The heat shock protein 70 (Hsp70) is a ubiquitously expressed

protein in cells following exposure to heat, UV radiation and

other stressors [1]. Hsp70 has been demonstrated to have anti-

inflammatory and protective effects in diverse mouse models

of inflammation [2]. For example, treatment with Hsp70

whole protein or Hsp70 peptides can prevent arthritis in

animal models [3–6] in an IL-10-dependent manner [7].

Hsp70 can also delay acute rejection in tumour and tissue

allograft models [8] and protect mice against dextran sulphate

sodium (DSS)-induced colitis [9].

We have previously observed that treatment of synovial

cells from arthritis patients with mycobacterial Hsp70 not

only induced IL-10 production by these cells, but also led to

the inhibition of both IFN-g and TNF-a production in these

cells, as well as in healthy control monocytes [10].

Dendritic cells (DCs) are the major antigen-presenting

cells (APCs), playing a crucial role in immunity and tolerance

[11,12]. These cells uptake antigens in peripheral tissues,

migrate to draining lymph nodes (dLNs) through lymphatic

vessels, and present antigens to T cell lymphocytes [13,14].

DCs can be found in synovium of arthritis patients, where

they are involved in arthritis pathogenesis [15]. These cells

are involved in maintenance and progression of arthritis,

presenting arthritogenic antigens to T cells and producing pro-

inflammatory cytokines, such as TNF-a, IL-1 and IL-6 into

the joint [16]. Hsp70 was found to inhibit maturation of

murine bone marrow derived dendritic cells (BMDCs) and

induce IL-10 production in vitro [10,17]. Nevertheless, the

molecular pathways involved in this process were not

elucidated.

In DCs, inflammatory cytokines are released following

inflammatory stimuli [18]. NF-kB is a transcription factor

that plays a key role in the induction of pro-inflammatory

cytokines [19]. Under a condition without inflammation,

NF-kB is maintained inactive in the cytoplasm as complex

with its inhibitor IkBa (NF-kB/IkBa complex). In an

inflammatory state, IkBa is degraded and NF-kB is liberated

to translocate into the nucleus and direct the transcription

of pro-inflammatory genes [20]. Hsp70 can prevent lipopoly-

saccharide (LPS)-induced production of inflammatory cyto-

kines by interfering with the NF-kB-dependent transcription

of cytokines [21]. Overexpression of Hsp70 in human

mononuclear cells prevents LPS-induced NF-kB p65

nuclear translocation into the nucleus [22], potentially

inhibiting the downstream induction of pro-inflammatory

cytokines by LPS. It was suggested that Hsp70 stabilise

the NF-kB/IkBa complex by the inhibition of IkBa degrad-

ation [23].
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Another group of transcription factors that are important

for pro-inflammatory cytokines production comprise the

CCAAT/enhancer-binding proteins (C/EBPs). These tran-

scription factors compose a family involved in several aspects

of cellular functions, such as proliferation, differentiation

and cytokine production [24]. C/EBPb and C/EBPd were

demonstrated to be important for induction of inflamma-

tory cytokines, such as TNF-a and IL-6, in TLR-

stimulated macrophages [25], and both C/EBPb and

C/EBPd mRNA and protein levels have been demonstrated

to be induced upon inflammatory stimuli [26]. Upon LPS

stimulation, cells from C/EBPb knockout (KO) mice can

express pro-inflammatory cytokines normally, because of

the compensatory expression of C/EBPd, suggesting that

these two members of C/EBP family seem to have over-

lapping roles [27].

In this study we investigated mechanisms by which Hsp70

can down-regulate basal levels of pro-inflammatory cytokines

in BMDCs, and asked whether this is mediated by C/EBPb or

C/EBPd transcription factors. Our results indicate that Hsp70

decreases basal levels of TNF-a, IFN-g and MCP-1 cytokines

in BMDCs concomitantly with down-regulation of C/EBPb
and C/EBPd. Furthermore, TNF-a, IFN-g and MCP-1

impairment, as well as C/EBPb and C/EBPd inhibition

depend on a TLR2-ERK-STAT3-IL-10 cascade.

Materials and methods

Animals

Female C57Bl/6 mice were purchased from FEPPS (Rio

Grande do Sul, Brazil). C57Bl/6 TLR2�/� mice were kindly

provided by João Santana da Silva (University of São Paulo,

Brazil). 129SV wild type (WT) and IL-10�/� mice were

kindly provided by Ana M.C. Faria (Federal University of

Minas Gerais, Belo Horizonte, Brazil). All mice were used

between 6–10 weeks of age and housed in individual and

standard mini-isolators (Tecniplast, Buguggiate, Varese, Italy)

in a specific pathogen free facility (School of Biosciences,

Pontifı́cia Universidade Católica do Rio Grande do Sul

(PUCRS)) with free access to water and food. All procedures

were previously reviewed and approved by the Ethics

Committee for the Use of Animals of the University

(CEUA-PUCRS) under protocol ID CEUA 08/00048.

Protein purification and LPS extraction

Recombinant mycobacterial Hsp70 was produced in

XL1-blue Escherichia coli as described previously [17].

Briefly, it was purified according to Mehlert and Young [28],

and triton X-114 was used to remove LPS, according to the

method described in Aida and Pabst [29]. Contaminating

Triton X-114 was removed by incubating overnight with

Bio-Beads� (Bio-Rad, Hercules, California, United States) at

4�C with agitation. Protein concentration was determined

using a Qubit� Protein Assay Kit and the Qubit� Fluorometer

(both purchased from Invitrogen, Eugene, OR).

Bone marrow dendritic cells cultures

Dendritic cells were differentiated from bone marrow of

C57Bl/6 WT mice or TLR2�/� and 129 WT or IL-10�/� mice

with GM-CSF and IL-4 (both purchased from Peprotech,

Rocky Hill, NJ), as described by Inaba et al. [30]. Cells were

cultured in 24-well plates in medium AIM-V� (Gibco, Grand

Island, NY). On the fifth day of culture, BMDCs were

incubated with either 30 mg/mL of Hsp70, 30 mg/mL of

OVA (Sigma, St. Louis, MO), 500 ng/mL of LPS (Sigma) or

10 mg/mL of peptidoglycan (PGN) (Sigma) for 24 h and total

RNA was extracted. The supernatant was collected and used

for cytokine analysis. For ERK inhibition, BMDCs were

treated with 30 mM of selective inhibitor PD98059 (Cayman,

Ann Arbor, MI) for 60 min prior to Hsp70 stimulation.

To inhibit the JAK2/STAT3 pathway we used 50 mM of

AG490 inhibitor (Sigma) for 60 min prior to stimulation.

Cytokine measurement

Cytokines present in BMDC supernatants were measured

using a CBA mouse inflammation kit (BD Biosciences, San

Diego, CA), according to manufacturer’s instructions.

Samples were analysed by flow cytometry using a

FACSCanto II and FACSDiva software (both from BD

Biosciences). Cytokine concentrations were obtained using

the FCAP software (version 1.01, BD Biosciences).

Real time qPCR

Total RNA was isolated from BMDC cultures using an

RNAeasy kit (Qiagen, Germantown, MD) according to

manufacturer’s instructions. The concentration of the purified

total RNA samples was measured using a Qubit� RNA assay

kit and the Qubit� fluorometer (both purchased from

Invitrogen). An aliquot of 50 ng of RNA was reverse

transcribed with 100 U of Sensiscript (Qiagen). cDNA

concentrations were measured using Qubit� dsDNA HS

assay kit and the Qubit� fluorometer (purchased from

Invitrogen). In a final volume of 10 mL, 8 ng of cDNA was

amplified using the following Taqman� gene expression

assays (Applied Biosystems, Foster City, CA): Cebpb

(Mm00843434_s1), Cepbd (Mm00786711_s1) and b-actin

(4352933E). Real-time qPCR was performed with a

StepOne� real-time PCR system (Applied Biosystems).

The relative mRNA levels were calculated using the com-

parative Ct method [31]. The housekeeping gene b-actin was

used as a normaliser. Non-treated BMDCs served as a

reference for Hsp70-, OVA-, PGN- or LPS-treated BMDCs.

Results

Hsp70 treatment results in decreased basal levels of
IFN-g, TNF-a and MCP-1 in BMDCs with concomitant
C/EBPb and C/EBPd down-regulation

To determine whether Hsp70 treatment could modulate pro-

inflammatory cytokines in BMDCs, DCs differentiated from

murine bone marrow were treated with Hsp70, OVA (negative

control) or LPS for 24 h. Subsequently, IFN-g, TNF-a and

MCP-1 protein levels were measured in the supernatant by

flow cytometry. As expected, stimulation with LPS increased

the production of IFN-g, TNF-a and MCP-1 when compared

with OVA (Figure 1A–C). Interestingly, we found that Hsp70

treatment decreased basal levels (BMDCs treated with OVA)

of the analysed cytokines (Figure 1A–C).
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Because C/EBPb and C/EBPd are transcription factors that

are largely associated with the production of pro-inflamma-

tory cytokines, we tested the hypothesis that C/EBPb and

C/EBPd modulation could be involved in this effect mediated

by Hsp70. mRNA levels of C/EBPb and C/EBPd in BMDCs

treated as described above were analysed by qPCR, and while

LPS treatment induced an increase in C/EBPb and C/EBPd
expression, Hsp70 treatment led to down-regulation of

C/EBPd (Figure 1D) and C/EBPd (Figure 1E). These data

suggested that the decrease in basal levels of IFN-g, TNF-a
and MCP-1 was related to the down-regulation of C/EBPb
and C/EBPd transcription factors.

Down-regulation of C/EBPb, C/EBPd and IFN-g, TNF-a
and MCP-1 inhibition by Hsp70 is dependent on TLR2
expression

TLR2 has been associated with Hsp70-induced suppres-

sive effects in MDSCs, when Hsp70 release in tumour

derived-exossomes activated STAT3 in a toll-like receptor

(TLR)2-dependent manner in myeloid-derived suppressor

cells (MDSCs) [32]. Zymosan, Pam3Cys and Vitamin D3,

which are TLR2 ligands, have been described to have anti-

inflammatory effects in DCs [33,34] and tolerance in a type 1

diabetes model [35]. In order to further investigate the

molecular mechanisms involved in the observations described

above, we analysed whether TLR2 was required for the anti-

inflammatory Hsp70 effects.

BMDCs from WT or TLR2 KO mice were treated for

24 h with OVA, Hsp70, PGN (a TLR2 agonist), or left

unstimulated. After this period, IFN-g, TNF-a and MCP-1

protein levels were measured in the supernatant by

flow cytometry. C/EBPb and C/EBPd mRNA levels were

analysed by qPCR.

WT PGN-treated cells exhibited a higher production of

IFN-g, TNF-a and MCP-1 when compared with cells lacking

TLR2 (Figure 2A–C). WT BMDCs treated with Hsp70,

however, presented an inhibition of IFN-g, TNF-a and MCP-1

production when compared with OVA. However, the produc-

tion of TNF and IFN was only partially recovered in TLR2

KO BMDCs treated with Hsp70 (Figures 2A and 2B), while

MCP-1 production in TLR2 KO BMDCs treated with Hsp70

was completely recovered and comparable to the basal levels

(Figure 2C). Concomitantly, down-regulation of both C/EBPb
(Figure 2D) and C/EBPd (Figure 2E) induced by Hsp70 was

abolished by the absence of TLR2 in BMDCs.

ERK and STAT3 are required for Hsp70-driven
impaired IFN-g, TNF-a and MCP-1 production and
C/EBPb/d down-regulation

Recently, Hsp70 has been demonstrated to activate ERK and

STAT3 in MDSCs [32]. IL-10 production has been linked to

ERK and STAT3 activation [36] and STAT3 has also been

shown to mediate anti-inflammatory responses [37–39]. Thus

we analysed the role of these two molecules on the inhibition

Figure 1. Hsp70 treatment decreases basal levels of TNF-a, IFN-g, MCP-1 and down-regulates C/EBPb and C/EBPd. BMDCs were treated with OVA
(30 mg/mL), Hsp70 (30 mg/mL) or LPS (500 ng/mL) for 24 h. Supernatants were analysed for (A) TNF-a, (B) IFN-g, (C) MCP-1 using a CBA mouse
inflammation kit. (D) C/EBPb and (E) C/EBPd expression evaluation by qPCR in BMDCs treated as described in A. b-actin was used as a normaliser
as described in Materials and methods. *p50.05; **p50.01; ***p50.001. Experiments were performed three times in triplicates.
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Figure 2. Pro-inflammatory cytokine inhibition and C/EBPb and C/EBPd down-regulation induced by Hsp70 is dependent on TLR2. WT or TLR2 KO
BMDCs were treated with OVA, TBHsp70 or PGN for 24 h. Cytokines in the supernatants were analysed using a CBA mouse inflammation kit: (A)
TNF-a, (B) IFN-g and (C) MCP-1; (D) C/EBPb and (E) C/EBPd expression evaluation by qPCR in WT or TLR2 KO BMDCs treated with Hsp70 or
left unstimulated for 24 h. b-actin was used as a normaliser as described in Materials and methods. *p50.05; **p50.01; ***p50.001. Experiments
were performed three times in triplicates.
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of pro-inflammatory cytokines basal levels and down-

regulation of both C/EBPb and C/EBPd by Hsp70. To inhibit

ERK, we used the specific inhibitor PD98059. We inhibited

the JAK2/STAT3 pathway using the AG490 inhibitor.

Once again, Hsp70 treatment impaired IFN-g, TNF-a and

MCP-1 production when compared with OVA. However,

when BMDCs were pre-treated with ERK or STAT3 inhibi-

tors and then stimulated with Hsp70, the production of IFN-g,

TNF-a and MCP-1 observed were very similar to the basal

levels (BMDCs treated with OVA) (Figure 3A–C). Both ERK

and STAT3 were required for Hsp70-driven down-regulation

of C/EBPb (Figure 3D) and C/EBPd mRNA levels

(Figure 3E).

Hsp70 down-regulation of basal levels of IFN-g, TNF-a
and MCP-1 is dependent on IL-10 production by BMDC

IL-10 is the most powerful anti-inflammatory cytokine [40]

and its production can be triggered by Hsp70 [10,17]. We

asked whether IL-10 is involved in Hsp70-driven down-

regulation of pro-inflammatory cytokines. In order to do that,

we treated WT or IL-10 KO BMDCs with either OVA, Hsp70

or PGN for 24 h. Indeed, IFN-g and TNF-a inhibition was

dependent on IL-10 expression in BMDCs treated with Hsp70

(Figure 4A–B). MCP-1 production was down-regulated in

WT BMDCs treated with Hsp70 when compared with OVA.

This production was re-established in IL-10 KO BMDCs

(Figure 4C). In addition, Hsp70-driven reduced expression of

C/EBPb and C/EBPd were both dependent on IL-10 as shown

in Figure 4D and Figure 4E, respectively.

Discussion

During acute or chronic inflammatory conditions, DCs

acquire a mature phenotype in which they can produce high

amounts of pro-inflammatory cytokines [41]. This phenotype

can be induced upon a microbial inflammatory stimulus [42].

Moreover, DCs play a crucial role in the pathogenesis of

autoimmunity conditions [43]. Therewith, the modulation of

DC activation has been suggested as an interesting strategy in

the attempt to abrogate chronic inflammatory diseases, such

as arthritis [16,44]. Indeed, one of the contributions to the

powerful effect of TNF-a blockade in arthritis patients is that

this treatment leads to DC impaired functions such as down-

regulation of co-stimulatory signals [45]. In the present work

we demonstrated that immature BMDC stimulation with

Hsp70 decreased the basal expression of C/EBPb or C/EBPd,

leading to impairment in TNF-a, IFN-g and MCP-1 produc-

tion. However, we did not analyse whether Hsp70 can exert its

anti-inflammatory proprieties in mature BMDCs which had

been stimulated with LPS before Hsp70 treatment, for

example. Moreover, we also did not analyse whether

Figure 3. ERK and STAT3 are required for Hsp70-induced pro-inflammatory cytokines inhibition and C/EBPb and C/EBPd down-regulation. BMDCs
from WT mice were treated with inhibitors of ERK PD98059 or JAK2/STAT3 AG490 for 1 h prior to stimulation. After that, cells were treated
with OVA, Hsp70, LPS or left unstimulated for 24 h. Culture supernatants were analysed for the presence of (A) TNF-a, (B) IFN-g, and (C) MCP-1
using a CBA inflammation kit, (D) C/EBPb and (E) C/EBPd expression evaluation by qPCR. b-actin was used as a normaliser as described in Materials
and methods. *p50.05; **p50.01; ***p50.001. #p50.05, ##p50.01 when compared with Hsp70. Experiments were performed three times in
triplicates.
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Figure 4. IL-10 is necessary for Hsp70 anti-inflammatory effects. BMDCs from WT or IL-10 KO mice were treated with OVA, Hsp70, PGN or left
unstimulated for 24 h. Cytokines in the supernatants were analysed using a CBA mouse inflammation kit: (A) TNF-a, (B) IFN-g and (C) MCP-1;
(D) C/EBPb and (E) C/EBPd expression evaluation by qPCR. b-actin was used as a normaliser as described in Materials and methods. *p50.05;
**p50.01; ***p50.001. #p50.05 and ##p50.01 when compared with Hsp70. Experiments were performed two or three times in triplicates.
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BMDCs treated with Hsp70 can prevent the up-regulation of

both C/EBPb and C/EBPd and pro-inflammatory cytokines

induced by LPS. These questions need to be further

elucidated in our system. In a different study, Spiering

et al. [46] recently demonstrated that the administration of

Hsp70-pulsed BMDCs can prevent proteoglycan-induced

arthritis (PGIA) in mice. In the same work, the treatment of

BMDCs with Hsp70 generates a semi-mature phenotype that

was stable after the addition of LPS in culture.

In accordance with our findings, the treatment of syn-

ovial cells from arthritis patients with Hsp70 diminished

TNF-a and IFN-g production by these cells [10]. MCP-1

was not measured in that previous work, but this chemokine

is important for cell migration in inflammatory

responses [47]. We believe that MCP-1 production should

be analysed in future works with human cells treated with

Hsp70.

TLR2 has an interesting feature that, depending on the

nature of TLR2 ligand, it can induce pro-inflammatory or

anti-inflammatory responses [33,48,49]. We observed that

TLR2 plays a critical role in mediating down-regulation of

C/EBPb and C/EBPd and inhibition of pro-inflammatory

cytokines (Figure 2). In contrast with our findings, macro-

phages treated with a Mycobacterium tuberculosis 19-kDa

lipoprotein leads to up-regulation of both via TLR2 [50]. This

is the first time that TLR2 has been associated with a down-

regulation of C/EBPb and C/EBPd expression.

We next tried to elucidate other molecules that could be

involved in Hsp70-mediated effects found in BMDCs.

Tumour-associated Hsp70 can activate ERK and STAT3 in

a TLR2-dependent manner [32], and both molecules can be

activated downstream of TLR activation [51]. We observed

that after ERK inhibition, Hsp70 tolerogenic effects on

BMDCs could not be observed anymore. C/EBPb or C/EBPd
activation via the ERK pathway has been reported in

chondrocytes [52], monocytes [53] and macrophages [54].

ERK is also required for the stability of tolerogenic phenotype

in DCs [55,56]. We believe that ERK interaction with

C/EBPb and C/EBPd could be a possible explanation for

our observations.

In addition, we observed that STAT3 was required for

decreasing the basal expression of C/EBPb and C/EBPd,

leading to an impairment in TNF-a, IFN-g and MCP-1

production in Hsp70-treated BMDCs. Previous studies sug-

gested that STAT3 could control transcription of C/EBPb [54]

and C/EBPd [57] genes. Macrophages from STAT3 KO mice

failed to induce C/EBPb upon LPS or IL-10 stimulation [58].

This regulation was suggested to be due to STAT3 binding in

the distal region of C/EBPb promoter [59]. These findings

strongly corroborate our observations that STAT3 can medi-

ate C/EBP family members’ expression.

In our system, IL-10 production by BMDCs induced by

Hsp70 was necessary for C/EBPb and C/EBPd down-

regulation and concomitant inhibition of pro-inflammatory

cytokines. ERK and STAT3 have been described to be

involved in IL-10 signalling [36] and Hsp70 effects were also

dependent on this cytokine [60]. C/EBPb and C/EBPd have

been associated with the production of IL-10 in macrophages

[61,62]; however, the effects of IL-10 over the expression of

these transcription factors in different immune cells have not

been investigated in detail. One study suggested that IL-10

treatment could either up-regulate C/EBPb in THP-1 macro-

phages, or yet that it has no effect over undifferentiated

monocytes, [58]. It is possible that the regulation of C/EBP

transcription factors expression depends not only on a single

cytokine stimulus, but rather requires a combination of

signals triggered in Hsp70-treated cells.

Aside from the anti-inflammatory effects of extracellular

Hsp70, elevation of intracellular Hsp70 levels by chemical

agents or thermal stress also demonstrated tolerogenic

properties on DCs [63], perhaps due to secretion of this

protein when it is produced in elevated levels. Consequently,

induction of intracellular HSPs using non-toxic chemical

compounds isolated from medicinal plants [64] might

constitute an alternative way to induce tolerance in inflam-

matory conditions.

Conclusion

Our results indicate a probable mechanism employed by

Hsp70 to down-regulate levels of IFN-g, TNF-a and MCP-1,

via inhibition of the expression of C/EBPb and C/EBPd
transcription factors. Hsp70 was not capable to impair pro-

inflammatory cytokines production and decrease C/EBPb and

C/EBPd levels in TLR2 or IL-10 KO cells, or in BMDCs that

had ERK or STAT3 signalling pathways inhibited. We suggest

that extracellular Hsp70 signals via the TLR2-ERK-STAT3-

IL-10 pathway in BMDCs to exert its strong anti-inflamma-

tory effects.
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Motivação: Nesse trabalho apresentamos as vias moleculares pelas quais a DnaK modula a 

expressão de MHC II e CD86 em células dendríticas murinas. Essa modulação acontece através 

da indução da molécula MARCH1, que irá ubiquitinar as moléculas de MHC II direcionando-as 

para o lisossomo. Para testar o papel da DnaK in vivo utilizamos um modelo de aloenxerto 

cutâneo – o modelo de rejeição mais agressivo. O tratamento in-situ com a DnaK antes do 

transplante prolongou a sobrevida do enxerto, Isso aconteceu através da modulação das células 

dendríticas do doador que chegavam expressando menos MHC II e CD86 no linfonodo drenante, 

diminuindo a aloreatividade das células T CD4 e CD8 de maneira dependente de MARCH1. 

Além disso, a indução de MARCH1 e a diminuição da rejeição in vivo pela DnaK aconteceu de 

maneira dependente da via TL2-ERK-STAT3-IL-10.  
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Abstract  (150 words – 151) 

T cell responses initiate upon interaction of the T cell receptor with MHC molecules 

expressed on the membrane of dendritic cells. Additional costimulatory signals must be 

provided for T cells to progress into effector mode, and absence of such signals results in 

tolerance. While inflammatory chronic diseases depend on CD4+ T cell activation, current 

therapies focus on blockage of co-stimulation and/or subsequent T cell proliferation, with 

limited success.  The ubiquitin ligase MARCH1 targets MHC II and CD86 for degradation 

in lysosomes, downregulating their membrane expression. Complete pathways for 

MARCH1 induction have not been described, and it is unknown if MARCH1 induction can 

modulate an inflammatory response in vivo. In this study, we report a pathway for induction 

of MARCH1 by mycobacterial DnaK in DCs, leading to inhibition of allograft rejection in 

vivo.  Our results pave the way for therapies that target the expression of MHC, in DCs 

minimizing T cell activation. 
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Introduction 

Dendritic cells (DCs) initiate adaptive immune responses, delivering the necessary signals 

for specific T cell activation. DCs present peptides in MHC II and I and, when activated, 

provide costimulatory molecules and cytokines that shape the type of T cell response that 

ensues
1, 2, 3

. The activation of CD4+ T cells upon interaction with MHC II molecules on 

DCs is the key event to generate immunity to infection, and yet also necessary for 

autoimmune, allergic and alloreactive responses that harm the host. Graft rejection and 

autoimmunity are currently modulated with the use of drugs that inhibit non-specific T cell 

activation and proliferation
4
. More recent strategies involve drugs targeting costimulatory 

molecule blockade
5
. Both approaches target the results of an already activated, undesired T 

cell response and lead to a series of undesirable off-target side-effects. 

The membrane-associated RING-CH 1 (MARCH1) is a membrane associated E3 ubiquitin 

ligase that ubiquitinates a conserved lysine the cytoplasmic tail of MHC II β chain
6, 7

.  

When DCs are activated, they downregulate MARCH1 by a CD83 regulated mechanism, 

leading to an upregulation of MHC II and the costimulatory molecule CD86
8
. In contrast, 

induction of MARCH1, driven by IL-10
9
 leads to ubiquitination of MHC II and CD86, 

resulting in lysosomal degradation and a decrease in surface expression
10

.  MARCH1 

expression in murine DCs was demonstrated to regulate T cell activation in vitro
11

, 

providing a tolerogenic environment, however a role for this molecule during an in vivo 

inflammatory response has not been well characterized, nor have the molecular pathways 

underlying MARCH1 regulation.   

In this study we have mapped a complete route for MARCH1 induction, triggered in DCs 

upon engagement of a mycobacterial protein, DnaK, and which results in downregulation 

of MHC II and CD86 expression. Using an allogeneic skin transplant experimental system, 

we demonstrate that in-situ DnaK treatment of donor skins prior the transplant limits 

alloreactive proliferation of both CD4+ and CD8+ T cells. This treatment inhibits skin 

rejection through downregulation of MHC II and CD86 in donor DCs in a MARCH1-

dependent manner. DnaK induced MARCH1 and MHC II downregulation via a TLR2-

ERK-STAT3-IL-10/IL-10R molecular pathway, delaying acute rejection in the absence of 

any additional treatment. 

Skin transplants are the most immunogenic of all. Our results unveil an innate pathway for 

the modulation of signal one - MHC expression – via MARCH1, that creates an organ 

acceptance prone environment, preventing the activation of such responses in vivo.  
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Results 

MARCH1-dependent MHC II ubiquitination and surface downregulation is induced by 

mycobacterial DnaK 

We hypothesized that downregulation of MHC II and CD86 expression in the donor DCs 

through MARCH1 would constitute a major approach to modulate an immune response in 

vivo. To test that hypothesis, we chose a skin allograft experimental system. Molecules that 

have been reported  to modulate DCs and inhibit allograft rejection - cyclosporin A (CsA)
12, 

13
, Rapamycin (RAPA)

14
 and DnaK from M. tuberculosis

15, 16
 – were tested for their ability 

to induce MARCH1 in murine LN DCs. DnaK and recombinant murine IL-10 treatments, 

but not CsA or RAPA, lead to the induction of MARCH1 mRNA in murine DCs (Fig. 1a). 

Ubiquitination of MHC II was increased in DCs treated with DnaK when compared to 

control (Fig 1b). To assess whether ubiquitination targeted MHC II for late lysosomal 

vesicles, we analyzed the localization of MHC and late endosomes/lysosomes marker 

LAMP-1 marker in DCs treated with DnaK using confocal microscopy. In DnaK-treated 

DCs, MHC II was internalized and co-localized with LAMP-1 in intracellular vesicles, 

while untreated DCs showed MHC II on the surface and LAMP-1 intracellularly with 

minimal overlap (Fig. 1c). We next treated WT or MARCH1 KO DCs with DnaK or 

control and assessed MHC II and CD86 expression by flow cytometry. DnaK could 

downregulate MHC II (Fig. 1d) and CD86 (Fig. 1e) expression in WT DCs, but not in in 

MARCH1 KO cells. 

 

Figure 1 | MARCH1 was induced by DnaK, but not cyclosporine A or Rapamycin in murine 

DCs. (a) DCs isolated from mice lymph nodes (LN) were treated with Cyclosporine A (CsA), 
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Rapamycin (RAPA), DnaK or recombinant murine IL-10 for 24h. After that, MARCH1 mRNA 

levels were analyzed by real time PCR. β-actin was used as normalizer (see Methods). ** p<0.01 

and *** p<0.001 when means are compared to medium by ANOVA with Tukey post-test. (b) LN 

DCs were treated with DnaK or left untreated for 24h at 37°C. Cells were lysed, MHC II proteins 

were immunoprecipitated, and analyzed for ubiquitination or total MHC II by Western Blot. (c) 

Isolated DCs were grown for 48h in poly-d-Lysine coated coverslips then treated with DnaK or 

medium for 24h and stained for MHC II and LAMP-1. Cells were then analyzed by Confocal 

microscopy. Spleen and LN DCs from WT or MARCH1 KO mice were isolated and treated with 

DnaK or control for 24h. After that, MHC II (d) and CD86 (e) levels were analyzed by flow 

cytometry. 

 

In-situ DnaK skin treatment prior to transplant inhibits alloreactive T cell proliferation via 

MARCH1 

We performed a fully mismatched skin transplant, with an in-situ treatment of donor skin 

prior the transplant. We immersed C57Bl/6 (H-2
b
) donor tissues in a solution containing 

DnaK for 60 min and then transplanted into BALB/c (H-2
d
) hosts (Supplementary Fig. 1a). 

Donor skin treatment with DnaK significantly prolonged allograft survival without any 

additional treatment (Supplementary Fig. 1b, c). DnaK-treated grafts had a median survival 

time (MST) of 20 days compared to 14 days of the control group (n=23 per group; 

p>0.0001). 

In light of this powerful in vivo effect, we investigated whether it depended on MARCH1. 

WT or MARCH1 KO skins were treated with DnaK or control and transplanted into 

BALB/c hosts. MARCH1 KO skins were rejected in the same timeframe as WT skins 

whether they were treated or not with DnaK (Fig. 2a). Analysis of recipients’ LN revealed a 

significant reduction in total cells for mice that received DnaK-treated allografts compared 

to those that received control allografts (Fig. 2b). LNs from DnaK group were visually 

smaller than controls (Fig. 2c). Because we observed a MARCH1-dependent MHC II 

downregulation induced by DnaK in vitro, we investigated whether this reduction in T cells 

was due to an impartment in T cell alloreactivity. DnaK treatment decreased the total 

numbers of CD4 and CD8 T cells (Supplementary Fig. 2a) in allografts’ draining LN 

(Supplementary Fig 2a), in a MARCH1 dependent manner (Supplementary Fig 2b). We 

observed a significant reduction in both the percentage and absolute numbers of 

proliferating CD4 T cells (CD4
+
Ki67

+
 cells) in the hosts that received DnaK-treated 

allografts (Fig. 2d). This reduction was completely abolished when the donor skins were 

MARCH1 KO (Fig. 2d). Furthermore, CD8 T cells proliferated (CD8
+
Ki67

+
 cells) 

significantly less in DnaK hosts when compared to control (Fig. 2e). This phenomenon was 

also dependent on MARCH1 KO expression by donor cells (Fig. 2e). 

We next examined if DnaK allograft treatment could alter the function of lymphocytes 

isolated from host allograft draining LNs. Consistently with decreased allosensization, mice 
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that received DnaK-treated allografts presented a MARCH1-dependent reduction in 

percentage and absolute number of CD8 T effector memory cells (TEM – 

CD8
+
CD44

+
CD62L

-
 cells; Fig. 3a) and CD4 TEM cells (CD4

+
CD44

+
CD62L

-
 cells; Fig. 

3b). Because IFN-γ  and IL-17-producing T cells are described to play a role during skin 

rejection
17, 18, 19

, we investigated these cells in our experimental system. CD4 T cells from 

mice that that received DnaK-treated allografts showed a diminished production of IL-17 at 

24h and 96h post-transplant (Fig. 3c). This effect was also dependent on MARCH1 (Fig. 

3c). In addition, we found that IFN-γ was decreased in both CD4 (Fig. 3d) and CD8 T (Fig. 

3e) cells at 24h post-transplant, in a MARCH1-dependent way. Thus, MARCH1 induction 

by DnaK is essential to decrease alloreactivity to skin transplants, modulate T cell 

activation and function and improve allograft survival. 

 

 

Figure 2 | MARCH1 is required for the decrease in alloreactivity induced by DnaK. (a) Percent 

survival of skin allografts from WT B6 or MARCH1 KO (H-2
b
) mice treated with DnaK or control 

and transplanted into BALB/c (H-2
d
) recipients. *p<0.05, **p<0.01 by long-rank test. (n=5 mice 

per group). (b) Absolute numbers of total cells from allograft’s draining lymph nodes (LN) 

harvested from mice that received DnaK-treated skin grafts or controls on days 1, 4, 7 and 10 post 

transplantation (n=3-6 mice per time-point/group). Dot graphs represent the mean ± SEM. *p<0.05 

and ***p<0.001 when compare to control by t test. (c) Visual aspect of the allograft draining LN at 

day 7 post-transplant. Skin grafts from WT or MARCH1 KO were treated with DnaK or controls 

were transplanted into BALB/c mice. Percentage and absolute numbers of proliferating (d) CD4 

(CD4
+
Ki67

+
) and (e) CD8 (CD8

+
Ki67

+
) T cells from allografts’ draining LN harvested at 24h or 

96h post-transplant. *p<0.05 and **p<0.01 when compare to control by t test. Representative 

results of at least two independent experiments. 
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Figure 3 | Reduced alloreactive T cell responses in DnaK-treated group is impaired in MARCH1 KO 

mice. Allografts’ draining LN were harvested at 24h or 96h post-transplant from BALB/c mice that 

received skin grafts from WT or MARCH1 KO in-situ treated with DnaK or controls. Percentage 

and absolute numbers of (a) CD4 TEM and (b) CD8 TEM cells. *p<0.05, **p<0.01 and 

***p<0.001 when compare to control by t test. (c) Representative histograms (upper panel) and IL-

17A mean fluorescence intensity (MFI – lower panel) in CD4 T cells. IFN-γ MFI in CD4 (d) and 

CD8 (e) T cells. *p<0.05 when compare to control by t test. Representative results of at least two 

independent experiments. 

 

DnaK impairs alloimmunity through a MARCH1-dependent modulation of donor DCs  

We tracked donor DCs in vivo and analyzed their MHC II and CD86 expression upon in-

situ DnaK treatment. Donor DCs were tracked by two different strategies – first we tracked 

donor cells (I-A
b
) by their differential MHC expression in allograft draining LN (I-A

d
). In a 

different set of experiments, to control the possibility that we would not detect donor cells 

because they would have downregulated MHC II molecules, we transplanted skins from 

B6-GFP (H-2
b
) mice into a BALB/c (H-2

d
) hosts and tracked GFP

+
 (donor) cells in host 

draining LN (Supplementary Fig. 3a,b). In both approaches, the vast majority (~99%) of 
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the donor cells reaching the host draining LN were DCs (CD11c
+
 cells), and could not 

observe differences in migrating cell numbers between DnaK and control groups 

(Supplementary Fig. 3c,d). Importantly, ~85% of donor DCs that reached host draining 

LNs were alive (Supplementary Fig. 3e). We also measured the levels of CCR7, which is 

necessary for the homing of migratory DCs to the secondary lymphoid tissues
20

. 

Surprisingly, migratory DCs from the DnaK-treated allografts expressed superior levels of 

CCR7 when compared to control at 24h post-transplant (Supplementary Fig. 3f). After 96h 

post transplantation, CCR7 mean levels in donor DCs did not differ between DnaK and 

control treatments. These results suggested that our in-situ treatment did not influence 

migration of donor DCs to graft draining LN. 

To reconcile the in vitro effects of MARCH1 induction and MHC II downregulation in 

DCs with the in vivo findings that DnaK delays skin allograft rejection in a MARCH1-

dependent way, we examined the MHC II expression of donor DCs in mice that received 

DnaK-treated allografts or controls. MHC II levels were significantly reduced in migrating 

donor DCs from DnaK group at 24h and 96h post-transplant (Fig. 4a). In both time-points, 

MARCH1 was required for the MHC II downregulation in donor DCs (Fig. 4a).  A similar 

MARCH1-dependent reduction was observed in CD86 levels (Fig. 4b). Such results 

indicated that we could modulate donor DCs MHC II and CD86 levels through MARCH1 

by performing an in-situ treatment of the allograft prior to transplant, and thus inhibit 

rejection. 
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Figure 4 | In-situ treatment downregulates MHC II and CD86 expression via MARCH1 on 

donor migrating DCs. WT or MARCH1 KO (both B6) skin allografts were treated prior the 

transplant and MHC II (a) and CD86 (b) levels expressed by donor migrating DCs (I-A
b+

CD11c
+
 

cells) were measured by flow cytometry in BALB/c recipients’ draining LN at 24h or 96h post-

transplant. MFI: mean fluorescence intensity. * p<0.05 and **p<0.01; #p<0.05 control MARCH1 

KO compared to control WT, all by t test. Representative results of at least two independent 

experiments. 
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MARCH1 is induced via TLR2/ERK/STAT3/IL-10 pathway in DCs 

We further investigated the underlying mechanisms by which DnaK was inducing 

MARCH1 and downregulating MHC II levels in DCs. IL-10 is the major anti-inflammatory 

cytokine
21

 and it is known that IL-10 can downregulate MHC II expression
22

, through the 

induction of MARCH1
9
. Also, DnaK has been shown to induce IL-10 expression in 

BMDCs
16

 and its anti-inflammatory effects in murine model of arthritis  depend on this 

cytokine
23

. We tested whether the induction of IL-10 was the mechanism driving MARCH1 

induction and MHC II downregulation by DnaK. In fact, DnaK could induce both IL-10 

mRNA and protein expression on DCs isolated from mice LNs (Supplementary Fig. 4a). In 

addition, IL-10 expression in these cells was required for DnaK-induced downregulation of 

MHC II (Supplementary Fig. 4b). In order to determine whether IL-10 production triggered 

by DnaK was responsible for MARCH1 induction, we treated WT or IL-10 KO mice DCs 

with DnaK and analyzed MARCH1 expression. We observed that IL-10 KO DCs treated 

with DnaK did not upregulate MARCH1 compared to WT DCs (Fig. 5a). The addition of 

recombinant murine IL-10 partially reestablished MARCH1 expression by DCs (Fig. 5a). 

Once we determined that IL-10 was essential for MARCH1 induction in DnaK-treated 

DCs, we sought to identify the molecular pathway of IL-10-MARCH1 induction in our 

system. We previously demonstrated that DnaK could modulate DCs in a pathway 

involving TLR2, ERK and STAT3
24

. We thus investigated if DnaK-induced expression of 

MARCH1 was being mediated by TLR2. Indeed, TLR2 KO DCs treated with DnaK 

showed a significantly decreased expression of MARCH1 compared to WT DCs (Fig. 5b). 

Also, IL-10 production (Supplementary Fig. 5a,b) and MHC II downregulation 

(Supplementary Fig. 5c) by DnaK was dependent on TLR2. DnaK effects, including 

MARCH1 induction, were independent on TLR4 (Supplementary Fig. 5e,f,g). We further 

characterized downstream events in this molecular pathway. We treated BMDCs with 

DnaK for 15, 30, 45 minutes or left unstimulated and then analyzed the expression of p-Akt 

(pS473), p-STAT6 (pY641), p-ERK1/2 (pT202/pY204) and p-STAT3 (pY705). DnaK 

could increase p-ERK1/2 levels, peaking at 15 min post-stimulation (Fig. 5c, lane 3) and p-

STAT3, peaking at 45 min. This effect was dependent on TLR2 expression by DCs 

(Supplementary Fig. 6a,b, respectively). To test whether these two molecules were required 

for MARCH1 expression induced by DnaK, we inhibited p-ERK using the MEK inhibitor – 

PD98059
25

 and p-STAT3 with the JAK2/STAT inhibitor - AG490
26

. MARCH1 expression 

was completely inhibited in the PD98059- and AG490-treated LN DCs prior to DnaK 

stimulation (Fig. 5d). In addition, both molecular pathways were required for IL-10 

production (Supplementary Fig. 6e) and MHC II downregulation (Supplementary Fig. 6f,g) 

in DnaK-treated LN DCs. Because p-ERK1/2 expression peaked faster than p-STAT3, we 

analyzed whether p-ERK was required for the increase in p-STAT3 levels. Inhibition of p-

ERK by PD98059 inhibitor
25

 abolished STAT3 phosphorylation upon DnaK treatment 

(Supplementary Fig. 6c). Because STAT3 is described to be activated by IL-10
27

, we pre-
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treated LN DCs with anti-IL-10R, stimulated them with DnaK and analyzed p-STAT3 

levels. Blocking of IL-10R decreased p-STAT3 levels (Supplementary Fig. 6d), indicating 

a positive feedback loop of IL-10-induced STAT3 activation triggered by DnaK. Thus, 

MARCH1 induction by DnaK requires the TLR2/ERK/STAT3/IL-10 molecular pathway.  

Finally, a prediction from these findings was that TLR2 and IL-10 would be required in 

donor cells in order to mediate the improvement in allograft survival induced by DnaK. To 

test that, we transplanted DnaK in-situ-treated skins from TLR2 KO mice (H-2
b
) into 

BALB/c recipients (H-2
d
). The absence of TLR2 in grafts abrogated DnaK-mediated graft 

protection (Fig. 5e).  This result coincides with the ones obtained when we used DnaK in-

situ-treated skins from IL-10 KO mice and transplanted them into BALB/c donors (H-2
d
) 

hosts (Fig. 5f). 
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Figure 5 | MARCH1 induction by DnaK requires the TLR2-ERK-STAT3-IL-10 pathway. (a) 

LN DCs isolated from WT or IL-10 KO mice were treated with DnaK or medium. IL-10 KO DCs 

were also treated with DnaK + recombinant murine IL-10 for 24h. MARCH1 expression was 

analyzed by real time PCR. **p<0.01; ***p<0.001 by t test. (b) LN DCs isolated from WT or TLR2 

KO mice were treated with DnaK or medium for 24h. MARCH1 expression was analyzed by real 

time PCR. ***p<0.001 compared to WT by t test. (c) BMDCs were treated with DnaK for 15, 30 

and 45 min, or left unstimulated. p-Akt (pS473), p-STAT6 (pY641), p-ERK1/2 

(pT202/pY204) and p-STAT3 (pY705) levels were analyzed by flow cytometry. BioHeat map 

generated illustrates fold change in the mean fluorescent intensity (MFI) of phosphorylated 

molecules. (d) WT BMDCs treated with PD98059 or AG490 were stimulated with DnaK for 24h 

and MARCH1 levels were analyzed by real time PCR. ***p<0.001 compared to WT by t test. In all 

PCRs experiments, β-actin was used as normalizer (see Methods). Bars are the mean ± SEM. 
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Experiments performed in triplicates. (e) Percent survival of skin allografts from WT B6 or IL-10 

KO (H-2
b
) mice treated with DnaK or control and transplanted into BALB/c (H-2

d
) recipients. 

*p<0.05 by long-rank test. (n=6 mice per group). (f) As in (e), but donors were WT B6 or TLR2 

KO (H-2
b
). Representative results of at least two independent experiments. 
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Discussion 

Current therapy for transplantation, as well as autoimmunity, consists in lifelong systemic 

immunosuppression of the patient, leading to debilitating susceptibility to infections, 

tumors and metabolic disorders
28, 29

. In this study, we elucidated a molecular pathway for 

the induction of MARCH1, which downregulates MHC II expression in dendritic cells of a 

skin allograft, upon in-situ pre-treatment, significantly improving graft survival in the 

absence of any other immunosuppressive drugs.  

Low MHC II expression not only constitutes absence of stimulation, but actively promotes 

tolerogenic responses
30, 31, 32

. Tolerogenic or regulatory DCs (DCregs) are characterized by 

the low constitutive expression of surface MHC molecules and low net expression of co-

stimulatory molecules
31

, which are functionally more resistant to danger signals received 

through TLRs, promoting apoptosis of effector T cells and generating regulatory T cells 

(Tregs). An extensive literature indicates the potential of DCregs to restrain the alloimmune 

response and promote tolerance
31

. In transplantation, different approaches have been 

attempted; including the administration of donor DCregs or recipients’ DCregs pulsed with 

donor-antigen prior to transplantation
33, 34, 35

.  A major risk of these approaches is of 

sensitizing the recipient to donor’s antigens, leading to the production of alloantibodies and 

antibody-mediated rejection, which has been clearly documented in prior studies
36, 37

.  

Our in-situ graft pre-treatment exerts a powerful effect over rejection, through modulation 

of donor MHC II levels prior the transplant, leading to decreased alloreactivity. The 

expression of MHC II on host cells is critical for induction of rejection. Donor, but not host, 

MHC II expression is required for CD4 T cell-mediated rejection in a mouse model of 

cardiac transplant
38

Absence of surface MHC II in donor cells results in significant 

prolongation of primary cardiac allograft survival
39

.. Nevertheless, complete eradication of 

donor MHC II in order to induce transplant tolerance in vivo has not been considered a 

possibility to this day
40

.  

 

Blockade of B7 ligands via CTLA4-Ig from B7 molecule family is currently being tested as 

a promising therapy to prevent allograft rejection
41

. However, clinical trials using this drug 

had unexpected results with a higher rate of acute cellular rejection
42

. This effect is thought 

to be due to a deleterious effect on Tregs in cardiac
43

 and skin
44

 transplant models. Also, 

memory allospecific T cells seems to be resistant to co-stimulatory blockade in a transplant 

context
45

. The in-situ treatment with DnaK that induces MARCH1 expression in donor 

APCs and leads to a downregulation of the two signals required by T cell activation – MHC 

II and CD86 is thus a more appealing therapeutic approach preserving co-inhibitory signals, 

such as B7:CTLA4, favoring long-term alloimmune regulation. 
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We demonstrated here that induction of MARCH1 by DnaK in DCs depends on TLR2, 

ERK, STAT3 and IL-10 (Supplementary Fig. 8). Although previous works have 

demonstrated that ERK expression could modulate IL-10 production upon signaling via 

TLRs
46, 47

, this is the first time that ERK is implicated in the pathway of MARCH1 

expression. This is also the first time that STAT3 is described to be involved in the pathway 

of MARCH1 expression. In our system, STAT3 activation induced by DnaK was 

downstream of ERK activation in this pathway. Previous studies reported STAT3 

activation upon TLR2 engagement
48

. DnaK also induced MARHC1 in a IL-10-dependent 

manner. IL-10 is the major anti-inflammatory cytokine, and is required for early acceptance 

of skin allografts
49

. Co-overexpression of IL-10 and CCR7 in DCs has been linked to 

prolonged survival of cardiac allografts
50

, and DnaK treatment led to enhanced expression 

of both molecules. Although it is still not clear how enhanced expression of CCR7 can 

promote graft acceptance. Furthermore, STAT3 has been linked to IL-10 in more than one 

study. In human monocyte-derived macrophages, STAT3 can bind to the il10 promoter and 

induce IL-10 production
51

. In addition, IL-10 exerts its anti-inflammatory role in a STAT3 

dependent manner
52

. Indeed, we saw that the signaling pathway triggered by DnaK a 

positive feedback loop of IL-10-induced STAT3 activation. STAT3 activators on DCs were 

proposed to be potential therapeutic target induction of transplant tolerance
53

. 

 

MARCH1 induction, IL-10 production, MHC II downregulation in DC and inhibition of 

graft rejection induced by DnaK were dependent on TLR2. Whereas MARCH1 expression 

is described to be downregulated upon TLR engagement
8
, we could observe for the first 

time that signaling through TLR2 could positively induce MARCH1. Some TLR2 agonists 

(PGN and LTA) can lead to inflammatory responses
54

, however other TLR2 ligands have 

been shown to be good inducers of IL-10 expression
55

. Activation of the TLR2 signaling 

pathway is required for induction of IL-10 in DCs stimulated with M. tuberculosis or with 

lipoproteins
56

. A recent study demonstrated that tumor-derived exosomes can express a 

membrane bound form of Hsp72 (mammalian counterpart of DnaK) that signals via TLR2 

in MDSCs, promoting tumor evasion from immune responses
48

. We do not have evidence 

of TLR2 direct binding by DnaK, however our data indicate this molecule as the one 

mediating all the following signals that lead to the DnaK effects observed here. It is 

possible that DnaK binds to a membrane receptor, still unidentified, that associates with 

and signals through TLR2 in order to activate this pathway. 

 

We had previously observed that inhibition of acute rejection induced by DnaK was 

dependent on CD4
+
CD25

+
 Tregs, and that subcutaneous injection of DnaK increased the 

percentage of Tregs in draining LN
15

. One model that would explain all these observations 

is that DnaK-induced MARCH1 induction, downregulation of MHC II, together with IL-10 

induction, generates DCs that will favor Tregs stimulation
30, 31, 57

. Although we expected an 

increase in the percentage of Tregs in draining LN of mice that received DnaK-treated 

allografts, we did not observe it (not shown). It is possible that low amounts of antigen that 
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reach allograft draining LN in our system are insufficient to cause detectable Tregs 

proliferation. Alternatively, the activation of DnaK specific Tregs, in a number that could 

be below detection levels in this system, might be sufficient to promote the tolerogenic 

effect observed. We are currently performing experiments in which we will enrich DnaK-

specific T cells with DnaKp:I-A
b
 tetramers and try to assess their role in this response. 

Although the tolerance induced by the tested in-situ treatment is not long-term, we expect 

that more doses of DnaK, provided locally and inducing MARCH1 in a non-invasive 

fashion, associated with suboptimal doses of immunosuppression represent a novel concept 

that is relevant for clinical management design. Furthermore, while immune checkpoint 

blockade inhibitors emerge as a powerful new tool for modulation in diverse conditions, not 

only transplants, but also tumors, autoimmunity and asthma, most therapies focus on 

costimulatory blockade. Prevention of signal 1, peptide:MHC, has so far been considered 

impractical. The molecular pathway activated by DnaK for the induction of MARCH1 has 

the potential to be employed in therapies for diverse chronic inflammatory diseases driven 

by T cells. 
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Methods 

 

Mice 

BALB/c (H-2
d
) and C57Bl/6 (B6, H-2

b
) mice were purchased from FEPPS (Rio Grande do 

Sul, BRA). MARCH1 KO
6
 (H-2

b
) mice were gently provided by Dr. Jeoung-Sook Shin 

(University of California, San Francisco, USA). TLR2 KO and TLR4 KO (both, H-2
b
) mice 

were gently provided by Dr. João Santana da Silva (University of São Paulo, São Paulo, 

BRA). IL-10 KO (H-2
b
) mice were gently provided by Dr. Ana M. C. Faria (Federal 

University of Minas Gerais, Belo Horizonte, BRA). C57BL/6-GFP mice were gently 

provided by Dr. Gustavo B. Menezes (Federal University of Minas Gerais, Belo Horizonte, 

BRA). All mice used in the experiments were between females six- to ten-week old. 

Animals were bred and housed in individual and standard mini-isolators under specific 

pathogen-free conditions at School of Biosciences – PUCRS facility. All procedures were 

previously reviewed and approved by the Ethics Committee for the Use of Animals of 

Pontifícia Universidade Católica do Rio Grande do Sul (CEUA-PUCRS) under protocol ID 

CEUA 08/00048 and PUC-000118-15. 

 

Protein purification and endotoxins extraction 

Recombinant DnaK was produced with the construct pET23a(+)/MtbDnaK in BL21 

Escherichia coli and purified according to Mehlert
58

. To remove LPS, Triton X-114 was 

used according to the method described in Aida et al 
59

. Contaminating Triton X-114 was 

removed by incubating overnight with Bio-Beads (Bio-Rad) at 4
o
C with agitation. Protein 

concentration was determined using Qubit Protein Assay Kit (Invitrogen) and the Qubit® 

Fluorometer (Invitrogen). Protein integrity was analyzed by Western Blot using the anti-

HSP70 antibody (clone C92F3A-5 - StressMarq, Supplementary Fig.9a). Endotoxin levels 

were measured during all purification processes (Supplementary Fig.9b) using a 

chromogenic LAL endotoxin assay kit (GenScript). Only samples with below 0.1 EU/ml 

were used. To check protein purity we took advantage from the fact the splenic DCs 

upregulates CD86 levels after 6h of intravenous injection of LPS
60

. We intravenously 

injected B6 mice with LPS (25µg), Bio-beads-treated PBS 1x or DnaK treated or not with 

Triton X-114 (both 30µg). After 6h, we sacrificed the mice and analyzed CD86 expression 

in splenic DCs (CD11c
+
) by flow cytometry. LPS and not treated DnaK increased the 

expression of CD86 on splenic DCs. In contrast, Triton X-114-treated DnaK as well as PBS 

1x could not upregulate CD86 (Supplementary Fig.9b). DnaK has an ATPase activity, so 

we tested our purified protein for its capacity to hydrolyse ATP. Functional DnaK (5µg) 

and Non Functional DnaK (5µg) were incubated in a reaction medium containing 2 mM 

CaCl2, 120 mM NaCl, 5 mM KCl, 10 mM glucose, 20 mM Hepes with 100µM ATP for 0, 

10, 20, 60 and 120 min, pH 7.4 at 37°C. After the incubation the reaction medium was 

transferred to ice, followed by centrifugation for 30 min at 10,000 rpm and high-

performance liquid chromatography (HPLC) analysis. HPLC analysis, 40 μl aliquots of 

supernatant, were applied to a reversed-phase HPLC system (Shimadzu) using C18 column 
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at 260 nm with a mobile phase containing 60 mM KH2PO4 (Sigma-Aldrich) and 5 mM 

tetrabutylammonium chloride (Sigma-Aldrich), pH 6.0, in 30% methanol. All peaks were 

identified by retention time compared with ATP standard curve. The control for 

nonenzymatic hydrolysis of nucleotides was performed by measuring the peaks present in 

the same reaction medium incubated without proteins. The results are expressed as total 

amount of the ATP (µM) in the respective incubation time (Supplementary Fig.9c). 

 

Skin transplant and in-situ treatment 

We performed a fully MHC-mismatched murine skin allograft model
61

. B6 WT, MARCH1 

KO, IL-10 KO, TLR2 KO and TLR4 KO mice (all H-2
b
) were used as donor. Briefly, 1 

cm
2
 sections of tail skin were removed and immersed in a PBS solution containing 60 

µg/mL of purified DnaK or only PBS for 60 minutes at 4°C. BALB/c (H-2
d
) recipients 

were anesthetized, and fur was shaved off the dorsal trunk. At the shaved area, 1 cm
2
 of 

skin was removed in each recipient mouse and donor tail skin fragment was sutured to the 

exposed tissue of each recipient. Animals were kept in individual cages and observed daily, 

the state of graft acceptance being photographed and recorded. Graft rejection was 

confirmed by the observation of cyanosis, erythema, erosion, and loss of skin graft. 

 

Dendritic cells cultures 

CD11c+ cells were purified from spleen or LNs from B6 WT, MARCH1 KO, IL-10 KO, 

TLR2 KO and TLR4 KO mice. LNs were disrupted against a nylon screen and treated with 

Collagenase D (Roche) for 30min at 37°C. The resultant single cell suspensions were 

labeled with anti-CD11c (N418) magnetic beads (Miltenyi). After washing, CD11c
+
 cells 

were purified by positive selection using MACS separation columns (Miltenyi). Purity of 

selected cells was controlled by FACS analysis. Cells were cultured in 96-well plates in 

serum-free medium AIM-V® (Gibco). DCs were incubated with either 30 µg/mL of DnaK 

or medium for 24 h and then analyzed by FACS or total RNA was extracted. The 

supernatant was collected and used for cytokine analysis. 

DCs were grown from murine bone marrow (BMDCs) in the presence of GM-CSF and IL-

4 (both from Peprotech). Cells were cultured in 24-well plates in serum-free medium AIM-

V® (Gibco). On the sixth day of culture, the non-adherents cells (DCs) were separated 

from adherent cells. BMDCs were incubated with 30 µg/mL of DnaK, medium, 10 µg/ml 

of PGN (Sigma) or DnaK + recombinant murine IL-10 (20 ng; R&D System) for 24 h and 

then analyzed by FACS or total RNA was extracted. The supernatant was collected and 

used for cytokine analysis.  

 

Real time PCR 

Total RNA was isolated from murine dendritic cells cultures using RNAeasy kit (Qiagen). 

The concentration of the purified total RNA samples was measured using a Qubit RNA 
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Assay Kit (Invitrogen) and read in Qubit Fluorometer (Invitrogen). 50 ng of RNA was 

reverse transcribed with 100 U of Sensiscript (Qiagen). cDNA concentrations were 

measured using Qubit dsDNA HS Assay Kit (Invitrogen) and the read in Qubit Fluorometer 

(Invitrogen). In a final volume of 10 µL, 8 ng of cDNA was amplified using the following 

Taqman Gene Expression assays (Applied Biosystems): Il10 (Mm00439614_m1), March1 

(Mm00613524_m1) and β-actin (4352933E). Quantitative real-time PCR was performed 

with a StepOn Real-Time PCR System (Applied Biosystems). The relative mRNA levels 

were calculated using the comparative Ct method
62

, using the house keeping gene β-actin as 

a normalizer. Non-treated DCs served as a reference for treated DCs. 

 

Immunofluorescence 

 

MHC II immunoprecipitation 

 

Flow cytometry 

Following antibodies were used: CD4 (GK1.5), CD8a (53-6.7), Foxp3 (MF23), Ki67 

(B56), I-A
b
 (AF6-120.1), CD11c (HL3), CD45R/B220 (RA3-6B2), CCR7 (CD197 - 4B12), 

p-Akt (pS473; M89-61), p-STAT6 (pY641; 18/P-Stat6), p-ERK1/2 (pT202/pY204; 20A) 

and p-STAT3 (pY705; 4/P-STAT3), CD44, CD62L, IL-17, IFN-γ, from BD Biosciences 

and from eBioscience. Cell suspensions were Fc blocked for 20 min on ice, and then 

surface markers were stained by incubation for 30 min with antibodies in 1% FCS in PBS 

on ice. Staining of Ki67 and Foxp3 was performed by using Fixation/Permeabilization kit 

(eBioscience). For cytokine detection, cell suspensions were pre-incubated for 4 h with 50 

ng/ml of PMA (phorbol 12-myristate 13-acetate), 500 ng/ml ionomycin and GolgiStop (BD 

Biosciences) in complete medium before Fc blocking, followed by surface staining, 

permeabilization and intracellular staining of IFN-γ, and IL-17. Cells were analyzed using 

FACSCanto II (BD Biosciences) and BD FACSDiva software (BD Biosciences). Data 

obtained were analyzed using Flowjo software (version X, Tree Star). 

 

Phosphorylated molecules analysis 

For signaling experiments, WT or TLR2 KO BMDCs were treated with 30 μM of selective 

MEK inhibitor PD98059 (Cayman Chemical) for 30 minutes, or 50 µM of JAK2/STAT 

pathway inhibitor AG490 (Sigma) for 60 minutes or left untreated prior DnaK stimulation. 

Cells were stimulated with 30µg/ml of DnaK for 15, 30 or 45 min. Cells were fixed with 

Cytofix Buffer (BD Biosciences) for 10 minutes at 37°C and permeabilized with Phosflow 

Perm Buffer III (BD Biosciences) for 30 minutes on ice. Then, cells were stained for p-Akt, 

p-STAT6, p-ERK, and p-STAT3. Cells were analyzed using FACSCanto II (BD 

Biosciences) and BD FACSDiva software (BD Biosciences). BioHeat maps were generated 

with the web-based software Cytobank (www.cytobank.org). 
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IL-10 measurement 

Supernatants of WT, TLR2 KO or TLR4 KO DCs cultures treated with DnaK or medium 

for 24h were analyzed for the presence of IL-10 with the CBA Mouse Inflammation kit 

(BD Biosciences), according to manufacturer’s instructions. Cells were analyzed using 

FACSCanto II (BD Biosciences) and BD FACSDiva software (BD Biosciences). Data 

obtained were analyzed using FCAP Array software (version 3.0, BD Biosciences) and 

expressed in pg/ml. 

 

Statistical analysis 

Statistical analysis was performed using the software Prism5 (Graphpad Software Inc.). 

Differences between specific points were determined by the Student’s t-test, or when 

appropriated, the non-parametric Mann-Whitney. The one-way ANOVA test was used to 

determine differences between groups. Multiple comparisons among levels were checked 

with Tukey post hoc tests. To analyze graft survival and determine the median survival 

time (MST), the Kaplan-Meier/long-rank test was used. The level of significance was set at 

p < 0.05.  
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Figure Legends 

Figure 1 | MARCH1 was induced by DnaK, but not cyclosporine A or Rapamycin in murine 

DCs. (a) DCs isolated from mice lymph nodes (LN) were treated with Cyclosporine A (CsA), 

Rapamycin (RAPA), DnaK or recombinant murine IL-10 for 24h. After that, MARCH1 mRNA 

levels were analyzed by real time PCR. β-actin was used as normalizer (see Methods). ** p<0.01 

and *** p<0.001 when means are compared to medium by ANOVA with Tukey post-test. (b) LN 

DCs were treated with DnaK or left untreated for 24h at 37°C. Cells were lysed, MHC II proteins 

were immunoprecipitated, and analyzed for ubiquitination or total MHC II by Western Blot. (c) 

Isolated DCs were grown for 48h in poly-d-Lysine coated coverslips then treated with DnaK or 

medium for 24h and stained for MHC II and LAMP-1. Cells were then analyzed by Confocal 
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microscopy. Spleen and LN DCs from WT or MARCH1 KO mice were isolated and treated with 

DnaK or control for 24h. After that, MHC II (d) and CD86 (e) levels were analyzed by flow 

cytometry. 

Figure 2 | MARCH1 is required for the decrease in alloreactivity induced by DnaK. (a) Percent 

survival of skin allografts from WT B6 or MARCH1 KO (H-2
b
) mice treated with DnaK or control 

and transplanted into BALB/c (H-2
d
) recipients. *p<0.05, **p<0.01 by long-rank test. (n=5 mice 

per group). (b) Absolute numbers of total cells from allograft’s draining lymph nodes (LN) 

harvested from mice that received DnaK-treated skin grafts or controls on days 1, 4, 7 and 10 post 

transplantation (n=3-6 mice per time-point/group). Dot graphs represent the mean ± SEM. *p<0.05 

and ***p<0.001 when compare to control by t test. (c) Visual aspect of the allograft draining LN at 

day 7 post-transplant. Skin grafts from WT or MARCH1 KO were treated with DnaK or controls 

were transplanted into BALB/c mice. Percentage and absolute numbers of proliferating (d) CD4 

(CD4
+
Ki67

+
) and (e) CD8 (CD8

+
Ki67

+
) T cells from allografts’ draining LN harvested at 24h or 

96h post-transplant. *p<0.05 and **p<0.01 when compare to control by t test. Representative 

results of at least two independent experiments. 

Figure 3 | Reduced alloreactive T cell responses in DnaK-treated group is impaired in MARCH1 KO 

mice. Allografts’ draining LN were harvested at 24h or 96h post-transplant from BALB/c mice that 

received skin grafts from WT or MARCH1 KO in-situ treated with DnaK or controls. Percentage 

and absolute numbers of (a) CD4 TEM and (b) CD8 TEM cells. *p<0.05, **p<0.01 and 

***p<0.001 when compare to control by t test. (c) Representative histograms (upper panel) and IL-

17A mean fluorescence intensity (MFI – lower panel) in CD4 T cells. IFN-γ MFI in CD4 (d) and 

CD8 (e) T cells. *p<0.05 when compare to control by t test. Representative results of at least two 

independent experiments. 

Figure 4 | In-situ treatment downregulates MHC II and CD86 expression via MARCH1 on 

donor migrating DCs. WT or MARCH1 KO (both B6) skin allografts were treated prior the 

transplant and MHC II (a) and CD86 (b) levels expressed by donor migrating DCs (I-A
b+

CD11c
+
 

cells) were measured by flow cytometry in BALB/c recipients’ draining LN at 24h or 96h post-

transplant. MFI: mean fluorescence intensity. * p<0.05 and **p<0.01; #p<0.05 control MARCH1 

KO compared to control WT, all by t test. Representative results of at least two independent 

experiments. 

Figure 5 | MARCH1 induction by DnaK requires the TLR2-ERK-STAT3-IL-10 pathway. (a) 

LN DCs isolated from WT or IL-10 KO mice were treated with DnaK or medium. IL-10 KO DCs 

were also treated with DnaK + recombinant murine IL-10 for 24h. MARCH1 expression was 

analyzed by real time PCR. **p<0.01; ***p<0.001 by t test. (b) LN DCs isolated from WT or TLR2 

KO mice were treated with DnaK or medium for 24h. MARCH1 expression was analyzed by real 

time PCR. ***p<0.001 compared to WT by t test. (c) BMDCs were treated with DnaK for 15, 30 

and 45 min, or left unstimulated. p-Akt (pS473), p-STAT6 (pY641), p-ERK1/2 

(pT202/pY204) and p-STAT3 (pY705) levels were analyzed by flow cytometry. BioHeat map 

generated illustrates fold change in the mean fluorescent intensity (MFI) of phosphorylated 

molecules. (d) WT BMDCs treated with PD98059 or AG490 were stimulated with DnaK for 24h 

and MARCH1 levels were analyzed by real time PCR. ***p<0.001 compared to WT by t test. In all 

PCRs experiments, β-actin was used as normalizer (see Methods). Bars are the mean ± SEM. 

Experiments performed in triplicates. (e) Percent survival of skin allografts from WT B6 or IL-10 
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KO (H-2
b
) mice treated with DnaK or control and transplanted into BALB/c (H-2

d
) recipients. 

*p<0.05 by long-rank test. (n=6 mice per group). (f) As in (e), but donors were WT B6 or TLR2 

KO (H-2
b
). Representative results of at least two independent experiments.  
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Supplementary Figure 1 | Donor skin in-situ treatment with DnaK prior the transplant 

improves allograft survival. Skin allografts from B6 mice (H-2
b
) mice were immersed in a PBS 

solution containing DnaK or nothing for 1h. After this period, treated skin allografts were 

transplanted into BALB/ hosts (H-2
d
). (a) Schematic view of the experimental design. (b) Percent of 

graft survival after DnaK treatment (n= 23 mice each group). ****, p>0.0001 by long-rank test. 

Results are pooled from three experiments (c) Aspect view of the allografts overtime. 
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Supplementary Figure 2 | MARCH1-dependent decrease in total numbers of draining LN 

CD4 and CD8 T cells in mice that received DnaK-treated allografts. Absolute numbers of CD4 

(a) and CD8 (b) T cells from allograft draining lymph nodes (LN) harvested from mice that 

received DnaK-treated skin grafts or controls on days 1, 4, 7 and 10 post transplantation (n=3-6 

mice per time-point/group). Dot graphs represent the mean ± SEM. *p<0.05 and **p<0.01 when 

compare to control by t test. Skin grafts from WT or MARCH1 KO were treated with DnaK or 

control were transplanted into BALB/c mice. Absolute numbers of (d) CD4 and (e) CD8 T cells 

from allografts’ draining LN harvested at 24h or 96h post-transplant. p<0.05 and **p<0.01 when 

compare to control by t test. Representative results of at least two independent experiments. 
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Supplementary Figure 3 | DCs from DnaK-treated allografts skins migrate efficiently to 

recipient’s draining LN. Skin allografts from B6 WT or B6-GFP (H-2
b
/I-A

b
) mice were in-situ 

treated with DnaK or control prior the transplant and transplanted into BALB/c (H-2
d
/I-A

d
). Donor 

cells were tracked in allografts’ draining LN, 24h or 96h post-transplantation, by (a) I-A
b
 or (b) 

GFP expression. Representative dot plots and percentages of CD11c+ cells that were I-A
b+

 (c) or 

GFP
+
 (d) allografts’ draining LN. (f) CCR7 expression on I-A

b+
 (upper panel) or GFP

+
 population 

(lower panel) tracked in hosts’ draining LN of transplanted mice. Dot graphs represent the mean ± 

SEM. *p<0.05. Representative results of at least two independent experiments. 
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Supplementary Figure 4 | IL-10 induction by DnaK is crucial MHC II downregulation in DCs. 

(a) DCs isolated from mice lymph nodes (LN) were treated with DnaK or control for 24h. After 

that, IL-10 mRNA levels were analyzed by real time PCR. β-actin was used as normalizer (see 

Methods – upper panel). IL-10 concentration was also measured in the supernatant by flow 

cytometry (lower panel). (b) Representative histograms (upper panel) and MHC II (I-A
b
) mean 

fluorescence intensity (MFI – right panel) of DCs isolated from LN of WT or IL-10 KO mice and 

treated with DnaK or control for 24h. Data are presented as the mean ± SEM. ** p<0.01 and *** 

p<0.001 when compare to medium/control by t test. Representative results from at least two 

independent experiments. 
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Supplementary Figure 5 | TLR2, but not TLR4, is required for IL-10 production and MHC II 

downregulation induced by DnaK. (a) DCs isolated from lymph nodes (LN) of WT or TLR2 KO 

mice were treated with DnaK or control for 24h, and IL-10 mRNA levels were analyzed by real 

time PCR. β-actin was used as normalizer (see Methods). *** p<0.001 when compare to WT by t 

test.  (b) LN DCs from WT or TLR2 KO mice were treated with DnaK, PGN or control for 24h and 

IL-10 concentration was also measured in culture supernatants. ***p<0.001 when compare to 

WT/medium by t test. (c) Representative histograms (upper panel) and MHC II (I-A
b
) mean 

fluorescence intensity (MFI – lower panel) of DCs isolated from LN of WT or TLR2 KO mice and 

treated with DnaK or control for 24h. *p<0.05 DnaK compare with control; #, p<0.05 control TLR2 

KO compared with control WT, all by t test. (d) Skin allografts from WT or TLR4 KO (H-2
b
) mice 

were immersed in a solution containing DnaK or control for 1h and transplanted into BALB/C (H-

2
d
). Data represented as the percent of graft survival after DnaK treatment (n= 4 mice each group). 

DCs isolated from lymph nodes (LN) of WT or TLR4 KO mice were treated with DnaK or control 

for 24h, and MARCH1 (e) or IL-10 (f) mRNA levels were analyzed by real time PCR. β-actin was 

used as normalizer. (g) Representative histograms (left panel) and MHC II (I-A
b
) mean fluorescence 

intensity (MFI – right panel) of DCs isolated from LN of WT or TLR4 KO mice and treated with 

DnaK or control for 24h. *p<0.05 when compare to control by t test. All data are presented as the 

mean ± SEM. Representative results from at least two independent experiments. 
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Supplementary Figure 6 | ERK1/2-dependent STAT3 activation is required for IL-10 

production and MHC II downregulation induced by DnaK. BMDCs from WT or TLR2 KO 

mice were treated with DnaK or control for 24h, and (a) p-ERK1/2 (pT202/pY204) and (b) p-

STAT3 (pY705) levels were analyzed by flow cytometry. WT BMDCs treated with (c) PD98059 or 

α-IL-10R and then stimulated with DnaK for 24h. After that, p-STAT3 (pY705) levels were 

analyzed by flow cytometry. WT BMDCs treated with PD98059 or AG490 were stimulated with 

DnaK or control for 24h and (e, upper) IL-10 mRNA, (e, lower) IL-10 production or (f, g) MHC II 

levels were analyzed. **p>0.01 and ***p>0.001 by t test. In PCRs experiments, β-actin was used 

as normalizer (see Methods). Bars are the mean ± SEM. Experiments performed in triplicates. 
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Supplementary Figure 7 | In-situ DnaK treatment does not affect the p:MHC levels of 

recipients’ cells that acquires an allograft’s antigen. We performed skin transplants of BALB/c 

donor skin into C57Bl/6 hosts, and analyzed antigen presentation using the Y-Ae antibody at day 6 

and day 10 post-transplant. This antibody recognizes a peptide the 52–68 fragment of the α-chain of 

I-E MHC II molecules (the Eα52–68 peptide) bound on the I-A
b
 MHC II molecule

63
. 
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Supplementary Figure 8 | DnaK induced IL-10-driven MARCH1 expression in DCs via ERK 

and STAT3 upon TLR2 engagement, causing MHC II ubiquitination and surface 

downregulation. Schematic representation of the model pathway described in this study. DnaK can 

signal through TLR2 in DCs, or an endocytic receptor, that cooperates with TLR2. This triggers 

ERK and STAT3 activation, enhancing the expression of the il10 gene and IL-10 production. IL-10 

production leads to a positive feedback activation of STAT3 via IL-10R with a subsequent increase 

in MARCH1 expression, increase in MHC II ubiquitination and downregulating MHC II expression 

on the membrane surface. 
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Supplementary Figure 9 | DnaK purification controls. Purified DnaK was Western blotted using 

SMC-100 antibody. (b, upper) Endotoxin levels of DnaK preparation at all purification stages: BT, 

BB (before Triton, before beads); AT, BB (after Triton, before beads); AT, AB (after Triton and 

after beads incubation) or only Triton X-114 as a control. (b, lower) B6 mice were intravenously 

injected with LPS (25µg), Bio-beads-treated PBS 1x or DnaK treated or not with Triton X-114 

(both 30µg). After 6h, mice were sacrificed and CD86 expression was analyzed in splenic CD11c+ 

cells by flow cytometry. (c) Evaluation of ATP hydrolysis by functional DnaK or non-functional 

DnaK. Proteins (5µg) were incubated with 100µM ATP and were analyzed by HPLC after 

treatment times 0, 10, 20, 60 and 120 min. The results are expressed as total amount of the ATP 

(µM) in the respective incubation time. 
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Situação: Em preparação 

 

Revista: Journal of Investigative Dermatology 

 

Motivação: Esses dados surgiram quando estávamos mapeando qual subtipo de célula dendrítica 

da pele a DnaK modulava. Nessa busca, observamos que tanto em controles como animais 

tratados, a migração de um subtipo de DCs do doador predominava em relação aos outros – as 

DCs CD103+ migratórias. Com isso, exploramos mais esses achados utilizando animais que não 

possuem o fator de transcrição Batf3 e, portanto não desenvolvem células dendríticas dos 

subtipos CD8α+ (residentes) e CD103+ (migratórias). Como a pele não possui células CD8α+, 

quando utilizamos animais Batf3 nocautes como doadores, utilizamos um tecido que continha 

todos os subtipos de DCs da pele, menos o CD103+. Portanto, conseguimos estudar 

especificamente seu papel na resposta de rejeição de pele. 
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Abstract (200) 

Skin transplants are the most immunogenic of all transplants and donor DCs play a crucial 

role in activating effector alloreactive T cells and initiating rejection. However, the role of 

specific donor DC subsets in the alloimmune response requires further investigation. 

Strategies to modulate donor DC subsets prior the transplant may yield a new therapeutic 

approach in skin and vascular composite allograft (VCAs).  

We found that donor skins lacking Batf3-dependent DCs were less immunogenic when 

transplanted into fully mismatched recipients. This effect was due to an impaired priming, 

activation and differentiation of alloreactive T cells, mainly CD8+ T cells. We also found 

that donor tissue-memory T cells could migrate to draining lymph node in the transplant 

context and the absence of Baf3-dependent DCs in donor skins led to decreased 

alloproliferation of these cells. Finally, in-situ treatment of donor skins with mycobacterial 

protein DnaK delayed rejection by inducing MARCH1 and decreasing MHC II expression 

exclusively on donor CD103+ DCs. 

In sum, we found that Batf3-dependent DCs are crucial for initiation of skin rejection and 

have established a immune modulatory in-situ therapeutic strategy that targets donor 

CD103+ DCs and could be translated to VCA organs prior to transplantation,  minimizing  

the  need  for systemic immunosuppression.   
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Introduction 

Skin is the most immunogenic of all transplants and its high immunogenicity is related to 

the numerous APCs contained in both epidermis and dermis (1, 2). In particular, dendritic 

cells (DCs) are responsible for the initiation of adaptive immune responses, delivering the 

required signals for specific T cell activation in secondary lymphoid organs. In this process, 

donor DCs (the classic passenger leukocytes) are initially activated in the setting of 

inflammation and tissue ischemic injury, and then migrate from the graft to the recipient’s 

draining lymph node (dLN) to induce direct activation of alloreactive T cells (1, 3, 4). 

DCs are a heterogeneous population of antigen-presenting cells (APCs) that may have 

either protective or deleterious role in the immune response. In skin, three major distinct 

subsets of DCs have been described two dermal and one epidermal subset. Dermal DCs are 

typically either CD11b+CD103-Langerin- or CD11b-CD103+Langerin+; epidermal DCs 

are Langerhan’s cells (LCs), which are CD11b+ CD103-Langerin+ (5). These skin-resident 

DC subsets have distinct stimulatory capacities, promoting different T cell polarization for 

the same antigen (6). The CD103+ DC subset is a tissue-resident DC and corresponds to 

the same lineage of the CD8α+ DC subset in secondary lymphoid organs, and both require 

the transcription factor Batf3 for their development in mice (7). Batf3-dependent or 

CD103+ DCs were reported to have a role in the pathogenesis of several disorders such as 

type 1 diabetes (8), asthma (9) and viral infections (10). However, in a steady-state, Batf3-

dependent DCs can exert opposite roles. Murine Batf3-dependent DCs can induce tolerance 

to circulating OVA antigens in renal draining lymph nodes (11). One study (12) reported 

that LCs are not necessary for allograft rejection, probably because they remain stuck in the 

graft epidermis (13). Nonetheless, the precise role for each subset of dermal DCs in 

transplant rejection has not been fully determined. Identifying the different donor subsets 

involved in the skin alloimmune responses is crucial in order to optimize therapeutic 

interventions. 

We found that donor CD103+CD207+ DCs was the predominant subset capable to migrate 

into host dLN early after skin transplant. Also, donor skins lacking Batf3-dependent DCs 

could survive more in fully MHC-mismatched hosts. In addition, hosts that received skins 

from Batf3 KO mice presented a decreased T cell alloreactivity. An in-situ treatment that 
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targets and modulates donor dermal CD103+ DCs prolonged graft acceptance in a similar 

fashion as Batf3 KO donor skins. Thus, our findings suggest that Batf3-dependent DCs 

play a critical role in the initiation of acute rejection and its modulation could be a novel 

strategy to improve graft acceptance. 
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Materials and Methods 

Mice 

C57BL/6 (H-2
b
, B6) and BALB/c (H-2

d
) mice were purchased from Jackson Laboratory. 

Batf3 −
/− (KO) mice on the B6 background were maintained as a breeding colony in our 

animal facility. All mice were 8–12 weeks of age and housed in accordance with 

Institutional and National Institutes of Health guidelines. 

 

Skin grafting 

Skin transplantation was performed as previously described in (14). Briefly, full-thickness 

donor tail-skin pieces (~1 cm
2
 – H-2

b
) were grafted on the flank of the recipients (BALB/c, 

H-2
d
). For in-situ DnaK treatment donor skins were removed and immersed in a PBS 

solution containing 60 µg/mL of purified DnaK or only PBS for 60 minutes at 4°C, prior 

the transplant. The time point of rejection was defined as the complete necrosis of the graft. 

 

Flow cytometry  

We used the following antibodies: CD4 (GK1.5), CD8a (53-6.7), Ki67 (B56), I-A
b
 (AF6-

120.1), CD11c (HL3), CD45R/B220 (RA3-6B2), CD11b, CD103 (M290), CD44, CD62L, 

IL-17, IFN-g, Granzyme B, KLRG1 from BD Biosciences; Cell suspensions were Fc 

blocked for 20 min on ice, and then surface markers were stained by incubation for 30 min 

with antibodies in 1% FCS in PBS on ice. Staining of Ki67 and Foxp3 was performed by 

using Fixation/Permeabilization kit (eBioscience). For cytokine detection, cell suspensions 

were pre-incubated for 4 h with 50 ng/ml of PMA (phorbol 12-myristate 13-acetate), 500 

ng/ml ionomycin and GolgiStop (BD Biosciences) in complete medium before Fc blocking, 

followed by surface staining, permeabilization and intracellular staining of IFN-γ, and IL-

17. Cells were analyzed using FACSCanto II (BD Biosciences) and BD FACSDiva 

software (BD Biosciences). Data obtained were analyzed using Flowjo software (version X, 

Tree Star). 
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DnaK purification and endotoxins extraction 

Recombinant DnaK was produced with the construct pET23a(+)/MtbDnaK in XL1-blue 

Escherichia coli and purified according to Mehlert (15). To remove LPS, Triton X-114 was 

used according to the method described in Aida et al (16). Contaminating Triton X-114 was 

removed by incubating overnight with Bio-Beads (Bio-Rad) at 4
o
C with agitation. Protein 

concentration was determined using Qubit Protein Assay Kit (Invitrogen) and the Qubit® 

Fluorometer (Invitrogen). Protein integrity was analyzed by Western Blot using the anti-

HSP70 antibody (clone C92F3A-5 - StressMarq. Endotoxin levels were measured using a 

chromogenic LAL endotoxin assay kit (GenScript). Only samples with below 0.1 EU/ml 

were used. 

 

Cell sorting 

Dendritic cells were purified from skin draining lymph node; organs were disrupted against 

a nylon screen and treated with Collagenase D (Roche) for 30min at 37°C. The resultant 

single cell suspensions were FcR blocked and labeled with anti-CD11c (N418) magnetic 

beads (Miltenyi Biotech). After washing, CD11c
+
 cells were purified by positive selection 

using MACS separation columns (Miltenyi). After that, cells were stained for viability, 

CD11c, CD11b, CD103 and Langerin. CD11c+CD11b+CD103-Langerin- or 

CD11c+CD11b-CD103+Langerin+ live cells were isolated by flow cell sorting with greater 

than 90% purity, using a FACS Aria II (BD Biosciences) and BD FACSDiva software (BD 

Biosciences). 

 

MARCH1 real time PCR 

Total RNA was isolated from murine dendritic cells cultures using RNAeasy kit (Qiagen). 

50 ng of RNA was reverse transcribed with 100 U of Sensiscript (Qiagen). In a final 

volume of 10 µL, 8 ng of cDNA was amplified using the following Taqman Gene 
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Expression assays (Applied Biosystems): March1 (Mm00613524_m1) and β-actin 

(4352933E). Quantitative real-time PCR was performed with a StepOn Real-Time PCR 

System (Applied Biosystems). The relative mRNA levels were calculated using the 

comparative Ct method (17), using the house keeping gene β-actin as a normalizer. Non-

treated DCs of each subset served as a reference for treated DCs. 

 

Statistical methods 

Graft survival was expressed graphically using the Kaplan–Meier method, and statistical 

differences in survival between the groups were assessed by the log-rank test. A p<0.05 

was considered statistically significant. Student t test was used for comparison of means. 

The one-way ANOVA test was used to determine differences between groups. Multiple 

comparisons among levels were checked with Tukey post hoc tests. Statistical analysis was 

performed using the software Prism5 (Graphpad Software Inc.). 
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Results 

CD207+CD103+ DCs are the main donor DC subsets found in hosts’ dLN 

We first characterized donor migratory DCs that reach hosts’ draining LNs (dLN). So, we 

initialy performed fully MHC-mismatched skin transplants from B6 donors (H-2
b
) into 

BALB/c hosts (H-2
d
). We then tracked the presence of donor cells by analyzing the 

expression of I-A
b
 in hosts’ dLNs at 24 hours post-transplant. We found that CD103+ DC 

subset was the prominent donor skin subset (Fig. 1A, B). Donor DCs were 

CD11c+CD207(Langerin)+CD11b-CD103+ (Figure 1C). To evaluate the role of donor 

dermal CD103+CD207+ DCs in skin transplant, we transplanted skins from Batf3 KO mice 

(H-2
b
), which lacks peripheral CD103+ DCs (7), into BALB/c hosts (H-2

d
). There was no 

donor CD103+CD207+ DCs in dLN of mice that received Batf3 KO skins (Figure 1, B and 

C). We also observed a reduced percentage of total donor cells (I-A
b
+) and donor DCs (I-

A
b
+CD11c+) in hosts’ dLN received skins from Batf3 KO donors (Figure 1D). Thus, these 

data indicate that donor Batf3-dependent DCs is the major DC subset reaching hosts’ dLN 

after skin transplant.  

 

 
Figure 1. CD207+CD11b-CD103+ cells are the predominant donor migrating DC subset 

reaching allografts’ draining lymph nodes after skin transplant. Skin allografts from WT B6 or 

Batf3KO (I-A
b
) mice were transplanted into BALB/c (I-A

d
) recipients. (A) Gating strategy for 

tracking donor DC subsets in recipients’ draining lymph nodes, based on I-A
b
 expression at 24h 

post-transplant. (B) Quantification of DCs subsets gated as in (A). *p<0.05 when compare to WT 

by ANOVA with Tukey post-test. (n=3 mice per group). (C) Representative dot plots of I-A
b
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expression gated on CD103+ DCs from draining lymph nodes of mice that received WT or Batf3 

KO skins, 24h post-transplant. (D) Gating strategy confirming the phenotype of donor DCs as 

CD11c+Langerin+CD103+CD11b-. (E) Percentage of I-A
b
+ (left) and I-A

b
+CD11c+ cells (right) 

isolated from draining lymph nodes of mice that received WT or Batf3 KO skins, 24h post-

transplant. *p<0.05 when compare to WT by t test. (n=3 mice per group). 

 

 

Donors Batf3-dependent DCs initiate acute skin rejection 

In light of these interesting findings, we then investigated the requirement of Batf3-

dependent donor DCs in initiating rejection responses early after skin transplant. We 

transplanted WT or Batf3 KO skins (H-2
b
) into BALB/c hosts (H-2

d
). We observed that 

mice that received Batf3 KO skins presented an increased allograft survival compared to 

WT skins, with a median survival time (MST) of 19 days compared with 11 days, 

respectively (n=5 per group; p=0.0019) (Figure 2, A and B). To elucidate the mechanism 

underlying the delayed rejection with Batf3 KO skin, we immunophenotyped lymphocytes 

isolated from allografts’ dLNs at day 1, 7 or 25 post-transplant. Analysis of the LNs of 

recipients that received Batf3 KO skins revealed a significant reduction in the percentage of 

proliferating CD8 T cells (CD8
+
Ki67

+
 cells) at all time-points compared to WT (Figure 

2C). Furthermore, there was a decrease in the CD8 effector memory T cells (CD8 TEM – 

CD8
+
CD62L

-
CD44

+
 cells) at day 1 and 7, with no change at day 25 post-transplant, in 

allografts’ dLN from mice that received Batf3 KO skin compared to WT (Figure 2D). 

Interestingly, in the recipients of Batf3 KO skins, we observed a significant, but less 

prominent, decrease in proliferating-CD4 T cells at day 7 post-transplant (Suppl. Figure 

1A). We observed a reduction in CD4 TEM cells at day 7 post-transplant, but no changes at 

day 1 and 25 (Suppl. Figure 1B). These findings led us to investigate whether T cells were 

being less primed due to the lack of CD103
+
 DCs in the skin. To confirm that, we analyzed 

the expression of CD69 – an early T cell activation marker – in CD8 T cells. We found that 

at day 7 post-transplant the percentage of CD4
+
CD69

+
 and CD8

+
CD69

+
 cells were 

significantly decreased in the allografts’ dLNs of mice that received Batf3 KO skins (Suppl. 

Figure 2). In sum, both alloreactive CD8 and CD4 T cells are being less primed, however, 

CD8 T cells seem to be most susceptible to the lack of Batf3-dependent DCs in donor skin 

allografts. This could be explained due the fact that Batf3-dependent DCs are described the 

main cross-presenting subset (18), including in the skin (19).  



93 
 

Next, we investigated the cytokine production by T cells from WT or Batf3 KO skin 

allografts’ dLNs. Recipients of Batf3 KO skins presented a reduced percentage of 

CD8
+
IFN-γ +

 cells at day 1, 7 and 25 post-transplant (Figure 2D), along with a decrease of 

CD8
+
IL-17

+
 cells at day 7 post-transplant compared to WT skins (Figure 2E). The CD4 T 

cells had a similar pattern of IFN-γ and IL-17 production (Suppl. Figure 3). The 

CD8
+
GranzymeB (GrB)

+
 cells were significantly decreased at day 1, 7 and 25 post-

transplant in mice that received Batf3 KO skin allografts compared to WT (Figure 2F). 

Altogether, our data suggest that the lack of Batf3-dependent DCs in donor skins leads to 

an impaired in the prime, proliferation and function of alloreactive T cells, mainly in the 

CD8+ T cell pool.   
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Figure 2. Increased allograft survival and attenuated alloimmunity of recipients of Batf3 KO 

skins. Skin allografts from WT B6 or Batf3 KO (H-2
b
) mice were transplanted into BALB/c (H-2

d
) 

recipients. (A) Visual aspects of skin grafts. (B) Percent of graft survival. **p<0.01 by long-rank 

test. (n=5 mice per group). (C) Representative dot plots (upper panels) and percentages (lower 

panels) of CD8+Ki67+ cells from allograft’s draining lymph nodes (LN) harvested from mice that 

received WT or Batf3 KO skin grafts or controls on 1, 7 and 25 post transplantation (n=3-5 mice 

per time-point/group). Dot graphs represent the mean ± SEM. *p<0.05 when compare to WT by t 

test. (D) Representative dot plots (upper panels) and percentages (lower panels) of CD8+ effector 

memory T cells (TEM – CD8+CD44+CD62L- cells) as in (C). *p<0.05 and **p<0.01 when 

compare to WT by t test. (E) Representative dot plots (upper panels) and percentages (lower panels) 

of CD8+IFN-γ+ cells as in (C). *p<0.05, **p<0.01 and ***p<0.001 when compare to WT by t test. 

(F) Representative dot plots (upper panels) and percentages (lower panels) of CD8+IL-17+ cells as 

in (C). *p<0.05 when compare to WT by t test. (G) Representative dot plots (upper panels) and 

percentages (lower panels) of CD8+GranzymeB (GrB)+ cells as in (C). *p<0.05 and **p<0.01 

when compare to WT by t test. 

 

Lack of Batf3-dependent DCs in donor skins reduces tissue-resident memory 

alloproliferation 

Tissue-resident memory T cells (TRMs) compose a lymphocyte subset that resides in 

various barrier tissues such as skin, lung and GI (20). In the skin, after their formation, they 

persist long-term and can respond rapidly to an antigen re-challenge (21). They are 

associated with several skin diseases (22), and are characterize by the absence of CD62L 

and the expression of  CD69 and CD103 (23, 24). Despite to be consider non-circulating, 

we could found both CD8+ and CD4+CD62L-CD69+CD103+ cells in skin draining lymph 

nodes seven days, but not in the day one, after transplant (Figure 3). We found that both 

CD4 and CD8 TRMs were reduced in recipients that received Batf3 KO skins compared to 

WT, at day 1 and 7 post-transplant (Figure 3, A and B). Furthermore, these TRMs 

proliferated significantly less than those isolated from mice transplanted with WT skins, 

which was determined by expression of the intracellular marker Ki67 (Figure 3, C and D). 

Thus, TRMs could migrate to draining lymph node in a transplant context and the absence 

of Baf3-dependent DCs on donor skins leads to a decreased alloproliferation by these cells.  
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Figure 3. Recipients of Batf3 KO skins presented decreased percentage of tissue-resident 

memory T cells with an impaired proliferation. Skin allografts from WT B6 or Batf3 KO (H-2
b
) 

mice were transplanted into BALB/c (H-2
d
) recipients. (A) Representative dot plots (upper panels) 

and percentages (lower panels) of CD8 tissue-resident memory T cells (TRMs, CD8+CD62L-

CD103+CD69+ cells) from allograft’s draining lymph nodes (LN) harvested from mice that 

received WT or Batf3 KO skin grafts or controls on 1 and 7 post transplantation (n=3 mice per 

time-point/group). Dot graphs represent the mean ± SEM. *p<0.05 when compare to WT by t test. 

(B) Representative dot plots (upper panels) and percentages (lower panels) of CD4 TRMs 

(CD4+CD62L-CD103+CD69+ cells) as in (A). (n=3 mice per time-point/group). Dot graphs 

represent the mean ± SEM. *p<0.05 and ***p<0.001 when compare to WT by t test. Percentages of 

proliferating (Ki67+) CD8 (C) and CD4 (D) TRMs, as in (A). (n=3 mice per time-point/group). Dot 

graphs represent the mean ± SEM. *p<0.05 when compare to WT by t test. 
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In-situ treatment that targets donor skin CD103+ DCs delays skin rejection 

We recently demonstrated that an in-situ treatment prior the transplant using the 

mycobacterial protein DnaK, could modulate donor DCs, prolongs graft survival and 

attenuates alloimmunity (Borges et al, in preparation – Capitulo 1). This modulation of 

DCs was characterized by a downregulation of MHC II and it was dependent on the 

ubiquitin ligase MARCH1. We initially analyzed which skin migratory DC subset DnaK 

could modulate. So, we isolated DCs from skin-draining lymph nodes, treated them with 

DnaK and measured MHC II levels after 24h by flow cytometry. We found that DnaK 

treatment could decrease MHC II levels in CD103+CD11b- DCs, with less cells expressing 

high levels and more cells expressing low levels of MHC II (Figure 4A). MHC II levels did 

not change in CD103-CD11b+ DCs upon DnaK treatment (Figure 4B). To exclude the 

effect of other lymph node DCs subsets, we sorted the CD103 and CD11b DCs (Figure 4C) 

and treated them with DnaK. After 24h, DnaK could modulate MHC II levels only in the 

CD103 DCs, but not in CD11b (Figure 4D). Moreover, MARCH1 was induced by DnaK 

on CD103+ DCs, but not CD11b+ or CD103-CD11b- (Figure 4E).   

Next, we analyzed whether DnaK could modulate donor migrating CD103+ DCs. We 

transplanted C57Bl/6 (I-A
b
) skins, previously immersed in a solution containing DnaK for 

60 min, into BALB/c (I-A
d
) hosts. We then tracked donor CD103 DCs (as in Figure 1A) 

and assessed MHC II expression by flow cytometry. We observed that about 50% of donor 

migrating CD103 DCs from DnaK-treated skin grafts reached the draining lymph nodes 

expressing diminished levels of MHC II, compared to about 100% of controls was 

expressing high levels of MHC II. Altogether, our data suggest that DnaK can exclusively 

modulate skin migratory CD103+CD207+ dendritic cells in vitro and in vivo. 
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Figure 4. DnaK modulates MHC II levels and induces MARCH1 on CD103+CD207+ DCs. 

Dendritic cells from skin-draining lymph nodes were treated with DnaK or control for 24h and 

MHC II expression was analyzed in CD103+CD11b- (CD103 DCs) or CD103-CD11b+ (CD11b 

DCs) cells. Representative dot plots (upper) and percentages (lower) of I-A
b
 expression on CD103 

(A) or CD11b DCs (B). (C) Gating strategy of flow sorted DCs - CD11c+CD11b-

CD103+CD207+(Langerin)+ (CD103 DCs) and CD11c+CD11b+CD103- (CD11b DCs) (D) 

Representative dot plots of MHC II expression by flow sorted CD103 (upper) and CD11b (lower) 

DCs treated with DnaK. (E) Flow sorted CD103, CD11b or CD103-CD11b- DCs as in (C) were 

treated with DnaK and MARCH1 expression was assessed by real-time PCR. Bars represent the 

mean ± SEM. *p<0.05 by t test.  
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Figure 5. In-situ treatment prior the transplant with DnaK targets donor migrating CD103 

DCs and modulates its MHC II expression. (A) Representative dot plots of I-A
b
 expression on 

donor CD103+ DCs (gated as in Figure 1A - left) and percentage of CD103+ DCs expressing high 

or diminished levels of I-A
b
 in allografts’ draining lymph nodes of mice transplanted with DnaK-

treated allografts or control, 24h or 96h after transplantation. Dot graphs represent the mean ± SEM. 

*p<0.05, **p<0.01 and ***p<0.001 when compare to control by t test. n= 3 mice per group.  
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Discussion 

In the present study, we reported that Batf3-dependent DCs (CD103) are the major 

migrating DC subset upon skin transplant. Its absence in donor tissues leads to decreased 

immunogenicity and prolonged graft survival. In the skin transplant context, it was reported 

that LCs are not required for the completely rejection of major or minor MHC-mismatched 

allografts (12).  Using intravital microscopy, Celli et al. reported that donor dermal DCs 

rapidly migrated from the skin to hosts’ draining lymph nodes, 24h after the transplant, 

whereas LCs persisted stuck in donor tissue (13). In that study, they did not distinguish 

between CD103 or CD11b dermal DCs subsets, and they also suggested that donor dermal 

DCs dies once they reached the lymph nodes, however this conclusion was based 

exclusively on the cells’ morphology, since they did not use cell viability markers or dyes. 

Using specific viability dyes, we recently found that donor DCs could reach skin draining 

lymph node 24 and 96h after the transplant, an also that these migrating cells were alive at 

those same time-points, (Borges et al, in preparation – Capitulo 1). One feasible 

explanation is that this DC subset is more resistant to NK-mediated killing of allogeneic 

DCs in draining lymph nodes (25). However, this hypothesis needs to be further explored.  

Batf3-dependent DCs are involved in the pathology of several animal immune 

disorders. For example, nonobese diabetic (NOD) mice lacking CD103+ DCs had no 

incidence of disease with an absence of autoreactive T cells (8). Recently, donor CD103+ 

DCs were shown to have a major role in amplifying the pathology of graft-versus-host 

disease (GVHD) in a model of gastrointestinal (GI) tract transplant (26). Moreover, Batf3-

dependent DCs were associated to have an important role in the rejection of minor 

mismatched grafts (27).  Our data is the first report demonstrating the crucial role of donor 

Batf3-dependent DCs in initiating skin rejection in a fully MHC mismatched model. We 

saw that T cell alloimmunity was impaired in hosts of Batf3 KO skins due to a primary 

effect on CD8+ alloreactive T cells. This is in accordance with prior data indicating that 

Batf3-dependent DCs are the major cross-presenting cells (18), and that CD207+CD103+ 

DCs have the unique capability to cross-present keratinocytes antigens (28). Thus, direct 

interaction of activated donor CD103+ DCs with host CD8 T cells could elicit a strong 

donor-specific cytotoxic response. We also observed a decreased percentage of both CD4 
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and CD8 TRM cells at day 7 after transplant in mice that received Batf3 KO skins, along 

with a diminished proliferation by these cells. Recently, it was reported that CD8 TRM 

cells from a donor origin were increased in the graft during rejection of full face transplant 

patients (29). This underlies that the role of these cells in skin transplantation needs to be 

further explored. 

Interestingly, under non-inflamed conditions, Batf3-dependent DCs can mediate 

tolerance to circulating antigens in renal draining lymph nodes (11). These DCs presented 

concentrated antigens in the kidney and used PD-L1 to induce apoptosis of reactive CD8 T 

cells (11). Also, CD103+ DCs mediate the development of Tregs in the intestine (30). In 

the skin, migratory CD207+ DCs have a superior ability to generate antigen-specific Tregs 

in vivo (31). Human CD141
hi

 DCs are the human counterpart of murine CD103+ DCs (32), 

and they can produce IL-10 and inhibit graft versus host disease in a xenograft model (33).  

In transplant setting, donor DC cells are activated by released factors in the setting of 

inflammation and tissue injury (34). Thus, minimizing the upregulation of MHC molecules 

and costimulatory ligands and modulating donor CD103+ DCs upon transplantation may 

significantly affect the fate of the alloimmune response. We previously developed a method 

by which we treat the skin tissue in a solution containing a protein called DnaK prior the 

transplant. In-situ DnaK treatment downregulated MHC II expression in donor migrating 

CD103+ DCs, significantly improving graft survival in the absence of any other 

immunosuppressive drugs.  Thus, we have established a regulatory in-situ therapeutic  

strategy  that targets donor CD103+ DCs and could be translated to VCA  organs  prior  to  

transplantation,  minimizing  the  need  for systemic immunosuppression. 
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Supplemental Figure 1. Recipients of Batf3 KO skins presented minimal changes in CD4 T 

cells. Skin allografts from WT B6 or Batf3 KO (H-2
b
) mice were transplanted into BALB/c (H-2

d
) 

recipients. (A) Percentages of CD4+Ki67+ cells from allograft’s draining lymph nodes (LN) 

harvested from mice that received WT or Batf3 KO skin grafts or controls on 1, 7 and 25 post 

transplantation (n=3-5 mice per time-point/group). Dot graphs represent the mean ± SEM. *p<0.05 

when compare to WT by t test. (B) Percentages of CD4+ effector memory T cells (TEM – 

CD4+CD44+CD62L- cells) as in (A). *p<0.05 when compare to WT by t test.  
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Supplemental Figure 2. Recipients of Batf3 KO skins presented decreased priming of CD8 T 

cells. Skin allografts from WT B6 or Batf3 KO (H-2
b
) mice were transplanted into BALB/c (H-2

d
) 

recipients. (A) Percentages of CD8+CD69+ cells from allograft’s draining lymph nodes (LN) 

harvested from mice that received WT or Batf3 KO skin grafts or controls on 1 and 7 post 

transplantation (n=3 mice per time-point/group). Dot graphs represent the mean ± SEM. *p<0.05 

when compare to WT by t test. 

 

 

Supplemental Figure 3. IFN-γ and IL-17 production by recipients’ CD4 T cells. Skin allografts 

from WT B6 or Batf3 KO (H-2
b
) mice were transplanted into BALB/c (H-2

d
) recipients. 

Percentages of CD4+ IFN-γ+ (left) and CD4+IL-17+ (right) cells from allograft’s draining lymph 

nodes (LN) harvested from mice that received WT or Batf3 KO skin grafts or controls on 1 and 7 

post transplantation (n=3 mice per time-point/group). Dot graphs represent the mean ± SEM. 

*p<0.05 and ***p<0.001 when compare to WT by t test. 
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CAPÍTULO 4  

 

A DnaK extracelular co-localiza com o complexo Siglec-E/TLR2/LOX-1 

em células dendríticas de camundongos 
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Situação: Em preparação - Dados complementares que quando finalizados serão submetidos à 

eLife 

 

Motivação: Trabalho foi realizado durante o período sanduiche realizado no Hospital Beth Israel 

Deaconess Medical Center, no laboratório do Dr. Stuart Calderwood. O objetivo desse trabalho 

foi utilizar um sistema que esta bem estabelecido no laboratório e que consiste em usar células 

CHO transfectadas com uma variedade de receptores inatos para mapear os receptores nos quais 

a DnaK pode se ligar.  
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Os resultados apresentados a seguir foram obtidos durante o período de Doutorado 

Sanduiche e futuramente, quando complementados com dados novos, farão parte de um artigo 

científico que será submetido à revista eLife. 

 

Materiais e métodos 

 

Purificação da proteína e extração do LPS 

 Para a produção da DnaK recombinante, o gene da DnaK de M. tuberculosis foi inserido 

em um vetor pET-23a(+) (o plasmídeo foi montado pela empresa Genscript, EUA), a proteína foi 

produzida na cepa BL21 de Escherichia coli e purificada de acordo com Mehlert & Young (21). 

Para a remoção do LPS, foi utilizado o Triton X-114 (Sigma), como descrito em Aida e Pabst 

(22). O Triton contaminante foi removido através da incubação da proteína com Biobeads (Bio-

Rad) à 4ºC em agitação durante 12h. Para determinar a concentração da proteína foi utilizado o 

teste fluorimétrico Quant-iT™ Protein Assay Kit (Invitrogen) e as amostras foram lidas no 

Qubit® fluorometer (Invitrogen). A proteína foi produzida com o auxilio do Dr. Gabriel Birrane, 

BIDMC, Harvard Medical School. 

 

 Marcação da DnaK purificada com fluorescência 

 A DnaK purificada foi marcada com os fluorocromos Alexa 488 ou Alexa 594, utilizando 

os kits Microscale Protein Labeling da Thermo Fischer Scientific (Molecular Probes), de acordo 

com as instruções do fabricante. 

 

Animais 

 Fêmeas de camundongos C57Bl/6 foram adquiridas dos laboratórios Jackson (Estados 

Unidos) com idades entre seis e oito semanas e foram mantidos no vivário do Center for Life 

Sciences (Boston, Estados Unidos). Os camundongos LOX-1 KO (em background C57Bl/6) 

foram gentilmente cedidos pelo Dr. Jawahar L Mehta (Universidade de Ciências Medicas do 

Arkansas). Os animais foram mantidos em condições livre patógenos e de acordo com as normas 

de uso e cuidados de animais da Instituição.  
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Células e condições da cultura 

Células CHO-K1 foram transfectadas de maneira estável com o gene que codifica para os 

receptores LOX-1, SREC-1, DC-SIGN ou FEEL-1 todos inseridos em plasmídeos pcDNA3.  

Células CHO-K1 também foram transfectadas de maneira transiente para os receptores mMGL2 

ou Dectin-1 inseridos em plasmídeos pcDNA3.Todas as linhagens foram mantidas em meio 

Ham’s F12K (Gibco) suplementado com 10% de soro fetal bovino inativado por calor, 100 U/ml 

de penicilina e 100 g/ml de estreptomicina. Todas as linhagens foram selecionadas e mantidas no 

meio com 400 ng/ml do antibiótico G418. 

 Células HEK293 foram transfectadas de maneira estável com o gene que codifica para os 

receptores TLR2 ou TLR4 inseridos em plasmídeos pcDNA3. As linhagens foram mantidas em 

meio DMEM (Gibco) suplementado com 10% de soro fetal bovino inativado por calor, 100 U/ml 

de penicilina e 100 g/ml de estreptomicina. Todas as linhagens foram selecionadas e mantidas no 

meio com 400 ng/ml do antibiótico G418. 

 

 Cultura de células dendríticas 

 As células dendríticas murinas foram geradas a partir da medula óssea (BMDCs), 

proveniente de animais selvagens ou LOX-1 KO, juntamente com 40 ng/mL GM-CSF, como 

descrito no trabalho de Inaba e colaboradores (138). Juntamente com o GM-CSF, adicionamos 40 

ng/mL de IL-4 nas culturas. As células foram cultivadas em meio DMEM complementado com 

10% de soro fetal bovino inativado por calor, 100 U/ml de penicilina e 100 g/ml de 

estreptomicina.  O meio e as citocinas foram substituídos a cada dois dias de cultura. As células 

foram utilizadas no sexto dia de cultura.  

 

 Imunofluorescência e analises de microscopia 

 As células CHO-K1 (controle), CHO-LOX-1, CHO-SREC-1, CHO-DC-SIGN, CHO-

FEEL-1, CHO-mMGL2, CHO-Dectin-1, HEK293 (controle), HEK293-TLR2 ou HEK293-TLR4 

foram colocadas para crescer em lamínulas por 12h. As DCs dos linfonodos foram colocadas para 

aderir em lamínulas revestidas com poli-L-lisina, por 48h. Posteriormente, todas as células foram 

marcadas com 10 µg/ml da DnaK fluorescente por 20 minutos no gelo. Em alguns casos, para 
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analises de internalização da proteína, o meio gelado foi substituído por meio previamente 

aquecido a 37°C e as células incubadas a 37°C por 20 min. No fim das incubações, as células 

foram lavadas com PBS para remover as moléculas DnaK as quais não se ligaram nas células. 

Depois disso, as células foram fixadas com 4% de paraformaldeído e permeabilizadas ou não 

com 0,1% de Triton X-100. As DCs tiveram seus receptores Fc bloqueados com um anticorpo 

anti-FcR por 10 min, no gelo em uma concentração de 1mg/ml/milhão de células. 

Posteriormente, as DCs foram marcadas com anticorpos para LOX-1 (10 µg/ml - Abcam), TLR2 

(Abcam), Siglec-E (R&D Systems) e SR-A (Abcam), seguido da marcação com seus respectivos 

anticorpos secundários. As células também foram marcadas com DAPI por uma hora a 

temperatura ambiente. As células foram analisadas em um microscópio Zeiss LSM 510 (Carl 

Zeiss, Alemanha) e processadas no programa ZEN (Blue Edition, Carl Zeiss). 

 

 Citometria de fluxo 

 As DCs de LNs ou BMDCs selvagens ou dos animais LOX-1 KO foram estimuladas com 

30 µg/ml de DnaK ou apenas com meio por 24 horas em meio AIM-V (Gibco – livre de soro). 

Após isso, as células tiveram os receptores Fc bloqueados e foram marcadas para CD11c, B220, 

CD11b, CD103, MHC II (I-A
b
), CD80 e Viabilidade (eBioscience) por 30 min, no gelo. As 

amostras foram lavadas e analisadas no citômetro de fluxo FACSCanto II (BD Biosciences) com 

o software FACSDiva. Todos os dados foram analisados com o programa FlowJo (versão X, Tree 

Star Inc., Ashland, US).  

  

 Análise estatística 

 As análises estatísticas foram realizadas com o auxílio do software Prism (versão 5.00, 

Graphpad Software Inc., San Diego, US). As comparações de parâmetros entre diferentes grupos 

experimentais foram realizadas por teste t de Student ou análise de variância de uma via 

(ANOVA), seguida de testes post-hoc adequados quando a ANOVA revelou diferenças 

significativas entre grupos, conforme descrito em estudos anteriores. Os resultados foram 

expressos em média e desvio padrão da média e valores de P menores do que 0,05 indicaram 

diferenças significativas. 
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Resultados 

 

 Com base em dados obtidos anteriormente em nosso laboratório e publicações de outros 

grupos, construímos a hipótese de que a DnaK estaria se ligando a um receptor da família dos 

scavenger receptors ou C-type lection receptors e, estaria utilizando o TLR2 como um co-

receptor, para a transmissão do sinal intracelular. Com isso, começamos um screening para ver 

em qual receptor a DnaK poderia se ligar. Para isso, pegamos células CHO-K1 ou HEK293 que 

não expressam nenhum receptor de superfície (139) e as transfectamos com plasmídeos que 

codificam para diversos receptores. Depois disso, tratamos as células com a DnaK fluorescente e 

as analisamos por microscopia Confocal. No total, foram testados 10 receptores (Tabela 1).  

 

 

Tabela 1. Receptores testados para a Hsp70 de M. tuberculosis (DnaK) 

 

Receptor Tipo Expresso em DnaK 

TLR2 Sinalização DCs, Monócitos, Mɸs, Mastócitos - 

TLR4 Sinalização DCs, Monócitos, Mɸs, Mastócitos - 

DC-SIGN C-type lectin DCs - 

mMGL2 C-type lectin DCs, Mɸs 
+ 

Dectin-1 C-type lectin DCs, Monócitos, Mɸs, células B + 

Siglec-E I-type lectin Nɸs, Mɸs, DCs, NK +++ 

LOX-1 Scavenger DCs, Mɸs, células B  +++ 

SREC-I Scavenger DCs, Monócitos, Mɸs + 

SR-A Scavenger DCs, Mɸs - 

FEEL-1 Scavenger Monócitos, Mɸs - 
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A Figura 1 mostra que a DnaK foi capaz de se ligar, nas células que expressam LOX-1, 

provavelmente com alta afinidade. A DnaK também se ligou, de forma mais fraca e 

provavelmente com menor afinidade, as células que expressavam SREC-I. Nenhuma ligação da 

DnaK foi visualizada nas células que expressavam DC-SIGN ou FEEL-1, nem nas células 

controle – transfectadas com o plasmídeo vazio (CHO-pcDNA). 

 

 
Figura 1. A DnaK de M. tuberculosis (Hsp70) se liga a células CHO expressando o receptor LOX-1.  Células 

CHO-pcDNA, CHO-SREC-1, CHO-LOX-1, CHO-DC-SIGN e CHO-FEEL-1 foram tratadas com 10 µg/ml de DnaK 

marcada com o corante Alexa 594 por 20 min, no gelo. Posteriormente, as células foram fixadas, coradas com DAPI 

e analisadas por microscopia Confocal. 
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A ligação da DnaK nas células expressando o LOX-1 e o SREC-I foi confirmada 

utilizando-se a técnica de citometria de fluxo (Figura 2). 

 

 

 
 

Figura 2. A DnaK de M. tuberculosis (Hsp70) se liga a células CHO expressando o receptor LOX-1 e SREC-I.  

Células CHO-pcDNA (controle), CHO-SREC-1 ou CHO-LOX-1 foram tratadas com 10 µg/ml de DnaK marcada 

com o corante Alexa 488 por 20 min, no gelo. Posteriormente, as células foram fixadas e analisadas por citometria de 

fluxo. 
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Os receptores LOX-1 e SREC-I são receptores que desencadeiam respostas pro-

inflamatórias (103, 140). Porém, os efeitos reportados por nos pela DnaK são anti-inflamatórios. 

Com isso, testamos se a DnaK estaria se ligando em dois receptores previamente descritos como 

anti-inflamatórios – Dectin-1 (141) e mMGL2 (142). Contudo, vimos que a DnaK não foi capaz 

de se ligar em células CHO expressando os receptores Dectin-1 e mMGL2 (Figura 3). 

 

 

 

Figura 3. A DnaK não se liga diretamente aos receptores Dectin-1 e mMGL2.  Células CHO foram transfectadas 

com os plasmídeos Dectin-1-YFP ou mMGL2-YFP (ambos verdes) e posteriormente tratadas com 10 µg/ml de 

DnaK marcada com o corante Alexa 594 por 20 min, no gelo. Posteriormente, as células foram fixadas, coradas com 

DAPI e analisadas por microscopia Confocal. 
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Os efeitos da DnaK em células dendríticas foram demonstrados ao longo dos anos pelo 

nosso grupo (20, 21). Esse efeito foi dependente do TLR2 (22) e independente do TLR4 (não 

publicado ainda – Capitulo 3). Portanto, verificamos se a DnaK poderia se ligar ao TLR2 

diretamente ou usa-lo como um co-receptor para enviar os sinais intracelulares. Na Figura 4 

mostramos que a DnaK não foi capaz de se ligar em células CHO expressando o receptor TLR2. 

O mesmo aconteceu para o receptor TLR4 (não mostrado). 

 

 

 

Figura 4. A DnaK não se liga diretamente no TLR2.  Células CHO foram transfectadas com o plasmídeo TLR2-

YFP (verde) e posteriormente tratadas com 10 µg/ml de DnaK marcada com o corante Alexa 594 por 20 min, no 

gelo. Posteriormente, as células foram fixadas, coradas com DAPI e analisadas por microscopia Confocal. 
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Após a analise de receptores em células CHO, verificamos se a DnaK poderia se ligar aos 

mesmo receptores em células dendríticas isoladas de linfonodos e bacos camundongos, em 

condições mais fisiológicas. Verificamos que a DnaK foi capaz de se ligar na superfície 

(tratamento feito a 4°C) dessas células e que esta co-localizada com a expressão de LOX-1 na 

superfície (Figura 5). Os receptores testados tem a característica de serem receptores endocíticos, 

mediando endocitose após sua ligação. Para testar se a DnaK seria endocitada via LOX-1, 

tratamos as células com a DnaK a 4°C e posteriormente colocamos as células a 37°C. A figura 5 

mostra que a DnaK esta co-localizada com o LOX-1 em vesículas intracelulares, o que sugere 

que ela pode ser endocitada via esse receptor. 

 

 

 

Figura 5. A DnaK co-localiza com o LOX-1 na membrana de células dendríticas de camundongos.  Células 

dendríticas de camundongos foram isoladas do baço e linfonodos e colocadas para aderir em lamínulas por 48h. 

Após isso, as células foram tratadas com 10 µg/ml de DnaK marcada com o corante Alexa 488 por 20 min, no gelo. 

Posteriormente, as células foram fixadas, coradas com DAPI e anticorpos para LOX-1 e analisadas por microscopia 

Confocal. Para a analise de internalização, depois da marcação no gelo, as células foram deixadas 37°C por 20 min, 

fixadas, coradas com DAPI e anticorpos para LOX-1 e analisadas por microscopia Confocal. 
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Recentemente, a Hsp70 humana foi descrita como ligante de receptores Siglecs (72), uma 

família de receptores anti-inflamatórios que inibem as respostas via TLRs (143). Testamos se a 

DnaK se liga no Siglec-E - isoforma expressa por células dendríticas em camundongos (144). 

Verificamos que a DnaK foi capaz de co-localizar com o Siglec-E na membrana de células 

dendríticas de camundongos (Figura 6). Além disso, quando essas células foram deixadas a 37°C, 

a DnaK se co-localizou com o Siglec-E em vesículas intracelulares. 

 

  

 

Figura 6. A DnaK co-localiza com o Siglec-E na membrana de células dendríticas de camundongos.  Células 

dendríticas de camundongos foram isoladas do baço e linfonodos e colocadas para aderir em lamínulas por 48h. 

Após isso, as células foram tratadas com 10 µg/ml de DnaK marcada com o corante Alexa 594 por 20 min, no gelo. 

Posteriormente, as células foram fixadas, coradas com DAPI e anticorpos para o Siglec-E e analisadas por 

microscopia Confocal. Para a analise de internalização, depois da marcação no gelo, as células foram deixadas 37°C 

por 20 min, fixadas, coradas com DAPI e anticorpos para Siglec-E e analisadas por microscopia Confocal. 
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Posteriormente, nos perguntamos se o LOX-1 estava fazendo um complexo com o Siglec-E. 

Vimos que a DnaK co-localizava com o LOX-1 e Siglec-E, formando um grande complexo na 

membrana das DCs (Figura 7). Além disso, quando as células foram colocadas a 37°C, esse 

complexo foi todo internalizado, formando uma grande vesícula intracelular (seta branca - Figura 

8). 

 

 

 

Figura 7. A DnaK co-localiza com o complexo LOX-1/Siglec-E na membrana de células dendríticas de 

camundongos.  Células dendríticas de camundongos foram isoladas do baço e linfonodos e colocadas para aderir em 

lamínulas por 48h. Após isso, as células foram tratadas com 10 µg/ml de DnaK marcada com o corante Alexa 594 

por 20 min, no gelo. Posteriormente, as células foram fixadas, coradas com DAPI e anticorpos para o Siglec-E e 

LOX-1 e, analisadas por microscopia Confocal. 
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Figura 8. A DnaK co-localiza com o complexo LOX-1/Siglec-E em vesículas intracelulares em células 

dendríticas de camundongos.  Células dendríticas de camundongos foram isoladas do baço e linfonodos e 

colocadas para aderir em lamínulas por 48h. Após isso, as células foram tratadas com 10 µg/ml de DnaK marcada 

com o corante Alexa 594 por 20 min, no gelo. Posteriormente, as células foram deixadas 37°C por 20 min, fixadas, 

coradas com DAPI e anticorpos para o Siglec-E e LOX-1 e, analisadas por microscopia Confocal. 
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Também observamos que o TLR2 estava no complexo com a DnaK e o Siglec-E (Figura 

9) e o mesmo foi endocitado (Figura 10). Assim como o Siglec-E, o TLR2 também estava co-

localizado com o LOX-1 e a DnaK nas células dendríticas (Figura 11). 

 

 

 

Figura 9. A DnaK co-localiza com o complexo Siglec-E/TLR2 na membrana de células dendríticas de 

camundongos.  Células dendríticas de camundongos foram isoladas do baço e linfonodos e colocadas para aderir em 

lamínulas por 48h. Após isso, as células foram tratadas com 10 µg/ml de DnaK marcada com o corante Alexa 594 

por 20 min, no gelo. Posteriormente, as células foram fixadas, coradas com DAPI e anticorpos para o Siglec-E e 

TLR2 e, analisadas por microscopia Confocal. 
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Figura 10. A DnaK co-localiza com o complexo Siglec-E/TLR2 em vesículas intracelulares em células 

dendríticas de camundongos.  Células dendríticas de camundongos foram isoladas do baço e linfonodos e 

colocadas para aderir em lamínulas por 48h. Após isso, as células foram tratadas com 10 µg/ml de DnaK marcada 

com o corante Alexa 594 por 20 min, no gelo. Posteriormente, as células foram deixadas 37°C por 20 min, fixadas, 

coradas com DAPI e anticorpos para o Siglec-E e TLR2 e, analisadas por microscopia Confocal. 
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Figura 11. A DnaK co-localiza com o complexo LOX-1/TLR2 em vesículas intracelulares em células 

dendríticas de camundongos.  Células dendríticas de camundongos foram isoladas do baço e linfonodos e 

colocadas para aderir em lamínulas por 48h. Após isso, as células foram tratadas com 10 µg/ml de DnaK marcada 

com o corante Alexa 594 por 20 min, no gelo. Posteriormente, as células foram deixadas 37°C por 20 min, fixadas, 

coradas com DAPI e anticorpos para o LOX-1 e TLR2 e, analisadas por microscopia Confocal. 
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O receptor SR-A foi descrito como um receptor para Hsps e possui um efeito supressor 

das respostas inflamatórias desencadeadas pelo TLR4 (145). Portanto, testamos a co-localização 

da DnaK com SR-A em DCs de camundongos. Na Figura 12 demonstramos que a DnaK não co-

localiza com células expressando SR-A.   

 

 

Figura 12. A DnaK não co-localiza com o receptor SR-A em células dendríticas de camundongos.  Células 

dendríticas de camundongos foram isoladas do baço e linfonodos e colocadas para aderir em lamínulas por 48h. 

Após isso, as células foram tratadas com 10 µg/ml de DnaK marcada com o corante Alexa 594 por 20 min, no gelo. 

Posteriormente, as células foram fixadas, coradas com DAPI, marcadas com anticorpos para o SR-A e analisadas por 

microscopia Confocal. 

 

 

Portanto, nossos dados indicam que a DnaK esta co-localizando com o complexo Siglec-

E/LOX-1/TLR2, o qual pode ser todo endocitado por células dendríticas de camundongos. 

 

 

 

 



125 

 

A DnaK pode tolerizar células dendríticas de camundongos através da diminuição do MHC II 

e do CD80. Testamos se esse efeito é dependente do LOX-1. Para isso, tratamos células 

dendríticas (DCs) de animais WT ou LOX-1 KO com a DnaK ou controle por 24h. Depois 

analisamos os níveis de MHC II e CD80 por citometria de fluxo. Vimos que os efeitos da DnaK 

nas DCs foi independente do LOX-1 (Figura 13). 

 

 

 

Figura 13. Os efeitos da DnaK são independentes da expressão de LOX-1 pelas células dendríticas. Células 

dendríticas foram isoladas de linfonodos e baco de animais selvagens (WT) ou LOX-1 KO e tratadas com a DnaK ou 

controle por 24h. Após isso, os níveis de MHC II e CD80 foram avaliados por citometria de fluxo. 

 

 

Não conseguimos analisar o papel do Siglec-E nos efeitos anti-inflamatórios da DnaK, 

antes do termino do período de Doutorado sanduiche. Porém, isso será feito posteriormente por 

outro pesquisador. 
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Discussão 

 

 Alguns trabalhos têm demonstrado que membros da família Hsp70 tem um papel anti-

inflamatório e protetor em modelos animais experimentais como artrite (87, 88, 146, 147), colite 

(90), fibrose pulmonar (91) e danos cerebrais (148). Por outro lado, a Hsp70 vem sendo utilizada 

como vacina para o combate de tumores (111, 112). Nesses estudos, a Hsp70 pode facilitar o 

processamento e a apresentação de antígenos tumorais fusionados com ela, gerando respostas 

mediadas por células T CD8+ efetoras (113, 114). A Hsp70 com antígenos tumorais pode se ligar 

a receptores endocíticos presentes na superfície das células dendríticas, modulando essas células 

para um fenótipo maduro capaz de fazer apresentação cruzada (antígenos capturados no meio 

extracelular são apresentados no MHC I), gerando uma resposta T CD8+ efetora e diminuindo o 

tamanho tumoral. Uma das possíveis explicações para esses efeitos dicotômicos é o fato desses 

trabalhos não utilizarem a mesma fonte de proteína, ou proteínas recombinantes produzidas em 

diferentes sistemas experimentais. Outra possível explicação seria a natureza dos receptores 

inatos que essas proteínas podem se ligar e os complexos que esses receptores formam entre si. 

 Demonstramos que a DnaK de M. tuberculosis (Hsp70) co-localiza com um complexo 

formado por Siglec-E/LOX-1/TLR2 em DCs de camundongos. Além disso, vimos que esse 

complexo pode ser todo internalizado. Porém, a DnaK não foi capaz de se ligar no TLR2 

diretamente, quando expresso em células CHO-K1. Observamos que a diminuição de MHC II e 

CD80 induzida pela DnaK foi independente do LOX-1 KO, mas não tivemos a oportunidade 

ainda de testar nas DCs Siglec-E KO. Mesmo sem esses dados, estipulamos a hipótese de que 

dependendo do receptor no qual a DnaK se liga, ela ira gerar uma resposta oposta – anti ou pro-

inflamatória (Figura 14). Nela, quando ligada ao Siglec-E e ao LOX-1, o Siglec-E inibe a 

resposta inflamatória do LOX-1 e sinaliza via TLR2 para uma resposta anti-inflamatória. Caso, a 

DnaK se ligue apenas ao LOX-1, quando o Siglec-E não esteja presente no complexo e/ou célula 

ou ainda sua expressão seja muito baixa, a resposta gerada por essa Hsp será inflamatória. Essa 

hipótese ainda precisa testada para Hsp70s de outras fontes, como humanos e camundongos, por 

exemplo. Outro ponto chave será descobrir os níveis e em quais subtipos celulares esses 

receptores são expressos, além de como sua expressão é modula em microambientes diferentes.  
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Figura 14. DnaK se liga ao complexo Siglec-E/TLR2/LOX-1 e modula respostas imunes. 

 

 A ligação da DnaK ao Siglec-E e ao LOX-1 parece ser evolutivamente conservada. 

Recentemente, foi mostrado que a Hsp70 humana pode se ligar diretamente Siglec-5 e Siglec-14, 

de maneira independente do ácido siálico (72). Os receptores Siglecs foram uma ampla família e 

compartilham a capacidade de se ligar ao ácido siálico e suprimir respostas inflamatórias. Os 

domínios intracelulares dos Siglecs podem inibir respostas inflamatórias desencadeadas por 

TLRs (149). Recentemente, nanopartículas que ligam a receptores Siglecs foram utilizadas para 

tratar e diminuir a inflamação em um modelo animal de sepse, demonstrando o potente efeito 

anti-inflamatório desses receptores (150). No trabalho de Fong e colaboradores (72), a Hsp70 

humana desencadeou uma resposta pro-inflamatória quando ligada ao Siglec-14 e anti-

inflamatória quando se ligou ao Siglec-5. Esse efeito dicotômico foi devido ao fato desses 

receptores compartilharem sítios extracelulares de ligação do ligante idênticos, porém a porção 

intracelular envia sinais opostos após seu engajamento. 

 Também foi observado que a Hsp70 humana pode se ligar ao receptor LOX-1 expresso 

em DCs e promover a apresentação cruzada de antígenos (103). Essa ligação foi confirmada em 

outro sistema por um grupo independente (151). Nesse trabalho, além do LOX-1, a Hsp70 foi 
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capaz de se ligar nos receptores FEEL-1, SREC-1, NGK2A e NGK2D (151). Nossos dados 

indicam que a DnaK não foi capaz de se ligar no FEEL-1 e se ligou de maneira fraco ao SREC-1 

(Figura 1). Os receptores NGK2A e NGK2D não foram testados nesse estudo (Tabela 1). 

Levando em consideração que a DnaK se ligou de maneira proeminente no LOX-1 e que a Hsp70 

humana também pode se ligar no mesmo receptor, acreditamos que essa ligação acontece em um 

região estruturalmente conservada entre a DnaK de M. tuberculosis e a Hsp70 humana. 

 O fato de observarmos a presença do TLR2 no complexo Siglec-E/LOX-1/TLR2 e a 

incapacidade da DnaK se ligar diretamente nesse receptor, hipotetizamos que o TLR2 esta sendo 

usado como um co-receptor no complexo para o envio de sinais intracelulares. De fato, tanto os 

Siglecs (143, 149), quanto o LOX-1, de maneira não tão clara (152), são capazes de interagir com 

TLRs. Também observamos que os efeitos da DnaK sobre as DCs é dependente do TLR2 

(Capitulo 1 e 2). Corroborando com nossos achados, tem sido sugerido que ligantes do TLR2 são 

ótimos indutores de IL-10 em diferentes trabalhos (94-96). Por exemplo, a sinalização via TLR2 

é crucial para indução de IL-10 por DCs estimuladas com Mycobacterium tuberculosis ou com 

lipoproteínas, e também está relacionada com a modulação do MHC II pelo microrganismo 

(153). O mesmo efeito foi visto em DCs estimuladas com antígenos de Yersinia pestis (154).  

 No futuro, realizaremos experimentos utilizando células Siglec-E KO para confirmar 

todas essas hipóteses. 
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DISCUSSÃO GERAL E CONSIDERAÇÕES FINAIS 

  

 No presente trabalho, demonstramos os mecanismos pelos quais a DnaK (Hsp70) de M. 

tuberculosis pode modular células dendríticas e como podemos utilizar isso para modular 

respostas inflamatórias in vivo com o objetivo de tratar patologias. A DnaK diminuiu a expressão 

de MHC II e CD86 por intermédio da molécula MARCH1, através da via TLR2-ERK-STAT3-

IL-10. Essa foi a primeira vez que uma via molecular completa foi descrita para a ativação de 

MARCH1. Pretendemos explorar se a DnaK pode induzir outros membros da família MARCH, 

como MARCH8 e se essa proteína é capaz de modular moléculas de MHC I. Apesar disso, 

acreditamos que criamos um conceito novo no qual a indução de MARCH1 e a diminuição do 

MHC (primeiro sinal) pode ser uma estratégia inovadora na tentativa de tratar desordens 

inflamatórias, como a rejeição de pele, sepse, autoimunidade e asma. 

 Na tentativa de mapear qual subtipo de célula dendrítica a DnaK modulava, realizamos 

outra descoberta relevante: em transplantes de pele, as DCs dependentes de Batf3 da pele são o 

principal subtipo migratório que chega ao linfonodo drenante do receptor (os clássicos leucócitos 

passageiros), desencadeando respostas T CD8+ aloreativas. A modulação in-situ dessas células 

pela DnaK abre uma janela para o desenvolvimento de novas terapias que modulam 

especificamente essas células antes do transplante, causando uma imunossupressão local. Isso 

pode diminuir a necessidade dos pacientes receberem drogas imunossupressoras as quais causam 

uma série de efeitos adversos. Será importante no futuro determinar se a DnaK extracelular pode 

interagir com essas células em outros tipos de transplante, vascularizados; ou se em outras 

patologias, como doenças autoimunes ou asma, a DnaK continua interagindo com essas DCs, ou 

se modula uma subpopulação diferente. 

 Além disso, nossos resultados apóiam a hipótese de que a via TLR2-ERK-STAT3-IL-10 é 

uma rota utilizada por membros da família Hsp70 para desempenharem seus papéis anti-

inflamatórios. Foi demonstrado por outros trabalhos que essas moléculas estão envolvidas em 

rotas que integram ainda as moléculas AHR, c-Maf, CD39 e IL-27 (155, 156). Pretendemos 

explorar futuramente o envolvimento dessas moléculas nas respostas desencadeadas pela DnaK.  
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Também demonstramos que a DnaK pode diminuir níveis basais da expressão de IFN-γ, 

TNF-α e MCP-1 em BMDCs através da diminuição da expressão dos fatores de transcrição 

C/EBPβ e C/EBPδ (157). Apesar do NF-κB ser o principal fator de transcrição na indução de 

citocinas inflamatórias (158), o efeito da DnaK no nosso sistema foi independente dele. Em outro 

trabalho, a Hsp70 intracelular  inibiu a produção de citocinas inflamatórias induzida por LPS, 

através da interferência na transcrição dos genes dessas citocinas via NF-κB (159). Em outro 

estudo, o aumento da expressão da Hsp70 em células mononucleares humanas, inibiu a 

translocação (induzida por LPS) do NF-κB para o núcleo, e a consequente a produção das 

citocinas inflamatórias (160). Foi sugerido, portanto, que a Hsp70 estabiliza o complexo NF-κB/ 

IκBα pela inibição da degradação do IκBα (161). Nosso artigo foi o primeiro trabalho o qual 

associou os efeitos da DnaK (ou qualquer membro da família da Hsp70) extracelular com a 

modulação de moléculas da família C/EBP.  

Uma explicação para essa diferença pode estar na localização da Hsp70 – extracelular 

versus intracelular – a qual pode desencadear vias totalmente diferentes ou exercer funções 

diferentes. Outra possibilidade é a fonte da Hsp70 – sendo os mecanismos desencadeados da 

procariótica diferentes das de mamíferos. Para isso, estamos produzindo outros membros da 

família da Hsp70, como a Hsp70 murina e HSPA1A humana, em nosso sistema experimental  

para verificar o quanto seus efeitos diferem ou se igualam aos da DnaK, incluindo a ligação no 

complexo LOX-1/Siglec-E/TLR2. Também enviamos amostras dessas diferentes isoformas para 

um colaborador nos Estados Unidos para a análise de modificações pós-translacionais. 

Acreditamos essas modificações representam um ponto chave na tentativa de entender os efeitos 

opostos das Hsps no sistema imune. 

A elucidação dos mecanismos celulares e moleculares pelos quais a DnaK age permite 

otimizar o seu uso  como uma terapia inovadora, in-situ, na prevenção da rejeição aguda a 

enxertos cutâneos, e também possivelmente para outras doenças inflamatórias. A partir desses 

conhecimentos, depositamos uma patente na qual formulamos uma composição para ser utilizada 

como, ou em conjunto, com uma solução de preservação de órgãos. Essa composição além de 

preservar o órgão, modula as células do doador, através da diminuição da expressão de MHC II e 

CD86. Através de uma consultoria internacional externa, a nossa patente foi indicada como uma 
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das mais fortes da PUCRS. Sob incentivo da Universidade, eu e a Prof. Cristina fundamos uma 

empresa start-up denominada 2BScience. Nela pretendemos explorar o potencial anti-

inflamatório de moléculas baseadas na DnaK, desenvolvendo uma plataforma para o uso em 

patologias como a sepse, asma, transplantes e autoimunidade.  
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ANEXOS 

Anexo A – Parecer de aprovação da Comissão de Experimentação e Uso de Animais 

–CEUA da PUCRS 

 

 



143 

 

 

Anexo B – Comprovante de deposito da patente “Método de imunomodulação e/ou 

preservação de órgãos ex-vivo, composições, processos e usos”  

 

 

Motivação: A partir dos conhecimentos obtidos na presente Tese, depositamos uma patente na 

qual formulamos uma composição para ser utilizada como, ou em conjunto, com uma solução de 

preservação de órgãos. Essa composição além de preservar o órgão, imunossuprime as células do 

doador, através da diminuição da expressão de MHC II e CD86. Através de uma consultoria 

internacional externa, a nossa patente foi indicada como uma das mais fortes da PUCRS. 
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Anexo C - Co-Dominant Role of IFN-γ- and IL-17-Producing T Cells During 

Rejection in Full Facial Transplant Recipients  

 

Autores: Borges, T.J., Smith, B., Wo, L., Azzi, J., Tripathi, S., Lane, J.D., Bueno, E.M., 

O’Malley, J.T., Clark, R.A., Tullius, S.G., Chandraker, A., Lian, C.G., Murphy, G.F., Strom, 

T.B., Pomahac, B., Najafian, N., Riella L.V. 

 

Situação: Submetido 

 

Revista: American Journal of Transplantation 

 

Website: http://onlinelibrary.wiley.com/journal/10.1111/(ISSN)1600-6143 

 

Motivação: Esse trabalho foi realizado durante o período sanduiche realizado no Hospital 

Brigham and Women’s, no laboratório do Prof. Leonardo Riella. Com esse trabalho o aluno pode 

aprender varias aspectos da Imunologia humana, além de aspectos translacionais sobre 

transplantes, principalmente o de pele.  
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Abstract  

Facial transplantation is a life-changing procedure for patients with severe composite facial 

defects. However, skin is the most immunogenic of all transplants and better understanding of 

the immunological processes after facial transplantation is of paramount importance. Here, we 

describe six patients that underwent full facial transplantation in our institution, with a mean 

follow-up of 2.7 years. Serum, PBMCs and skin biopsies were collected prospectively and a 

detailed characterization of their immune response (51 time-points) was performed, defining 47 

immune cell subsets, 24 cytokines, anti-HLA antibodies, and donor alloreactivity on each 

sample, producing 4,269 data points. In a non-rejecting state, patients had a predominant Th2 

phenotype in the blood. All patients developed at least one episode of acute cellular rejection, 

which was characterized by increases in IFN-γ/IL-17-producing cells in peripheral blood and in 

the allograft’s skin. At 1 year post-transplant, Tregs were significantly expanded. None of the 

patients developed de novo donor-specific antibodies, despite significant expansion of B cells 

and T follicular helper cells (11-fold and 4-fold, respectively) post-transplant. There were no 

face graft losses in any of the patients. These findings indicate a co-dominant IFN-γ/IL-17-

mediated rejection in face transplantation with the development of a unique regulatory phenotype 

over time. 

Trial registration: ClinicalTrials.gov number, NCT01281267 
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Introduction 

Facial deformities significantly affect the quality of life, function and social interactions of 

patients, predisposing them to permanent disability, depression and social isolation. 

Conventional reconstructive surgeries are frequently unable to appropriately correct complex 

deformities. Face transplantation has emerged as a viable and successful strategy to restore the 

appearance and function of patients with severe facial injuries (1-4).  

Face transplantation involves multiple tissues with different degrees of immunogenicity and for 

many years was considered an unsurpassable immunological barrier. Among the components of 

facial allografts, the skin is the most immunogenic and the main target of rejection based on its 

rich content of antigen-presenting cells (5-8). Unlike other solid organ transplants that are life-

saving, facial transplantation aims to improve the quality of life rather than to save the patient’s 

life. Therefore, the consequences of applying life-long immunosuppression regimens available 

for solid organ transplantation in this unique patient population must be carefully balanced to 

minimize risks of malignancies, infections and metabolic disorders. Understanding the 

alloimmune response of face transplant recipients is of paramount importance to optimize their 

immunosuppressive regimen, increase the understanding of the immune system and further 

determine differences with respect to solid organ transplants.   

Since the first face transplant performed in 2005, more than 30 face transplants have been 

performed worldwide, with 7 of those performed in our institution (1, 2, 9). Herein, we report the 

outcomes of six patients in this unique cohort of face transplantation, in which we collected 

serum, skin and peripheral blood mononuclear cells prospectively since 2009. We believe that 

this is the largest cohort with prospectively collected samples in the world and a rich resource to 
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better understand the immunological response upon full face transplant when compared with 

solid organ transplants. 
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Methods 

Face transplant subjects  

All patients provided written informed consent to participate in the clinical trial 

(ClinicalTrials.gov number, NCT01281267) for face transplantation, as approved by the human 

research committee at Brigham and Women’s Hospital (2008BP00055). All patients were 

evaluated by our multidisciplinary team before participation. Donors and recipients were 

matched according to sex, skin color and ABO compatibility, in addition to a negative T- and B-

cell cytotoxic crossmatch. The only exception was a highly sensitized patient with a high PRA 

(98%), in which transplant occurred across a weakly positive cytotoxic T-cell crossmatch (20%). 

Further demographic details are on Table 1. Patients were followed on a weekly basis during first 

4-6 weeks after transplant and if stable, clinical visits were further spaced to every 2 weeks, 

every month and then every 3 months.  

 

Immunosuppression 

All patients received mycophenolate mofetil (1,000 mg), methylprednisolone (500 mg), 

and rabbit antithymocyte globulin (1.5 mg/kg/day × 4 days) for induction therapy starting at the 

time of transplant. Maintenance immunosuppression consisted of mycophenolate mofetil (1,000 

mg twice daily), tacrolimus (adjusted to achieve target levels of 10-12 ng/mL) and prednisone 

taper (down to 20 mg on day 5) (Table 1). Prednisone withdrawal was attempted in all patients 

post-transplant (9). Perioperative antibacterial prophylaxis consisted of vancomycin and 

cefazolin and was modified according to perioperative findings. All patients received 

trimethoprim–sulfamethoxazole and valganciclovir prophylaxis against Pneumocystis jirovecii 
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and cytomegalovirus, respectively, for at least 6 months. In the presence of clinical acute cellular 

rejection, patients were treated with pulse solumedrol 500 mg daily for 3 days and maintenance 

immunosuppression was increased. In case of no response, thymoglobulin 3-6 mg/kg was 

administered. Topical steroids or tacrolimus was also used in few patients as adjuvant therapy. 

For antibody-mediated rejection, solumedrol and plasmapheresis with IVIG were initially 

attempted. For refractory cases, Eculizumab, Bortezomib and further T-cell depletion therapy 

(Thymoglobulin, Alemtuxumab) were considered. 

 

Recipient peripheral blood mononuclear cells (PBMC) and serum isolation 

Peripheral blood samples were obtained from recipients at different time points: pre-

transplantation, at 24 hours, 1 week, 3, 6, 12 months post-transplant and during suspected 

rejection. Some samples of rejection episodes were missed due to the emergent treatment of 

rejection and inability to collect samples before. At the Immunological Core Facility at the 

Transplant Research Center, PBMCs were then isolated by density gradient centrifugation using 

Ficoll-Paque solution (GE Healthcare) and were cryopreserved in heat-inactivated Human AB 

serum (Gemini) with 10% dimethylsulfoxide (DMSO) in liquid nitrogen. Serum was isolated 

from each blood sample of and stored at -80°C until cytokine analysis. Anti-HLA antibody 

testing, cytokine measurement, flow cytometry and cell culture experiments are detailed on 

Supplementary methods. 
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Allograft skin samples 

We obtained skin-biopsy samples from facial allografts prospectively at pre-

transplantation and post-transplantation at 24 hours, 1 week, 3, 6, 12 months and during 

suspected rejection. Histopathological assessment of rejection was rendered using the BANFF 

system for grading skin-containing composite tissue allografts (10) as follows: grade 0 = ‘no or 

rare inflammatory infiltrates’; grade I (mild) = ‘mild perivascular infiltration’ (with no epidermal 

involvement); grade II (moderate) = ‘moderate-to-severe perivascular inflammation with or 

without mild epidermal and/or adnexal involvement’; grade III (severe) = ‘dense inflammation 

and epidermal involvement with epithelial apoptosis, dyskeratosis, and/or keratinolysis’; grade 

IV (necrotizing acute rejection) = ‘frank necrosis of epidermis or other skin structures’. 

Processing of skin samples are detailed on Supplementary methods.  

 

Statistical analysis 

Statistical analyses were performed using the Prism software (version 6.01, Graphpad 

Software Inc.). All data are represented as mean±SEM. Percentages and absolute numbers of 

cells at the different time points were analyzes as non-parametric using Mann-Whitney test. 

Significance was defined as a p-value <0.05. 

Immunostaining: Percentages and absolute numbers of cells at the different time points were 

compared using Mann-Whitney test and significance was defined as a p-value <0.05.  Percentage 

of double positive cells compared to total T cells was compared using a one-way ANOVA 

analysis followed by a Bonferroni multiple comparison test and significance was defined as a p-

value <0.05. 
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Results  

Acute cellular rejection is highly prevalent upon full facial transplantation 

Between April 2009 and February 2014, six patients received face transplants in our institution 

and were included in this analysis. Mean follow-up was 2.7 years. Clinical characteristics of 

these patients are detailed on Table 1 and pre- and post-operative appearances are shown on 

Supplemental Figure 1. Induction therapy consisted of thymoglobulin and high-dose steroids 

followed by maintenance immunosuppression with tacrolimus, mycophenolate mofetil and 

prednisone taper (further details on Materials and Methods). All patients developed at least one 

episode of acute cellular rejection (total of 15 episodes) with a bimodal pattern (Figure 1, A-C) – 

two thirds occurred during the first 3 post-operative months, while the remaining occurred later 

(>1 year after transplant). Acute cellular rejection was assessed using the BANFF grading of 

skin-containing composite tissue (10), and the majority of clinical rejections were classified 

between grades II and III (Figure 1, A and C).  One highly sensitized patient (#4) with preformed 

donor-specific antibodies developed an early acute antibody-mediated rejection with neutrophil 

vascular margination and positive C4d staining (Figure 1, D and E). Early surgical site infections 

occurred in three patients, while two patients developed pneumonia and one developed line-

associated bacteremia post-transplant. Opportunistic infections included CMV infection (in two 

patients with negative CMV sero-status prior to transplant; POD 176 and 420), HSV infection of 

face allograft (POD 420) and shingles (POD 502). There were no graft failures or patient deaths.  
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Effector memory T cells is the predominant subset after transplant with a dominant Th2 

phenotype   

Allospecific T cells are activated primarily in secondary lymphoid organs and then migrate to 

target tissue to elicit injury (11). In our cohort, we characterized circulating T cell subsets 

overtime post-transplant. All face transplant recipients received thymoglobulin as induction 

therapy. As expected, both CD4 and CD8 T cells were significantly depleted at 24 hours post-

transplant with progressive recovery at 3 and 6 months post-transplant (Figure 2, A and B). 

Analyses of the effector and memory T cell subsets (Supplemental Figure 2) revealed a dominant 

depletion of effector memory T cells (TEM: CD45RA-CCR7-) early after transplant with 

recovery to initial level by 3 months post-transplant (Figure 2, C and D). We also observed a 

predominance of TEM within the pool of CD4+ T cells (Figure 2E), while CD8+ T cells were 

characterized by TEM and TEMRA (Figure 2F). Next, we assessed the T helper (Th) phenotypes 

based on surface markers profile (Supplemental Figure 2 and Supplemental Table 1 for 

phenotype details), according to the Human Immunology Project (12). Circulating Th2 cells 

were the predominant phenotype in most patients post-transplant (Figure 2, G and H), followed 

by Th17 and Th1 cells. The only exception was on highly-sensitized patient #4 who had a 

predominant Th17 phenotype (Figure 2, I and J). This Th17 skewing was confirmed with 

intracellular cytokine staining (Figure 2K). Lastly, we evaluated donor T cell alloreactivity using 

the frequency of IFN-γ-producing donor-reactive PBMCs by a standardized and cross-validated 

ELISPOT assay (13) (Supplemental Figure 3, A-C). This assay has been proposed as an 

important tool to quantify cellular donor reactivity in kidney transplantation and determine 

subsequent risk of rejection (14-18). Pre-transplant, none of the patients had positivity to either 

direct or indirect T cell alloreactivity against their respective donors (Supplemental Figure 3B). 
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Among the 51 time-points analyzed post-transplant, only one time-point exhibited positivity at 6 

months post-transplant and there was no correlation with rejection occurrence. In sum, T cell 

subsets are recovered by three months following thymoglobulin induction and Th2 cells are the 

dominant phenotype post-transplant in the non-rejection state of face recipients. Quantifying the 

frequency of IFN-γ-producing donor reactive PBMCs by ELISPOT did not predict rejection in 

face recipients. 

 

Tregs remarkably expand after full face transplantation 

In solid organ transplantation, an increase in Foxp3+ regulatory T cells has been associated with 

better long-term graft survival (19-21). In our face transplant cohort, when compared with pre-

transplant levels, the percentage of circulating Tregs (CD4+Foxp3+) initially decreased at 24h 

after the transplant, and expanded 2-fold at 1 year post-transplant (Figure 3, A and B). The 

absolute number of circulating Tregs also progressively increased after initial reduction early 

after transplant (Figure 3C). Foxp3 expression in CD4+ by MFI increased in a similar pattern 

overtime (Figure 3D). Compared to conventional T cells (CD4+Foxp3-), Tregs had a faster 

recovery after depletion by thymoglobulin with a significant higher ratio of Treg to conventional 

T cells at 1-week post-transplant (Figure 3E). Since Foxp3 expression may be a consequence of 

activation and not as specific for T cells with a regulatory phenotype in humans when compared 

with mice (22), we also analyzed the frequency of Tregs using CD127 (IL-7 receptor) surface 

expression (CD4+CD25+CD127-/low) (Figure 3, F and G), which has shown excellence as a 

marker of Tregs in human peripheral blood and a high correlation with Tregs suppressive 

function (23). Importantly, CD127 marker was absent in the majority of the Foxp3+ cells in our 

samples (mean 71.76%; SD 16.16%; range 53.5-94.8%) (Figure 3F). Also, the percentage and 
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absolute number of CD4+CD25+CD127-/low cells in PBMCs overtime had a very similar 

kinetics as CD4+Foxp3+ cells (Figure 3, H and I). In sum, the proportion of Tregs characterized 

by either Foxp3+ or CD25+CD127-/low expression significantly increased overtime in the non-

rejection state of face transplant recipients. 

 

Despite B and Tfh cells expansion, development of de novo DSA is uncommon 

The development of donor-specific antibodies (DSA) and consequent endothelial injury is 

considered one of the major causes of late allograft loss in solid organ transplantation (24). 

However, different organ transplants seem to have diverse susceptibility to antibody-mediated 

injury (25). Based on the high immunogenicity of the skin (7, 8), one would expect a high rate of 

de novo anti-HLA antibody generation post-transplantation. First, we analyzed the kinetics of T 

follicular helper cells (Tfh) and B cells post-transplantation. Though thymoglobulin presumably 

depletes all T cells, we observed an unexpected sparing of Tfh cells (Figure 4, A-C). Similarly, B 

cells were not significantly affected by thymoglobulin and increased progressively after 

transplantation (Figure 4, B and C). Of note, the ratio of Tfh/CD4 T cells peaked at ~40 at 1 

week post-transplant and decreased progressively as other CD4 subsets recovered (Figure 4D). 

At 12 months post-transplant, Tfh and B cells cells were increased 11-fold and 4-fold compared 

to pre-transplant, respectively (Figure 4E). When we analyzed the highly sensitized patient #4 

separately, we observed that the Tfh peak persisted until 3 months after initial antibody-mediated 

rejection (Figure 4F). 

To our surprise, no patient developed persistent de novo DSA post-transplantation and panel 

reactive antibodies (PRA) remained stable post-transplant (Figure 4G). The highly sensitized 

patient #4 who had three DSAs at the time of transplant (against HLA-A2, A32 and B57) and a 
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positive CDC T-cell crossmatch, had progressive reduction of her PRA and of the DSA numbers 

over time (Figure 4H) after active treatment for antibody-mediated rejection with 

plasmapheresis, bortezomib, alemtuzumab and IVIG (26). Patient #5 developed CMV infection 

at 5 months post-transplant, which led to reduction of immunosuppression. During that time, his 

PRA increased from 13% (3 months) to 79% (6 months post-transplant) with concomitant 

detection of circulating de novo DSA (against HLA-A2). Repeated analysis at 7 months revealed 

disappearance of the DSA. Patient #1 also had a transient detection of DSA at 1-week post-

transplant and patient #6 had a pre-transplant DSA against HLA-A1 with negative CDC 

crossmatch, which disappeared by 6 months post-transplant without any specific intervention.  

Since the complement-binding capacities of DSA have been considered a useful marker for the 

risk of graft loss (27), we measured the C1q binding of the DSAs and observed that only the 

highly sensitized patient #4 had three C1q positive DSAs at 1 week post-transplant, though 

analyses of pre-transplant serum and at 3, 6 and 12 months did not reveal any C1q positivity 

(Figure 4H). Lastly, non-HLA antigens have also been suggested as important targets of 

alloantibodies, in particular the highly polymorphic major histocompatibility complex class I 

chain-related molecule A (MICA), which is expressed by endothelial cells and keratinocytes 

(28). Antibodies against MICA have been associated with increased kidney graft loss (29). 

Despite the abundance of keratinocytes on skin, we did not detect any circulating anti-MICA 

antibody post-transplantation in our cohort. In sum, despite the high alloimmunogenicity of the 

skin and the rise in B cells and Tfh cells overtime, there was no evidence of de novo DSA 

development or increase in PRA post-transplant.   
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CD4+, CD8+ and CD14+ cells are the predominant cells during face transplant rejection 

After characterizing the kinetics of circulating immune cells overtime, we analyzed these cells in 

relation to the rejection events both in the allograft and in the periphery in order to better 

characterize the rejection process in full face transplant recipients.  

Rejection episodes were characterized by accumulation of CD4+ and CD8+ cells in the allograft, 

though both percentage and absolute numbers of total circulating CD4+ and CD8+ cells were not 

significantly different compared to pre- and post-rejection time-points (Figure 5, A-D). When we 

analyzed circulating CD4+ and CD8+ T cell subsets during rejection episodes (naive, TCM, 

TEM and TEMRA), we observed a slight reduction in TEM (CD45RA-CCR7-; Figure 5, G and 

H) and an increase in both CD4+ and CD8+ TEMRA (CD45RA+CCR7-; Figure 5, G and I).  

CD14+ cells also accumulated in the allograft during rejection (Figure 5E) and were associated 

with a concomitant increase in the absolute numbers of CD14+ cells in peripheral blood (Figure 

5F). Among 24 relevant cytokines/chemokines evaluated in the serum of rejecting recipients, 

monocyte chemotactic protein-1 (MCP-1) was the only cytokine that was clearly increased in 

average 2.5-fold during rejection when compared to pre-rejection time-points (951 ± 338 vs 387 

± 69, p=0.01) (Supplemental Figure 3D). Although high chemokine levels such as CXCL10 have 

been associated with rejection episodes in kidney transplantation (30-32), serum CXCL10 levels 

were no different during rejection or pre-rejection time-points (Supplemental Figure 3E). Other 

serum cytokines such as IL-6, IL-8, IP-10 and GRO also did not correlate with rejection episodes 

(Supplemental Table 2). In sum, acute cellular rejection after full face transplantation is 

characterized by CD4+, CD8+ and CD14+ infiltrates and a slight increase in circulating effector 

T cells. Serum MCP-1 was the only biomarker to be significantly associated with face cellular 

rejection. 
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 IFN-γ- and IL-17-producing T cells co-dominate in acute cellular rejection both in the periphery 

and in the face allograft  

Diverse T helper cell subtypes may emerge after transplantation depending on the 

microenvironment and additional signals provided by APCs upon T cell activation (33). Among 

alloantigen-specific CD4+ T cells, Th1 cells are the predominant Th subset during acute cellular 

rejection in kidney transplantation (34, 35). Little is known about the Th phenotype during 

rejection in human face transplantation. We observed that IL-17-producing T cells infiltrated the 

face allograft during rejection (Figure 6, A-C) with a concomitant increase in IFN-γ-producing T 

cells compared to pre-rejection time points (Figure 6, D-F). In the peripheral blood, similar 

increases in Th1, Th17 and IFN-γ producing CD8 T cells were seen during rejection episodes 

(Figure 6, G-J), with a reduction of Th2 cells (Supplemental Figure 4A). Tregs also accumulated 

in the graft during rejection (Figure 7A), while both percentage and absolute number of 

circulating Tregs were reduced at rejection time-points compared to pre-rejection (Figure 7B). 

Among regulatory markers, we also observed a reduction in PD-1 and CTLA4 expression on 

CD4 cells at the time of rejection compared to pre-rejection (Figure 7, C and D). Together, the 

rejection process of face allografts was characterized by a co-dominant IFN-γ and IL-17 driven 

immune response with simultaneous infiltration of Tregs into the allograft and a decrease of Th2 

and Tregs in the blood. 
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Discussion  

Here, we characterize the immune response in a cohort of full facial transplant recipients. Face 

allografts are unique in their composition since they contain skin, muscle, bone, vessels and 

lymph nodes. Each compartment has differing immunogenicity, though the predominant target 

and the most immunogenic component is the skin (5-8).  Although there is vast data on the 

characterization of the immune response in murine skin transplant models (7, 36), little 

information is available in human face transplants. Moreover, results from animal studies are not 

necessarily translatable to humans due to the greater immunological diversity and environmental 

exposure in humans (37). Our study demonstrates that face recipients with a stable graft are 

characterized by predominance of Th2 cells in the periphery, while cellular rejection is 

associated with a shift towards Th1 and Th17 cells. The predominance of IL-4-secreting T helper 

cells has been previously shown to be associated with graft stability in kidney recipients (38). 

While Th1 cells are well accepted as dominant players during solid organ allograft rejection, the 

role of Th17 cells is less well defined (39).  Few studies reported the presence of IL-17 in 

rejecting kidneys by immunofluorescence staining and RT-PCR (40, 41) as well as in the 

bronchoalveolar lavage fluid of rejecting lung transplant recipients (42). However, neutralization 

of IL-17 in murine transplant models only modestly delayed acute rejection (43, 44). 

Interestingly, in a humanized mouse skin model in which human skin was transplanted into 

SCID mice followed by infusion of human peripheral blood mononuclear cells, skin rejection 

was clearly associated with infiltration of IL-17-producing T cells (45). Similarly, certain 

inflammatory skin conditions such as psoriasis shared similar pattern of Th1/Th17 dominance, 

indicating that possibly signals derived from dermal DCs may be important in favoring this 

phenotype (46, 47). The importance in identifying T-helper phenotypes that lead to rejection is 
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related to variable resistance of subsets such as Th17 cells to certain immunosuppressive drugs. 

As an example, Th17 cells were shown to be resistant to B7:CD28 blockade with belatacept in 

vitro and acute rejection episodes in kidney transplant recipients treated with belatacept were 

associated with expansion of Th17 cells (48). Therefore, determination of functional pathological 

T cell subsets during face rejection will allow better personalization and wiser choice of potential 

agents to modulate the alloimmune response.  

 

Our findings also demonstrate that acute cellular rejection in face allografts is characterized by 

graft infiltration of monocytes/macrophages, CD4+ and CD8+ T cells that starts in the dermal 

perivascular space with progressive involvement of skin adnexal structures and epidermis in the 

absence of treatment. This pattern of cellular rejection is similar to that observed in other solid 

transplant organs such as kidneys with differences pertaining to the specific targeted antigenic 

cells on specific organs such as tubular cells in the kidney and epithelial cells in the face (49). 

Analogous to our findings, an analysis of hand biopsies during rejection revealed predominance 

of CD3+ lymphocytes and CD68+ cells (histiocytic/macrophage lineage) (50). Monocyte 

chemotactic protein-1 (MCP-1) was the predominant cytokine that peaked during rejection, 

confirming the important role of macrophages in cellular rejection. This is in agreement with 

prior studies that also detected high MCP-1 levels in the serum and urine of patients at the time 

of kidney allograft rejection (51, 52). The lack of rejection signal among other relevant 

chemokines such as CXCL10 may suggest that either rejections are being caught earlier 

(compared to kidneys, in which creatinine elevation is a late biomarker), and therefore not 

allowing the full blown presentation and/or that a more local immune response is occurring that 

not necessarily reflects the status on peripheral blood. Our findings with donor alloreactivity 
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using ELISPOT indicates similar discrepancy between local and systemic responses, in particular 

since this assay has been clearly validated in multiple cohorts of solid organ transplants to 

accurately prognosticate rejection episodes (14, 53-55). 

 

A major difference between face transplant and other solid organ transplants was the frequency 

of acute cellular rejections, which was present in 100% of face recipients in this cohort while it 

occurs in only 10-15% of kidney or heart recipients using similar immunosuppressive regimen 

during the first year post-transplant (56). This high rate of rejection has been documented by 

other groups performing VCA transplants, including hand and face (2, 57, 58). The higher rate of 

rejection after face transplant when compared with kidneys could be primarily related to the 

higher immunogenicity of the skin based on the high content of antigen-presenting cells (7). 

Early after transplant, the migration of donor-derived dendritic cells to secondary lymphoid 

organs is the main mechanism responsible for early activation of naïve T cells (36). For certain, 

ischemia and reperfusion injury may potentiate the immune response with the release of DAMPS 

and chemokines that activate further dendritic cells soon after transplant (59). One main 

difference between face and other solid organ transplants is that skin and mucosa are colonized 

by microorganisms and there is accumulating literature suggesting an important crosstalk of the 

commensal microbiota with epithelial immunity, with evidence of microbiota tuning the function 

of resident T lymphocytes (60-62).  Whether microbial dysbiosis may lower the threshold for 

rejection in face recipients remains to be determined. Additional factors that may have 

contributed to the high rate of rejection include our immunosuppression protocol with early 

steroid withdrawal and the younger age of the recipients with a mean of 37 years old and 

therefore a stronger immunity (63). Despite that, all cellular rejections were successfully treated 
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and did not lead to graft loss. One of the advantages of skin grafts compared to other transplants 

is the capability of earlier detection of rejection based on its prompt visual findings, which may 

permit timely intervention and prevention of chronic changes. Indeed, we did not observe any 

chronic rejection in our cohort. In the literature, only one case of face transplant developing 

chronic rejection has been reported and this occurred in the setting of significant reduction of 

immunosuppression due to concomitant malignancy (64).    

 

Development of de novo DSA occurs in about 5% of unsensitized transplant recipients and is 

significantly associated with long-term graft loss (65, 66).  However, different transplanted 

organs may have diverse sensitivities to antibody-mediated injury. As an example, the liver 

appears to be remarkably resistant to DSA-mediated injury, in particular of antibodies against 

HLA class I (25, 67-69).   In fact, the liver may even protect other organs such as kidneys from 

DSA-mediated injury if they are from the same donor and transplanted at the same time (68, 70). 

The exact mechanisms is unclear though it is hypothesized that immunoadsorption of the DSA 

on the extensive sinusoidal endothelial cells may be an important factor (71).  Based on the high 

immunogenicity of the skin, one would expect a high rate of de novo donor-specific antibody 

(DSA) development after full facial transplantation. However, we did not observe any de novo 

DSA in our cohort despite the expansion of B cell and T follicular cells overtime. There are three 

potential explanations: (1) similar to liver, de novo DSA formed could be completely absorbed in 

the skin and is therefore undetectable in the serum. This is unlikely since we have no evidence of 

active antibody deposition in the surveillance biopsies using C4d staining; (2) de novo DSA may 

develop later after transplant and longer follow-up of this cohort would be required; (3) the 

unique composition of full face graft may promote immune regulation and prevent DSA 
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formation in combination with immunosuppressive drugs. Actually, the skeletal component of 

the face allograft may contain some bone marrow, which could confer some immunomodulatory 

effect (72). The rich content of lymph nodes in face grafts have also been proposed to promote 

donor chimerism in animal models of face transplantation and potentially protect the allograft 

long-term (73, 74).  Whether a similar phenomenon occurs in humans is unknown. Furthermore, 

expansion of both the percentage and absolute numbers of B cells have been identified in tolerant 

transplanted patients (75-78), suggesting a potential role of B cells in regulating alloimmunity. 

Additional analysis of B cell subsets would be needed to assess this hypothesis in our cohort.   

 

Regulatory T cells that express the transcription factor forkhead box P3 (FOXP3) have potent 

immunomodulatory properties (79, 80) and the adoptive transfer of Tregs was shown to suppress 

kidney allograft rejection (81, 82) in primates and promote graft survival in a humanized mouse 

transplant model (83).  Furthermore, graft infiltrating Tregs have also been associated with 

favorable outcomes in patients with subclinical rejection (84).  Nonetheless, the greatest increase 

in graft infiltrating Tregs is frequently observed during rejection (85, 86) and our cohort showed 

similar peak infiltration of Tregs during face rejection, probably as a counter response to the 

cellular rejection.  Thymoglobulin has been proposed to have a favorable Treg profile with 

evidence that it may expand Tregs in vitro (87, 88) and induce or spare Tregs in vivo (89, 90). 

We demonstrated that face recipients have a greater expansion of Tregs overtime, possibly 

contributing to the lack of DSA generation post-transplant. Though we have to acknowledge 

that, despite the expansion of Tregs, cellular rejection still occurred later after transplant. This 

suggests that not all components of the effector immune response may respond equally to 

regulatory cells and currently used immunosuppressive drugs.  
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Our study has few limitations, including the small number of patients and the single-center 

nature. This reflects in part the novelty of this procedure and limited number of face transplants 

performed worldwide since 2005.  Validation of our rejection phenotype in other face transplant 

cohorts will be important as well ass assessment of current findings in a cohort receiving a 

different regimen of immunosuppression. Despite that, we believe our unique biobank with 51 

time-points involving both surveillance and rejection episodes has permitted a thorough 

evaluation of the effector immune function of face recipients. Lastly, the skin contains a large 

resident pool of lymphocytes (91, 92) and the presence of donor T cells during rejection has been 

previously documented during face rejection (93). Additional studies will be required to 

elucidate the role of donor T cells in the rejection process and differentiation of pathological 

infiltrates from non-pathological ones.  

 

Overall, face transplantation is now a clinically feasible strategy for patients with facial 

deformities and the use of an immunosuppressive regimen similar to those used in solid organ 

transplants has yielded good short- and medium-term graft outcomes. Nonetheless, the high 

frequency of cellular rejection is concerning and the development of novel biomarkers and 

organ-specific immunosuppression strategies based on the known difference between 

transplanted organs will be critical to further advance the field.   
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Figure Legends 

Figure. 1. Clinical and histopathological findings in facial allograft rejection. (A) Photographs and 

corresponding H&E graft stainings of representative patient (#5) during clinical cellular rejection 

episodes with graft erythema and edema (Grade II and III) compared to mild rejection on surveillance 

biopsy (Grade I) without significant erythema or edema.  Grade I rejection shows normal epithelium, mild 

dermal edema, and a sparse perivascular lymphocytic infiltrate (arrow and higher magnification). Grade II 

rejection shows normal epithelium, development of superficial dermal edema, and associated lymphocytic 

vasculopathy (arrow and higher magnification) characterized by a brisk angiocentric lymphocytic 

infiltrate, endothelial prominence and sloughing. Grade III rejection retains lymphocytic vasculopathy 

(lower arrow) but also shows epithelial apoptosis associated with lymphoid exocytosis (higher arrow and 

magnification). (B) Timing of rejection in days and (C) grade of rejection according to time after 

transplant. Highly sensitized patient #4 who developed early acute humoral rejection characterized by 

neutrophil margination on H&E (arrow) (D) and positive C4d staining on endothelium by 

immunofluorescence, indicating local complement activation (E). Patient  had provided written 

consent for publication of his photographs. 

 

Figure. 2. Analysis of CD4+ and CD8+ T cell phenotypes from face recipients overtime. Percentages 

(A) and absolute numbers (B) of CD4+ and CD8+ T cells from face recipients at following time-points: 

pre-transplant, 24h, 1 week, 3 months, 6 months and 12 months after transplant. Percentages of naïve 

(CCR7+CD45RA+), central memory (TCM: CCR7+CD45RA-), effector memory (TEM: CCR7-

CD45RA-) and effector memory RA (TEMRA: CCR7-CD45RA+) CD4+ (C) and CD8+ T cells (D) over 

time. Pie charts of the mean CD4+ (E) and CD8+ (F) naïve, TCM, TEM and TEMRA at pre-transplant, 6 

and 12 months post-transplant. (G) Representative contour plots of Th1 (CD4+CXCR3+CCR6-), Th2 

(CD4+CXCR3-CCR6-) and Th17 (CD4+CXCR3-CCR6+) cells from patient #3. (H) Percentages of Th1, 

Th2 and Th17 cells from patients #1, # 2, #3, #5 and #6 overtime. (I) Representative contour plots of Th1, 

Th2 and Th17 cells from patient #4. (J) Percentages of Th1, Th2 and Th17 cells from patient #4 overtime. 

(K) IL-17A, IFN-γ and IL-4 production by CD4+ T cells from patient #4 at 6 months post-transplant after 

stimulation in vitro with PMA+Ionomycin. Graphs displayed as mean ±SEM at each time point 

examined. 

 

Figure 3. Tregs expansion in face transplant patients. (A) Representative contour plots of 

CD4+Foxp3+ T cells (Tregs) pre-transplant and 12 months post-transplant. Percentages (B) and absolute 

numbers (C) of CD4+Foxp3+ cells from face recipients at following time-points: pre-transplant, 24h, 1 

week, 3 months, 6 months and 12 months after transplant. (D) Foxp3 MFI in CD4+ T cells overtime. (E) 

Ratio of Tregs to conventional T cells pre-transplant and at 24h, 1 week and 3 months post-transplant. (F) 

Representative contour plots on CD4+-gated T cells demonstrating that the Foxp3+ cells are not 

expressing CD127. (G) Representative contour plots of CD4+CD25+CD127
-/low

 cells (Tregs) pre-

transplant and 12 months post-transplant. Percentages (H) and absolute numbers (I) of 

CD4+CD25+CD127
-/low

 cells from face transplant patients overtime. Graphs displayed as mean ±SEM at 

each time point examined. 

 

Figure 4. Dynamics of B cells, Tfh cells and anti-HLA antibodies post-face transplant. (A) 

Representative contour plots of CD4+PD-1+CXCR5+ cells (Tfh) pre-transplant (upper panel) and 1 week 

post-transplant (lower panel). Percentages (B) and absolute numbers (C) of B cells (CD19+) and Tfh cells 

from face recipients at following time-points: pre-transplant, 24h, 1 week, 3 months, 6 months and 12 

months post-transplant  *=p<0.05 compared to pre-rejection (Mann-Whitney  test). (D) Ratio of Tfh to 
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CD4+ T cells pre-transplant and at 24h, 1 week and 3 months post-transplant. (E) Fold change of absolute 

numbers of B cells and Tfh at 12 months compared to pre-transplant. (F) Percentages of B cells and Tfh 

from highly sensitized patient 4. (G) Panel-reactive antibodies (PRA) for class I and class II anti-HLA 

antibodies overtime. (H) Number of circulating donor-specific antibodies and C1q-positivity of patient #4 

at different time-points post-transplant. Graphs displayed as mean ±SEM at each time point examined. 

 

Figure 5. Predominance of CD4+, CD8+ and CD14+ cells in skin grafts during face transplant 

rejection. (A) Representative immunofluorescence of CD4 staining (green) of skin biopsy specimens 

from pre-rejection, rejection and post-rejection time-points (DAPI in blue) (400x). (B) Percentages (upper 

graph) and absolute numbers (lower graph) of CD4+ cells from PBMCs at pre-rejection, rejection and 

post-rejection time-points. (C) Representative immunofluorescence of CD8 staining (pink) on skin grafts 

as in (A) (400x). (D) Percentages (upper graph) and absolute numbers (lower graph) of CD8+ cells from 

PBMC at pre-rejection, rejection and post-rejection time-points. (E) Representative immunofluorescence 

of CD14 staining (red) on skin grafts as in (A). (400x). (F) Percentages (upper graph) and absolute 

numbers (lower graph) of CD14+ cells from PBMC at pre-rejection, rejection and post-rejection time-

points. (G) Representative contour plots of the gating strategy for effector memory (CCR7-CD45RA-) 

and effector memory RA (CCR7-CD45RA+) CD4+ or CD8+ T cells. (H) Percentages of effector memory 

CD4+ (upper graph) and CD8+ (lower graph) T cells at pre-rejection, rejection and post-rejection time-

points. (I) Percentages of effector CD4+ (upper graph) and CD8+ (lower graph) T cells at pre-rejection, 

rejection and post-rejection time-points. Graphs displayed as mean ±SEM at each time point examined. 

 

Figure 6. Increased infiltration of IL-17 and IFN-γ- producing T cells in skin grafts during face 

transplant rejection. (A) Representative triple color immunofluorescence images taken from skin biopsy 

specimens at pre-rejection, rejection and post-rejection time-points stained for CD3 (red), IL-17 (green) 

and nuclear stain DAPI (blue) (200x).  (B) Total CD3+ and CD3+IL-17+ cells were counted using 8-10 

high-powered fields (200x) from patient 3 and 4, and the absolute number of CD3+ and CD3+IL-17+ 

cells are shown with the mean (horizontal bar). *=p<0.05 (Mann-Whitney test).  (C) Percentage of 

CD3+IL-17+ T cells was calculated from the total number of CD3+ T cells from each high power field.   

*=p<0.05 compared to the pre-rejection time point.  (D) Representative triple color immunofluorescence 

of skin grafts stained for CD3 (red), IFN- (green) and nuclear stain DAPI (blue) (200x).  (E) Total CD3+ 

and CD3+ IFN-+ cells were counted and displayed as described in (B). *=p<0.05 compared to the pre-

rejection time point.  (F) Percentage of CD3+IFN-+ T-cells were calculated and displayed as described 

in (C). (G) Representative contour plot of IL-17A production in blood CD4+ T cells at pre-rejection and 

rejection time-points (upper panels).  Percentages of PBMC CD4+ IL-17A+ cells (bottom left graph) and 

IL-17 MFI in CD4+ T cells (bottom right graph) at pre-rejection, rejection and post-rejection time-points  

(H) Flow contour plots of IFN-γ producing CD4+ T cells as in (G). (I) Percentages of IFN-γ-producing 

CD8+ T cells (left graph) and IFN-γ MFI (right graph) at pre-rejection, rejection and post-rejection time-

points. (J) Percentages of IL-17A-producing CD8+ T cells and IL-17A MFI as in (I). Graphs displayed as 

mean ±SEM at each time point examined. *=p<0.05 compared to pre-rejection (Mann-Whitney test). 

 

Figure 7. Characterization of circulating and graft infiltrating Tregs post-transplant. (A) 

Representative immunofluorescence of CD4 (green) and Foxp3 (red) stainings of skin biopsy specimens 

from pre-rejection, rejection and post-rejection time-points (DAPI in blue) (400x). (B) Percentages (left 

graph) and absolute number (right graph) of CD4+Foxp3+ cells from patients’ PBMCs at pre-rejection, 

rejection and post-rejection. (C) Representative contour plots, percentages (lower left) and absolute 

numbers (lower right) of CD4+PD-1+ cells from patients’ PBMCs at pre-rejection, rejection and post-

rejection. (D) Representative contour plots, percentages (lower left) and absolute numbers (lower right) of 
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CD4+CTLA-4+ cells from patients’ PBMCs at pre-rejection, rejection and post-rejection. Graphs 

displayed as mean ±SEM at each time point examined. 
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Figure. 1. Clinical and histopathological findings in facial allograft rejection. (A) Photographs and 

corresponding H&E graft stainings of representative patient (#5) during clinical cellular rejection 

episodes with graft erythema and edema (Grade II and III) compared to mild rejection on surveillance 

biopsy (Grade I) without significant erythema or edema.  Grade I rejection shows normal epithelium, mild 

dermal edema, and a sparse perivascular lymphocytic infiltrate (arrow and higher magnification). Grade II 

rejection shows normal epithelium, development of superficial dermal edema, and associated lymphocytic 

vasculopathy (arrow and higher magnification) characterized by a brisk angiocentric lymphocytic 

infiltrate, endothelial prominence and sloughing. Grade III rejection retains lymphocytic vasculopathy 

(lower arrow) but also shows epithelial apoptosis associated with lymphoid exocytosis (higher arrow and 

magnification). (B) Timing of rejection in days and (C) grade of rejection according to time after 

transplant. Highly sensitized patient #4 who developed early acute humoral rejection characterized by 

neutrophil margination on H&E (arrow) (D) and positive C4d staining on endothelium by 

immunofluorescence, indicating local complement activation (E). Patient had provided written consent 

for publication of his photographs. 
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Figure. 2. Analysis of CD4+ and CD8+ T cell phenotypes from face recipients overtime. Percentages 

(A) and absolute numbers (B) of CD4+ and CD8+ T cells from face recipients at following time-points: 
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pre-transplant, 24h, 1 week, 3 months, 6 months and 12 months after transplant. Percentages of naïve 

(CCR7+CD45RA+), central memory (TCM: CCR7+CD45RA-), effector memory (TEM: CCR7-

CD45RA-) and effector memory RA (TEMRA: CCR7-CD45RA+) CD4+ (C) and CD8+ T cells (D) over 

time. Pie charts of the mean CD4+ (E) and CD8+ (F) naïve, TCM, TEM and TEMRA at pre-transplant, 6 

and 12 months post-transplant. (G) Representative contour plots of Th1 (CD4+CXCR3+CCR6-), Th2 

(CD4+CXCR3-CCR6-) and Th17 (CD4+CXCR3-CCR6+) cells from patient #3. (H) Percentages of Th1, 

Th2 and Th17 cells from patients #1, # 2, #3, #5 and #6 overtime. (I) Representative contour plots of Th1, 

Th2 and Th17 cells from patient #4. (J) Percentages of Th1, Th2 and Th17 cells from patient #4 overtime. 

(K) IL-17A, IFN-γ and IL-4 production by CD4+ T cells from patient #4 at 6 months post-transplant after 

stimulation in vitro with PMA+Ionomycin. Graphs displayed as mean ±SEM at each time point 

examined.  
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Figure 3. Tregs expansion in face transplant patients. (A) Representative contour plots of 

CD4+Foxp3+ T cells (Tregs) pre-transplant and 12 months post-transplant. Percentages (B) and absolute 

numbers (C) of CD4+Foxp3+ cells from face recipients at following time-points: pre-transplant, 24h, 1 

week, 3 months, 6 months and 12 months after transplant. (D) Foxp3 MFI in CD4+ T cells overtime. (E) 

Ratio of Tregs to conventional T cells pre-transplant and at 24h, 1 week and 3 months post-transplant. (F) 

Representative contour plots on CD4+-gated T cells demonstrating that the Foxp3+ cells are not 

expressing CD127. (G) Representative contour plots of CD4+CD25+CD127
-/low

 cells (Tregs) pre-

transplant and 12 months post-transplant. Percentages (H) and absolute numbers (I) of 

CD4+CD25+CD127
-/low

 cells from face transplant patients overtime. Graphs displayed as mean ±SEM at 

each time point examined. 
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Figure 4. Dynamics of B cells, Tfh cells and anti-HLA antibodies post-face transplant. (A) 

Representative contour plots of CD4+PD-1+CXCR5+ cells (Tfh) pre-transplant (upper panel) and 1 week 

post-transplant (lower panel). Percentages (B) and absolute numbers (C) of B cells (CD19+) and Tfh cells 

from face recipients at following time-points: pre-transplant, 24h, 1 week, 3 months, 6 months and 12 

months post-transplant  *=p<0.05 compared to pre-rejection (Mann-Whitney  test). (D) Ratio of Tfh to 

CD4+ T cells pre-transplant and at 24h, 1 week and 3 months post-transplant. (E) Fold change of absolute 

numbers of B cells and Tfh at 12 months compared to pre-transplant. (F) Percentages of B cells and Tfh 

from highly sensitized patient 4. (G) Panel-reactive antibodies (PRA) for class I and class II anti-HLA 

antibodies overtime. (H) Number of circulating donor-specific antibodies and C1q-positivity of patient #4 

at different time-points post-transplant. Graphs displayed as mean ±SEM at each time point examined. 
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Figure 5. Predominance of CD4+, CD8+ and CD14+ cells in skin grafts during face transplant 

rejection. (A) Representative immunofluorescence of CD4 staining (green) of skin biopsy specimens 

from pre-rejection, rejection and post-rejection time-points (DAPI in blue) (400x). (B) Percentages (upper 

graph) and absolute numbers (lower graph) of CD4+ cells from PBMCs at pre-rejection, rejection and 

post-rejection time-points. (C) Representative immunofluorescence of CD8 staining (pink) on skin grafts 

as in (A) (400x). (D) Percentages (upper graph) and absolute numbers (lower graph) of CD8+ cells from 

PBMC at pre-rejection, rejection and post-rejection time-points. (E) Representative immunofluorescence 

of CD14 staining (red) on skin grafts as in (A). (400x). (F) Percentages (upper graph) and absolute 

numbers (lower graph) of CD14+ cells from PBMC at pre-rejection, rejection and post-rejection time-

points. (G) Representative contour plots of the gating strategy for effector memory (CCR7-CD45RA-) 

and effector memory RA (CCR7-CD45RA+) CD4+ or CD8+ T cells. (H) Percentages of effector memory 

CD4+ (upper graph) and CD8+ (lower graph) T cells at pre-rejection, rejection and post-rejection time-

points. (I) Percentages of effector CD4+ (upper graph) and CD8+ (lower graph) T cells at pre-rejection, 

rejection and post-rejection time-points. Graphs displayed as mean ±SEM at each time point examined. 
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Figure 6. Increased infiltration of IL-17 and IFN-γ- producing T cells in skin grafts during face 

transplant rejection. (A) Representative triple color immunofluorescence images taken from skin biopsy 

specimens at pre-rejection, rejection and post-rejection time-points stained for CD3 (red), IL-17 (green) 

and nuclear stain DAPI (blue) (200x).  (B) Total CD3+ and CD3+IL-17+ cells were counted using 8-10 

high-powered fields (200x) from patient 3 and 4, and the absolute number of CD3+ and CD3+IL-17+ 

cells are shown with the mean (horizontal bar). *=p<0.05 (Mann-Whitney test).  (C) Percentage of 

CD3+IL-17+ T cells was calculated from the total number of CD3+ T cells from each high power field.   

*=p<0.05 compared to the pre-rejection time point.  (D) Representative triple color immunofluorescence 

of skin grafts stained for CD3 (red), IFN- (green) and nuclear stain DAPI (blue) (200x).  (E) Total CD3+ 

and CD3+ IFN-+ cells were counted and displayed as described in (B). *=p<0.05 compared to the pre-

rejection time point.  (F) Percentage of CD3+IFN-+ T-cells were calculated and displayed as described 

in (C). (G) Representative contour plot of IL-17A production in blood CD4+ T cells at pre-rejection and 

rejection time-points (upper panels).  Percentages of PBMC CD4+ IL-17A+ cells (bottom left graph) and 

IL-17 MFI in CD4+ T cells (bottom right graph) at pre-rejection, rejection and post-rejection time-points  

(H) Flow contour plots of IFN-γ producing CD4+ T cells as in (G). (I) Percentages of IFN-γ-producing 

CD8+ T cells (left graph) and IFN-γ MFI (right graph) at pre-rejection, rejection and post-rejection time-

points. (J) Percentages of IL-17A-producing CD8+ T cells and IL-17A MFI as in (I). Graphs displayed as 

mean ±SEM at each time point examined. *=p<0.05 compared to pre-rejection (Mann-Whitney test). 
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Figure 7. Characterization of circulating and graft infiltrating Tregs post-transplant. (A) 

Representative immunofluorescence of CD4 (green) and Foxp3 (red) stainings of skin biopsy specimens 

from pre-rejection, rejection and post-rejection time-points (DAPI in blue) (400x). (B) Percentages (left 

graph) and absolute number (right graph) of CD4+Foxp3+ cells from patients’ PBMCs at pre-rejection, 

rejection and post-rejection. (C) Representative contour plots, percentages (lower left) and absolute 

numbers (lower right) of CD4+PD-1+ cells from patients’ PBMCs at pre-rejection, rejection and post-

rejection. (D) Representative contour plots, percentages (lower left) and absolute numbers (lower right) of 

CD4+CTLA-4+ cells from patients’ PBMCs at pre-rejection, rejection and post-rejection. Graphs 

displayed as mean ±SEM at each time point examined. 
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Table 1. Baseline characteristics of VCA transplant recipients and donors. 
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Supplementary Methods 

Histopathology and Immunofluorescence 

Histopathology of all specimens was evaluated by conventional hematoxylin and eosin 

(H&E) sections, and then further evaluated by immunofluorescence studies. 

Immunofluorescence was performed for single antibody labels, and in selected instances (CD4, 

FoxP3) by with two-channel identification of epitopes. Briefly, 5-mm-thick paraffin sections 

were incubated with primary antibodies against CD4 (Invitrogen), CD8 (Abcam), FoxP3 

(BioLegend) or CD14 (Abcam) overnight and then incubated with Alexa Fluor 594-conjugated 

anti-mouse IgG and Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen) at room 

temperature for 1 hour. The sections were cover slipped with ProLong Gold anti-fade with 4',6-

diamidino-2-phenylindole (DAPI, Invitrogen). Sections were analyzed with a BX51/BX52 
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microscope (Olympus America, Melville, NY, USA), and images were captured using the 

CytoVision 3.6 software (Applied Imaging, San Jose, CA, USA). Single label 

immunofluorescence was also performed using isotype-specific irrelevant primary antibodies 

and with switching of the secondary antibodies to ensure specificity and exclude cross reactivity. 

For the cytokine staining on skin grafts, six µm cryosections were cut, air dried, fixed for 10 min 

in acetone and blocked with 20 µg/ml of human IgG (Jackson ImmunoResearch Laboratories).  

Sections were incubated with anti-IL-17 or anti-IFN-γ antibodies (Abcam), washed, and 

subsequently incubated with secondary goat anti-rabbit antibody conjugated with Alexa Fluor 

488.  Lastly, slides were incubated with anti-CD3 PE, washed, and mounted with DAPI-

containing mounting media.  Sections were photographed using a microscope (Eclipse 6600; 

Nikon) equipped with a 40x/0.75 objective lens (Plan Fluor; Nikon).  Images were captured with 

a camera (SPOT RT model 2.3.1; Diagnostic Instruments) and were acquired with SPOT 4.0.9 

software (Diagnostic Instruments).  Multiple high-power fields (3-5 depending on the size of the 

skin biopsy section) were counted at each time point.  Percentages and absolute numbers of cells 

at the different time points were compared using Mann-Whitney or one-way ANOVA statistical 

tests (refer to Supplementary Methods for details) and significance was defined as a p-value 

<0.05.   

Cytokine production in the skin: 6 µm cryosections were cut, air dried, fixed for 10 min in 

acetone, rehydrated in TBS/0.1% saponin, and blocked with 20 µg/ml of human IgG (Jackson 

ImmunoResearch Laboratories) for 15 min at room temperature.  Sections were incubated with 

anti-IL-17 or anti-IFN-γ antibodies (Abcam) for 2 hours, and then washed in TBS/0.1% Saponin 

for 10 min.  Sections were then incubated with Goat Anti-rabbit secondary antibody conjugated 

to AlexaFluor 488 (AF488) (Life Technologies) for 1 hour at room temperatures.  Sections were 
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washed for 10 min in TBS/0.1% saponin.  Sections were then incubated with anti-CD3 directly 

conjugated to phycoerythrin (PE) for 1 hour at room temperature.  Slides were washed again 

with TBS/0.1% saponin and then mounted using Prolong Gold Antifade with DAPI (Life 

Technologies) and examined immediately by immunofluorescence microscopy.  Sections were 

photographed using a microscope (Eclipse 6600; Nikon) equipped with a 40x/0.75 objective lens 

(Plan Fluor; Nikon).  Images were captured with a camera (SPOT RT model 2.3.1; Diagnostic 

Instruments) and were acquired with SPOT 4.0.9 software (Diagnostic Instruments). 

Analyses of the photographs were performed in Photoshop Creative Suite 5 using the counting 

feature.  Cells were only counted as positive if there were DAPI+ nuclei in association with 

either AlexaFluor488 or PE staining.  Multiple high-power fields (3-5 depending on the size of 

the skin biopsy section) were counted at each time point. 

Percentages and absolute numbers of cells at the different time points were compared using 

Mann-Whitney test and significance was defined as a p-value <0.05.  Percentage of double 

positive cells compared to total T cells was compared using a one-way ANOVA analysis 

followed by a Bonferroni multiple comparison test and significance was defined as a p-value 

<0.05. 

 

Intracellular cytokine production 

Before stimulation, thawed PBMC from different time points were cultured overnight in 

RPMI 10% human AB serum for resting. After that, cells were stimulated with phorbol myristate 

acetate - PMA (50 ng/ml) and 500 ng/ml of Ionomycin (both from Sigma) for 5 h in the presence 
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of GolgiStop (BD Biosciences). Cells were stained and analyzed by flow cytometry analysis as 

described below. 

 

Flow cytometry analysis 

PBMCs from different time points from the same patient were thawed, stained and 

processed in the same day to avoid variability. Cells were stained on ice for CD4 (OKT4), 

CD127 (A019D5), CXCR5 (J252D4), PD-1 (EH12.2H7), CXCR3 (G025H7), CTLA-4 (L3D10), 

Notch1 (MHN1-519), CD123 (6H6), B220 (RA3-6B2), CD16 (3G8) from Biolegend; CD8 

(SK1), CD25 (M-A251), CD197 (3D12), CD45RA (HI100), CCR6 (G034E3), CD11c (B-ly6), 

HLA-DR (L243) from BD Biosciences; CD14 (RMO52) from Beckman Coulter; CD56 

(REA196) from Miltenyi; CD19 (SJ25-C1) from Invitrogen. For intracellular staining of Foxp3 

(236A/E7), IFN-γ (4S.B3) and IL-17A (eBio64DEC17) from eBioscience; Ki67 (Ki-67) and IL-

4 (8D4-8) from Biolegend, cells were fixed and permeabilized using Foxp3/Transcription Factor 

Staining Buffer Set (eBioscience), according to manufacturer`s instructions. Stained PBMCs 

were analyzed on a FACS Canto II flow cytometer (BD Biosciences) with FACSDiva software 

(BD Biosciences). Data were analyzed with FlowJo software (TreeStar). All the markers 

combination in order to identify the immune cell types can be found in Supplemental Table 1. 

Gating strategies can be found in Supplemental Figure 2. 

 

Peripheral donor-reactivity evaluation by ELISPOT 

Direct and indirect peripheral donor-reactivity was evaluated by ELISPOT as in (13). 

Briefly, for the evaluation of the direct pathway of allorecognition, we used 10
5 

irradiated cells 
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from donors as stimulators. For testing the indirect pathway of allorecognition, we used 2x10
6
 

donor cell lysates. 96-well plates were coated with anti-IFN-γ antibodies (Thermo Scientific), 

overnight at 4°C. Then, recipient PBMCs (3x10
5
) cells were used as responders and cultured for 

24h (37°C, 5% CO2) in the presence of stimulators cells/lysates and controls. Positivity was 

defined as >25 spots/3x10
5
 responder PBMCs (94, 95). All tests were performed in triplicates 

with negative (medium) and positive (phytohemagglutinin - PHA) controls. Schematic view of 

the assay in Supplemental Figure 3A. 

 

Evaluation of donor-specific antibodies 

Serum samples from face transplant recipients obtained before the transplant were tested 

for presence of circulating donor-specific anti-HLA-A, -B, -Cw, -DR, -DQ, and -DP antibodies 

using of single antigen bead based assay (One Lambda) on a Luminex platform. The serum was 

also analyzed for the presence of C1q-binding donor-specific anti-HLA antibodies with the use 

of single-antigen flow bead assays according to the manufacturer’s protocol (C1qScreenTM, One 

Lambda). 

Luminex assay 

Serum cytokine and chemokine levels from each transplant patient at different time 

points were measured using the bead-based Milliplex Human Cytokine/Chemokine Panel 

(Millipore), according to manufacturer’s instructions and including: GM-CSF, GRO, IFN-γ, IL-

1β, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, IP-

10, MCP-1, MCP-3, MCP-1a, MCP-1b, TNF-α and VEGF. Data were collected with a Luminex 

200 system (Luminex Corporation). 
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Supplementary Figures 

 

 

 

Supplemental Figure 1. Photographs of the six patients before transplantation and several 

months after surgery. All patients provided written consent for publication of their 

photographs. 
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Supplemental Figure 2. Gating strategy of the cell populations from peripheral blood 

analyzed in this study. All samples were analyzed with FlowJo software. 
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Supplemental Figure 3. Direct and indirect donor-specific T cell alloreactivity and serum 

cytokines post-transplant. (A) Recipients’ PBMCs were incubated for 24 hours in triplicates 

with irradiated donor cells or lysate of donor cells to assess direct and indirect alloreactivity, 

respectively. Negative controls (medium) and positive controls (PHA) were used. For cultures, 

ELISPOT plates coated with anti-human IFN-γ were employed. Further details on Material and 

Methods section. (B) Frequency of IFN-γ-producing alloreactive T cells after stimulation in vitro 

with irradiated donor cells or lysate of donor cells. (C) Frequency of IFN-γ-producing 

alloreactive T cells after stimulation in vitro with medium (negative) or PHA (positive control). 

(D) Serum MCP-1 and CXCL10 (E) mean concentrations with SD measured by Luminex pre-

rejection and during rejection episode. *=p<0.05 (Mann-Whitney  test). 
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Supplemental Figure 4. Cytokine characterization of CD4 and CD8 T cells at rejection 

episode. Representative contour plot of IL-4 production in blood CD4+ T cells at pre-rejection 

and rejection time-points (upper panels).  Percentages of circulating CD4+ IL-4+ cells (bottom 

left graph) and IL-4 MFI in CD4+ T cells (bottom right graph) at pre-rejection, rejection and 

post-rejection time-points.  
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Supplementary Tables 

Supplemental Table 1. T cell phenotypes analyzed in this study. 

T cells 

CD4+ T cells CD4
+
CD8

-
 

TCM CD4
+
CD8

-
CCR7

+
CD45RA

-
 

Naïve CD4
+
CD8

-
CCR7

+
CD45RA

+
 

TEM CD4
+
CD8

-
CCR7

-
CD45RA

-
 

TEMRA CD4
+
CD8

-
CCR7

-
CD45RA

+
 

Th1 CD4
+
CD8

-
CXCR3

+
CCR6

-
 

 

CD4
+
CD8

-
IFN-γ

+
 

 

CD4
+
CD8

-
IFN-γ

+
IL-17

+
 

Th2 CD4
+
CD8

-
CXCR3

-
CCR6

-
 

 

CD4
+
CD8

-
IL-4

+
 

Th17 CD4
+
CD8

-
CXCR3

-
CCR6

+
 

 

CD4
+
CD8

-
IL-17

+
 

Tfh CD4
+
CD8

-
CXCR5

+
PD-1

+
 

Tregs CD4
+
CD8

-
Foxp3

+
 

 

CD4
+
CD8

-
CD25

+
CD127

-/low
 

 

CD4
+
CD8

-
CD127

-
Foxp3

+
 

T conv CD4
+
CD8

-
Foxp3

-
 

 

CD4
+
CD8

-
CD25

-
CD127

+
 

 

CD4
+
CD8

-
CD127

+
Foxp3

-
 

 

CD4
+
CD8

-
CD127

+
Foxp3

+
 

PD-1
+
 CD4

+
CD8

-
PD-1

+
 

 

CD4
+
CD8

-
CD45RA

+
PD-1

+
 

 

CD4
+
CD8

-
CD45RA

-
PD-1

+
 

 

CD4
+
CD8

-
Foxp3

-
PD-1

+
 

 

CD4
+
CD8

-
Foxp3

+
PD-1

+
 

CTLA-4
+
 CD4

+
CD8

-
CTLA-4

+
 

 

CD4
+
CD8

-
CD45RA

+
CTLA-4

+
 

 

CD4
+
CD8

-
CD45RA

-
CTLA-4

+
 

 

CD4
+
CD8

-
Foxp3

-
CTLA-4

+
 

 

CD4
+
CD8

-
Foxp3

+
CTLA-4

+
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  CD8+ T cells CD4
-
CD8

+
 

TCM CD4
-
CD8

+
CCR7

+
CD45RA

-
 

Naïve CD4
-
CD8

+
CCR7

+
CD45RA

+
 

TEM CD4
-
CD8

+
CCR7

-
CD45RA

-
 

TEMRA CD4
-
CD8

+
CCR7

-
CD45RA

+
 

IFN-γ
+
 CD4

-
CD8

+
IFN-γ

+
 

 

CD4
-
CD8

+
IFN-γ

+
IL-17

+
 

IL-17
+
 CD4

-
CD8

+
IL-17

+
 

IL-4
+
 CD4

-
CD8

+
IL-4

+
 

PD-1
+
 CD4

-
CD8

+
PD-1

+
 

 

CD4
-
CD8

+
CD45RA

+
PD-1

+
 

 

CD4
-
CD8

+
CD45RA

-
PD-1

+
 

CTLA-4
+
 CD4

-
CD8

+
CTLA-4

+
 

 

CD4
-
CD8

+
CD45RA

+
CTLA-4

+
 

 

CD4
-
CD8

+
CD45RA

-
CTLA-4

+
 

  

Monocytes and B Cells 

Monocytes 

 

 

CD14
+
 

  B Cells 

 

 

CD19
+
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Supplemental Table 2. Serum cytokine levels measured by Luminex assay according to 

rejection or pre-rejection time-points (n=8; Mann–Whitney nonparametric test). 

 

Cytokine Median Cytokine Levels (25
th

-75
th

 Percentile) 

(pg/ml) 

P value 

 Pre-rejection Rejection 

 

 

GM-CSF 8.04 (7.12-9.43) 0 (0-3.80) 0.77 

GRO 568 (336.5-688) 583 (487.5-726.5) 0.44 

 

IFN-γ 0 (0-7.96) 2.52 (0-4.15) 0.39 

IL-1b 0 (0-0) 0 (0-1.16) 0.37 

IL-1ra 9.74 (0-9.74) 9.6 (9.50-9.71) 0.28 

IL-2 0 (0-0) 0 (0-0) 0.35 

IL-4 0 (0-0) 0 (0-6.01) 0.31 

IL-5 0 (0-0) 0 (0-0)  

IL-6 0 (0-1.39) 0 (0-3.45) 0.89 

IL-7 0 (0-6.19) 3.81 (0-8.57) 0.42 

IL-8 12.41 (5.96-36.87) 8.15 (6.2-24.10) 0.47 

IL-9 0 (0-2.02) 0 (0-0.62) 0.39 

IL-10 2.61 (0-4.54) 0 (0-12.43) 0.85 

IL-12(p70) 0 (0-0) 0 (0-10.80) 0.94 

IL-13 0 (0-0) (0-5.02) 0.29 

IL-15 0 (0-2.54) 1.05 (0-3.01) 0.62 

IL-17 1.8 (0-5.00) 0 (0-2.53) 0.23 

IP-10(CXCL10) 582 (258-1532) 607 (162.5-2376.5) 0.76 

MCP-1 387 (329-472) 951 (748-1381) 0.01 

MCP-3 3.13 (1.57-14.82) 0 (0-32.58) 0.89 

MIP-1a 7.74 (0-21.26) 8.14 (1.75-22.09) 0.88 

MIP-1b 14.22 (10.18-29.85) 34.21 (28.89-74.7) 0.15 

TNF-α 8.79 (2.95-11.46) 5.53 (4.01-12.70) 0.90 

VEGF 83.03 (10.87-238.5) 148 (73.70-224.5) 0.65 
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Anexo D - Emerging roles for scavenger receptor SREC-I in immunity 

 

Autores: Ayesha Murshid, Thiago J. Borges, Stuart K. Calderwood 
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a b s t r a c t

SREC-I is a class F scavenger receptor with key role in the immune response, particularly in antigen pre-
senting cell (APC) such as macrophages and dendritic cells (DC). This receptor is able to mediate engulf-
ment of dead cells as well as endocytosis of heat shock protein (HSP)–antigen complexes. SREC-I could
thus potentially mediate the tolerizing influence of apoptotic cells or the immunostimulatory effects of
HSP–peptide complexes, depending on context. This receptor was able to mediate presentation of exter-
nal antigens, bound to HSPs through both the class II pathway as well as cross presentation via MHC class
I complexes. In addition to its recently established role in adaptive immunity, emerging studies are indi-
cating a broad role in innate immunity and regulation of cell signaling through Toll Like Receptors (TLR).
SREC-I may thus play a key role in APC function by coordinating immune responses to internal and exter-
nal antigens in APC.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Scavenger receptors are a family of receptors that have in com-
mon the ability to bind to covalently modified proteins, most nota-
bly oxidized low density lipoprotein (oxidized LDL). The
scavenging of oxidized LDL by endothelial cells plays a significant
role in sparing organisms from pathologies such as atherosclerosis
[1]. Interestingly the scavenger receptor family is grouped along
functional lines and most such proteins have little sequence simi-
larity [2,10]. One mystery associated with this protein family is
that, although there is minimal homology in primary structures
among scavenger receptor families, they can associate with a simi-
lar and equally diverse group of ligands [1,3]. SREC-I (Scavenger
Receptor expressed by Endothelial cells), a member of the class F
scavenger receptor family, 85.7 kD protein was first cloned from
HUVEC (Human Umbilical Vein Endothelial Cells) cells and termed
as scavenger receptor expressed by endothelial cells [2,26,31]. The
primary structure of this scavenger receptor had minimal similar-
ity with those of most other scavenger receptors previously char-
acterized, although SREC-II which is a member of this same
family was shown to have some common features in terms of
the extracellular domains [12,26]. The extracellular domain of
SREC is also similar to that of Feel-1 [22]. The extended extracellu-
lar domain (ED) of the class F receptors is comprised of epidermal

growth factor like cysteine rich motifs (EGF repeats) while the
unusually long intracellular domain contains a serine–proline rich
region [25]. SREC-1, particularly in the ED, has significant homol-
ogy with the Caenorhabditis elegans protein CED-1, a polypeptide
involved in the uptake of apoptotic bodies [27]. Additional cell
corpse engulfing proteins such as MEGF10, MEGF11 and MEGF12
are also CED-1 paralogs and, like SREC-I contain multiple EGF
repeats within the ED [20,27]. Like other scavenger receptors the
class F family are defined by their ability to bind, internalize and
metabolize modified LDL species, such as acetylated (Ac) LDL, oxi-
dized (Ox) LDL, a process involved in the pathogenesis of
atherosclerosis [15,25,28]. It was also characterized as an endocyt-
ic receptor for calreticulin [4]. In addition to their roles in binding
and internalizing these modified lipids, SREC-I was also shown to
participate in other cellular functions such as cell–cell adhesion,
antigen cross presentation, engulfment of apoptotic cells and
innate immunity. The cell adhesion properties may involve SREC-
I interaction with SREC-II counter-receptors on the partner cell
[26]. SREC-I can also cooperate with pattern recognition receptor
function in innate immunity (see below). This receptor has an
additional role in mediating morphological changes when overex-
pressed in a fibroblasts suggesting its participation in morpho-
genesis of cells (A. Murshid, unpublished studies). The
intracellular domain of SREC-1, which is extensive compared with
that of other scavenger receptors, is largely uncharacterized.
However, it has been shown that this cytosolic domain is capable
of interacting with protein phosphatase 1a (PP1 a) in L cells and
thus mediating morphological changes [13].
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2. SREC-I and antigen cross presentation

SREC-I has been shown to be a key receptor for heat shock pro-
teins [8,29]. The physiological significance of extracellular HSPs is
not entirely clear, although they are known to play key roles in
the immune response [7]. HSPs can be immunostimulatory when
associated with tumor antigens, transporting the chaperoned anti-
gens into AP. In contrast, in different contexts, HSPs can play
immunoregulatory roles and suppress T cell mediated immunity
in inflammatory diseases [5,24]. We have attempted to discover
physiologically relevant HSP receptors. We carried out forced
expression of candidate receptors in a cell line, CHO that is null
for HSP binding then assayed binding of fluorescently labeled
Hsp70 or Hsp90 to those receptors expressing cell. Hsp70 was
found to bind Class E receptor Lox-1, Class F receptor SREC-I and
Class H receptor Feel-1/stabilin-1 [29]. In addition, Hsp70 was
found to bind to some NK receptors found on the surface of natural
killer cells [29]. As most of our studies have centered on SREC-I we
will discuss this receptor in more detail in this review. SREC-I, in
common with another scavenger receptor, LOX-I can bind with
high avidity to HSPs, including Hsp70, Hsp90, Grp94, Hsp110 and
Grp170 with or without associated antigens and appears to be an
important common receptor for these proteins [3,19,21]. In addi-
tion, among all the scavenger receptors that have been character-
ized so far, we found that SREC-I and LOX-1 each appeared to
mediate the majority of the cross presentation of the Ova
SIINFEKL epitope chaperoned by Hsp90 or Hsp70 in BMDC [21].

Earlier it was demonstrated that HSP–antigen complexes could
be bound to SREC-I and internalized in antigen presenting cells
such as dendritic cells (DC) and macrophages (as well as a large
variety of tissue culture cell lines [21]). An Hsp90–antigen–SREC-
I internalization pathway was characterized in these cell types
which was similar to a previously described mechanism involving
tubule like vesicles formation upon uptake of ligand–receptor complex
and known as CLIC (Clathrin independent carriers) or GEEC (GPI
anchored protein-enriched endocytic compartments) [9,10]. This
pathway is distinct from endocytic mechanisms involving
Clathrin and is heavily utilized by GPI-anchored proteins [32].
Although the significance of entry of HSP–SREC-I complexes
through the CLIC/GEEC pathway is not entirely clear, this mechan-
ism does appear to permit regulation of antigen cross presentation
by signal transducing molecules as discussed below. Hsp90–
polypeptide–SREC-I complexes were able to mediate cross presen-
tation of external chaperoned antigens, mediating processing in
both endosomal and proteasomal compartments.

It is not clear to what degree the antigen presentation pathways
involved with HSP-chaperoned antigens are similar to those used
by other forms of antigens. For free, unchaperoned antigens,
dedicated receptors have been shown to direct antigens to either
the MHC class II pathway or to cross-presentation via the MHC
class I complexes [6,11]. We have demonstrated that antigens
bound to Hsp90 could be internalized via SREC-I and later pro-
cessed. Internalized antigens could be loaded onto either MHC
class I (cross presentation) or MHC class II molecules (class II pre-
sentation). It is not known whether the scavenger receptor medi-
ates triage between the two MHC pathways or whether the
choice of pathways is stochastic. Antigen presentation then led to
specific activation of both CD8+ and CD4+ T cells. In these parallel
MHCI and MHCII antigen presentation pathways, SREC-I engage-
ment by Hsp90-bound antigens increased Cdc42 GTPase activity,
regulating actin assembly and polymerization and other signaling
pathways such as Src kinase signaling [33,41].

Receptor mediated internalization of Hsp90 bound antigens
rather than non-specific internalization of free antigens has two
potential advantages. Such HSP chaperoned antigens can be

protected from proteolysis during trafficking through the cell com-
partments and thus reduced amount of antigen would be required
to initiate both CD4+ and CD8+ T cell priming [23]. It is however
clear that we understand chaperone mediated antigen cross prim-
ing only in outline so far and that considerable further investiga-
tions are required in order to understand the basic mechanisms
involved. SREC-I thus plays a key role in receptor-mediated uptake
of chaperone-bound antigen presentation, protecting and trans-
porting its charges to the key intracellular sites.

3. Role of SREC-I in apoptotic cells engulfment

The elimination of defective and unwanted cells by apoptosis is
an essential process for maintenance of tissue homeostasis as well
as contributing to tumor regression in cytotoxic therapies. A rapid
and immunologically clean removal of these apoptotic cells is cru-
cial for evading inflammation, immune tolerance and homeostasis
[34]. Phagocytic cells recognize and engulf these dying cells
through several surface receptors expressed by these cells or by
the interaction of bridging soluble proteins that recognize ‘‘find-
me’’ and ‘‘eat-me’’ signals presented in apoptotic cells, as lipid
lysophosphatidylcholine (LPC) and phosphatidylserine (PS) [35].

The first suggestion that SREC-I could participate in the recogni-
tion and engulfment of apoptotic cells was when the transmem-
brane protein CED-1 from C. elegans was identified as an ortholog
of human SREC-I. CED-1 was reported to be responsible for the
recognition and internalization of apoptotic cells by C. elegans.
This receptor has a sequence similarity and shares a similar overall
structure with SREC-I [36]. Using GFP under control of ced-1 pro-
moter, it was demonstrated that CED-1 is expressed at high levels
in cells that can act as endocytic cells along the surface of cell
corpses but not in the dying cell. Mutations in the ced-1 gene that
cause loss of protein function resulted in a phenotype character-
ized by cell corpse retention, indicating that CED-1 is required
for identification and engulfment of apoptotic cells in C. elegans
[36].

More recently it was demonstrated that DC, macrophages and
endothelial cells expressing SREC-I could bind phosphatidyl serine
moieties exposed on the apoptotic cell surface [37]. Additionally,
the same group demonstrated that CD8a+ DCs expressing higher
levels of SREC-I were more capable of engulfing dying cells or
apoptotic cells than those of SREC-I�/� mice. Forced expression of
SREC-I in these SREC-I�/� DCs reversed the phenotypes and
enhanced uptake of dying cells. These findings indicated a role of
SREC-I in apoptotic cell engulfment and removing dying cells.
Additionally these knock-out mice had a spontaneous lupus-like
disease, with the presence of autoantibodies, indicating that
impairment in the SREC-I-mediated clearance of apoptotic cells
contributes to development of this autoimmune disorder [37].

4. Signaling through SREC-I

In addition to internalizing HSP-bound peptides, ligand-bound
SRECI appears to play a significant role in cell signaling. These sig-
naling properties appear to be related to the appearance of SREC-I
in lipid rafts after binding ligands such as Hsp90 [21]. Lipid rafts
are cholesterol and sphingolipid-rich membrane microdomains,
floating in the bulk membrane, that can concentrate molecules
involved in cell signaling [18]. Although lacking the glycer-
phophoinositide anchor domain motifs found in many raft-associ-
ated membrane proteins, SREC-I contains other motifs that would
permit it to associate with lipid rafts [22]. The S-acylation of cys-
teine residues close to the transmembrane domain, with highly
saturated palmitate residues, that can dissolve in the environment
of the lipid raft has been associated with the ability of cells without
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GPI anchor domains to enter lipid rafts [16–18]. SREC-I has five
cysteine residues immediately adjacent to the transmembrane
domain, making this a likely mechanism for the entry of SREC-I
into lipid rafts. Although SREC-I activities, such as ability of
ligand-binding and localization in the cell, has been shown to be
regulated by glycosylation of specific sites of this receptor, it is
not clear how ligand binding localizes SREC-I to lipid microdo-
mains of plasma membrane. The N-glycan of Asparagine N382 of
SREC-I modulates the affinity to its ligand, whereas N393 is respon-
sible for its cellular localization [42].

We have demonstrated that Hsp90–SRECI complexes, but not
unliganded SREC-I, could associate with the small GTPase Cdc42
and non-receptor tyrosine kinase Src, molecules tightly associated
with lipid rafts [21]. Cdc42 and Src activity appeared to be impor-
tant in regulating antigen cross presentation of Hsp90-associated
antigens in DC.

Lipid micro domains such as rafts also concentrate intermedi-
ates in the TLR4 signaling pathway in response to innate immune
stimuli [30]. We have found that SREC-I causes TLR4 to translocate
to lipid microdomain in the presence of LPS (A. Murshid & SK
Calderwood, in preparation). Our preliminary studies also showed
significant co-localization of SREC-I ligand Hsp90 along with SREC-
I and TLR4 in similar lipid raft domains (A. Murshid & SK
Calderwood, in preparation). HSP-triggered signaling through
SRECI may thus be involved both in amplifying antigen cross pre-
sentation and in stimulating innate immunity. It may be significant
that the other major HSP-binding scavenger receptor associated
with antigen cross presentation, LOX-1, although bearing no

sequence similarity compared with SRECI appeared to associate
with TLRs on ligand binding and mediate immune responses in a
similar way to SREC-I [14].

5. SREC-I, a potent receptor for inflammatory ligands

SREC-I can initiate immunological responses upon interacting
with and binding to ligands such as peptide-bearing HSPs. This
ligand–receptor interaction had distinct outcomes. In HSP–Ag
uptake through SREC-I, binding could activate Src signaling which
appeared to initiate internalization of the HSP–peptide–SREC-I
complex to endocytic vesicles [21].

SREC-I has been shown to recognize modified self-ligands, such
as acetylated LDL but also non-self molecules present in invading
pathogens [25,27]. This feature indicated SREC-I as an important
receptor for recognition of danger signals and the maintenance of
tissue homeostasis as well as the control of infection. SREC-I was
reported to trigger inflammatory signaling through the crosstalk
with co-receptors, as TLR family members. The outer membrane pro-
tein A (OmpA) from Klebsiella pneumoniae was shown to be a ligand
for SREC-I and LOX-1. In DCs and macrophages, exposure to OmpA
induced the production of pro-inflammatory cytokines and
chemokines, as IL-6 and IL-8 in a TLR2-dependent manner, suggest-
ing a cooperative pathway between SREC-I/LOX-1 and TLR2 [38].
SREC-I also bound to the fungal pathogens Cryptococcus neoformans
and Candida albicans, through the recognition of b-glucan residues
exposed on the cell surface of these organisms. This scavenger

Fig. 1. Different roles of SREC-I in immunity and dead cell removal. 1. Antigen presentation: Hsp–Ag interacts with SREC-I on antigen presenting cells and thus becomes
internalized by these cells. Cells then process the antigens and processed antigens can be loaded to either MHC-I or MHC-II molecules to activate adaptive immunity. 2.
Apoptotic cell engulfment. SREC-I binds to apoptotic cells through phosphatidylserine moiety exposed on apoptotic cells and can thus engulf them. Apoptotic bodies are then
internalized and processed in the lysosome. 3. Pathogens are recognized by both TLRs and SREC-I. This is accompanied by internalization of pathogens, activation of signaling
and transcription and release of cytokines.
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receptor in cooperation with TLR2 triggered the production of IL-1b,
CXCL2 and CXCL1 upon exposure to C. neoformans [39]. SREC-I
expressed by DCs was also demonstrated to bind to non-structural
protein 3 (NS3) of the hepatitis C virus, leading to IL-6 production
by these cells, in crosstalk with TLR2. Endocytosis of NS3 was
required to NS3-induced IL-6 production, underlying the impor-
tance of SREC-I as a scavenger receptor in the control of infections
[40].

Recently, TLR3 and TLR4 were also shown to cooperate with
SREC-I in ligand mediated signaling and cytokine production [41].
SREC-I was demonstrated to enhance poly:IC-mediated TLR3 activa-
tion and downstream signaling (A. Murshid and SK Calderwood in
preparation). TLR3 and SREC-I were shown to colocalize after
poly:IC treatment and the formation of TLR3–SREC-I complexes
increased IL-8 production by THP-1 macroophage/monocyte cells.
Also, it was demonstrated that poly:IC-induced SREC-I–TLR3 inter-
action led to amplified NF-jB pathway activity and an increase in
activated, phosphorylated forms of the MAP kinases p38 and c-jun
kinase (JNK). MAPK activation was required for IL-8 and IL-6 produc-
tion by THP-1 cells expressing both SREC-I and TLR3, upon poly:IC
stimulation (A. Murshid and SK Calderwood in preparation). We also
demonstrated that pathways downstream of LPS-TLR4 such as
MAPK and NfkB were activated in cells expressing SREC-I (A.
Murshid and SK Calderwood, in preparation).

6. Concluding remarks

Developing studies indicate a broad role for SREC-I in many
areas of cell physiology with important functions in vascular
endothelium, fibroblasts and immune cells. In immune cells, this
receptor appears to play roles in both innate and adaptive immu-
nity (Fig. 1). Its scavenger function also permits SREC-I to function
in engulfment of dead cells as well as internalization of extracellu-
lar HSPs. It may thus be involved in immune tolerance when apop-
totic cells are engulfed or by contrast in T cell stimulation when
HSP–peptide complexes are internalized and chaperone antigens
are presented by MHC classes I and II complexes. SREC-I is thus
an important receptor in APC such as macrophages and DC
(Fig. 1). SREC-I may also be a key component of innate immunity
and may recognize molecules involved in sterile inflammation
such as HSPs as well as PAMPS such as LPS and TLR3 ligands. The
receptor may thus coordinate immune responses to internal and
external antigens in DC.
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ABSTRACT
A high-salt diet (HSD) in humans is linked to a number of complications, including
hypertension and cardiovascular events. Whether a HSD affects the immune
response in transplantation is unknown. Using a murine transplantation model, we
investigated the effect of NaCl on the alloimmune response in vitro and in vivo.
Incremental NaCl concentrations in vitro augmented T cell proliferation in the set-
tings of both polyclonal and allospecific stimulation. Feeding a HSD to C57BL/6
wild-type recipients of bm12 allografts led to accelerated cardiac allograft rejection,
despite similar mean BP and serum sodium levels in HSD and normal salt diet (NSD)
groups. The accelerated rejection was associated with a reduction in the proportion
of CD4+Foxp3+ regulatory T cells (Tregs) and a significant decrease in Treg prolif-
eration, leading to an increased ratio of antigen-experiencedCD4+T cells to Tregs in
mice recipients of a HSD compared with mice recipients of a NSD. Because serum-
and glucocorticoid-regulated kinase-1 (SGK1) has been proposed as a potential
target of salt in immune cells, we fed a HSD to CD4CreSGK1fl/fl B6-transplanted
recipients and observed abrogation of the deleterious effect of a HSD in the ab-
sence of SGK1 on CD4+ cells. In summary, we show that NaCl negatively affects the
regulatory balance of T cells in transplantation and precipitates rejection in an SGK1-
dependent manner.

J Am Soc Nephrol 26: 2341–2347, 2015. doi: 10.1681/ASN.2014090914

The discovery of salt is considered a
fundamental milestone for humanity;
throughout history, salt extraction, pos-
session, and intake were a reflection of
the prosperity and wealth of a nation.
Virtual absence of dietary salt, as seen in
the Yanomami tribes living in the Am-
azon rainforests, is associated with zero
incidence of hypertension,1 whereas a

typical Western salt-rich diet has long
been associated with hypertension and
consequent cardiovascular morbidities.2

Surprisingly, however, it has recently
been shown that salt intake also affects
the immune system: using amurine exper-
imental autoimmune encephalomyelitis
(EAE) model, mice fed a high-salt diet
(HSD) had exacerbated disease mediated

by the induction of pathogenic TH17 T
cells.3–5 Furthermore, HSD has also been
shown to promote lymph capillary net-
work hyperplasia and increased skin infil-
tration by mononuclear phagocytic cells
in mice and rats.6,7

In transplantation, advances in immu-
nologic screening combined with devel-
opments in immunosuppression achieved
in the last several decades have resulted in
significant improvements in early graft
survival; the rates of late allograft loss,
however, remain unacceptably high.8

There have been only isolated reports ex-
amining the correlation of salt intake with
hypertension after transplantation,9,10

whereas there are no reports of the poten-
tial contribution of salt intake to the in-
cidence of rejection and allograft survival.
It is, therefore, unknown whether dietary
salt consumption could affect the
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alloimmune response and long-term allo-
graft survival. In this report, we sought to
examine the effect of salt on alloimmunity.
We report, for the first time, that salt
augments in vitro allospecific T cell pro-
liferation, whereas in a mouse model of
solid organ transplantation, feeding mice
an HSD results in accelerated allograft re-
jection caused by disturbance of the regu-
latory balance of T cells in vivo.

We first examined the effect of higher
salt concentration ([NaCl]) on T cell
proliferation in vitro using cultures of
naive murine splenocytes incubated in
medium enriched with incremental con-
centrations of NaCl (ranging from 0 to
40 mM) in the presence of aCD3 and
aCD28 (2 mg/ml) (Figure 1A). We ob-
served that increasing [NaCl] from 0 to
40 mM resulted in a significant increase
in proliferation, which was measured by
thymidine incorporation, from 23,6746
2063 to 49,80162423 counts per minute
(P,0.001). To further investigate this
observation in an alloimmune milieu
(Figure 1B), we primed reporter
C57Bl/6 Foxp3.GFP mice (B6 wild type
[WT]) a priori with intraperitoneal in-
jections of BALB/c splenocytes; 2 weeks
later, we isolated sensitized CD4+Foxp32

cells from these mice and cultured them
with irradiated BALB/c CD32 spleno-
cytes in the presence of incremental
[NaCl]. Indeed, increasing [NaCl] from
0 to 40mM again resulted in a significant
increase in T cell proliferation from
73556565.5 to 18,58861635 counts
per minute (P=0.004). This increase in
proliferation was specific to NaCl. Add-
ing urea to culture medium at 80 mM
concentration resulted in decreased cell
proliferation compared with standard
medium as measured by CFSE-negative
populations (77.1%60.3% versus 79.2%
60.3%, respectively; P=0.01), whereas
the addition of equiosmolar NaCl con-
centration (40mM) resulted in increased
cell proliferation compared with stan-
dard medium (85.2%60.6% versus
79.2%60.3%, respectively; P,0.001).

In light of these encouraging in vitro
findings, we then investigated the in vivo
response using a mouse model of
chronic rejection, in which bm12 hearts
are transplanted into B6 recipients. In

Figure 1. Increasing NaCl concentration in vitro augments polyclonal and allospecific T
cell proliferation. (A) Proliferation of splenocytes after stimulation with aCD3 and aCD28
(2 mg/ml) in the presence of incremental concentrations of NaCl. (B) Proliferation of spleno-
cytes after allospecific stimulation in the presence of incremental concentrations of NaCl.
B6 Foxp3.GFP mice were sensitized with intraperitoneal BALB/c splenocytes injection;
2 weeks later, CD4+Foxp32 cells were isolated by FACS sorting and cultured with mag-
netically isolated, irradiated BALB/c CD32 splenocytes. Thymidine was added at 72 hours
of culture, and incorporation was quantified 12 hours later. P values .0.05 are omitted.
CPM, counts per minute. *P,0.05; **P,0.01; ***P,0.001;

Figure 2. HSD accelerates cardiac allograft rejection independently of serum sodium or BP.
(A) Kaplan–Meier curves of allograft survival (n=8–9per group) of bm12 hearts transplanted
into B6 recipients fed either a NSD or a HSD. (B) Tail cuff MAP measured at 25 days post-
transplantation (n=8 per group; P=0.93). (C) Serum sodium of transplantedmicemeasured
at 3 weeks post-transplantation (n=6 per group; P=0.80). (D) Percentage weight change at
3 weeks post-transplantation in relation to baseline weight (n=4 per group). Dietary
modification was started 2 weeks before transplantation. *P,0.05; ***P,0.001.
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this MHC class II–mismatched cardiac
transplant model, allografts typically
survive.56 days, although they develop
progressive vasculopathy.11–14 The sur-
vival of allografts in this model is depen-
dent on the presence of regulatory T cells
(Tregs) that inhibit the expansion of the
small clone size of allospecific effector
T cells, which recognize the single mis-
matched MHC II molecule on donor
grafts.12,15,16 B6 recipients were fed ei-
ther normal-salt diet (NSD) or HSD
and allowed unrestricted access to free
water. We found that feeding mice
a HSD resulted in decreased allograft

survival compared with NSD, with ame-
dian survival time (MST) of 48 days
compared with .56 days, respectively
(n=8–9 per group; P=0.01) (Figure
2A). Given the nature of the transplant
(vascularized) and the intervention
(HSD), we investigated the potential
influence of hypertension: measure-
ment of BP (Figure 2B) 25 days post-
transplantation showed that mice fed
a NSD or aHSD had similarmean arterial
pressures (MAPs) of 65.3562.5 and
65.7664.4 mmHg, respectively (n=8 per
group; P=0.93). We also evaluated the ef-
fect of diet on serum sodium and weight

change (Figure 2, C and D): mice fed
a NSD or a HSD had serum sodium of
149.563.7 and 150.462.4 mEq/L (n=6–7
per group; P=0.83) and percentage
weight change of 7.449%60.5% and
22.421%60.6% (n=4 per group;
P,0.001), respectively. To reconcile the
in vitro effects of higher sodium concen-
tration with the in vivo findings associ-
ated with HSD despite unchanged serum
sodium, it is worth mentioning that pre-
vious work had shown that HSD results
in increased interstitial fluid and lym-
phatic sodium concentration without ef-
fect on serum sodium concentration.7

Figure 3. Transplant recipients fed with an HSD displayed both decreased proportion and proliferation of Tregs; bm12 hearts were
transplanted into B6mice fed with either anNSD or an HSD. Recipients were then euthanized at 25 days after transplantation; spleens and
allograft-draining LNs were harvested and analyzed by flow cytometry. Representative dot plots and histograms of flow cytometry gating
strategy on CD4+, Foxp3+, and Ki67+ subsets in (A) spleens and (B) LNs. Respective bar plots of percentages of Tregs (CD4+Foxp3+) and
their proliferation (CD4+Foxp3+Ki67+) are included. n=3 per group. Data are representative of three independent experiments. *P,0.05.
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To elucidate the mechanisms under-
lying the accelerated rejection observed
with HSD, we immunophenotyped
lymphocytes isolated from the allograft-
draining lymph nodes (LNs) and spleens
25 days post-transplantation using flow
cytometry (Figure 3). Analysis of the LNs
of recipients fed a HSD revealed a signif-
icant reduction in the proportion of Tregs
(Foxp3+ of CD4+ T cells) compared with
those fed a NSD (5.36%60.9% versus
15.47%61.7%, respectively; P=0.02);
furthermore, these Tregs proliferated sig-
nificantly less than those isolated from
NSD-fed mice, which was determined
by expression of the intracellular marker
Ki67 (14.45%60.15% versus 20.17%6
1.37%, respectively; P=0.05). There
was a slight reduction in the proportion
of splenic Tregs, albeit not statistically
significant (7.69%60.87% versus
9.77%60.46% with NSD, respectively;
P=0.10), whereas the proliferation of
splenic Tregs (Ki67+ of CD4+Foxp3+

cells) was also reduced in mice fed
a HSD compared with a NSD (23.65%
66.9% versus 44.97%60.42%; P=0.03).
The ratio of splenic CD4+CD44+/CD4+

Foxp3+ cells (Teffmem/Treg) was in-
creased in the HSD group compared
with the NSD group (2.57060.12 versus
1.54760.15, respectively; P=0.02). Al-
though salt has been shown to induce
Th17 cells (CD4+IL-17+) expansion in
an EAE model,4 spleen Th17 cells were
extremely rare in our model and not sig-
nificantly different between groups
(0.22%60.1% versus 0.08%60.04%, re-
spectively; P=0.28). In sum, the acceler-
ated rejection seen in HSD-fed recipients
was associated with a reduction in the
proportion of Tregs, primarily in the
draining LNs, along with a significant de-
crease in their proliferation, leading to an
increase in the CD4+ Teffmem/Treg ratio
compared with NSD-fed recipients.
Given these findings, we investigated
the extent of acute rejection and allograft
Treg infiltration. Histologic examination
of the grafts 25 days post-transplant re-
vealed a similar degree of rejection in both
groups as measured by the International
Society of Heart and Lung Transplanta-
tion classification27 (ISHLT-R) score
(2.360.3 versus 2.460.2, respectively;

Figure 4. Mice lacking SGK1 in CD4+ T cells seem to be protected against both the in vitro
NaCl-induced increased proliferation and the in vivo effects of HSD in transplantation. (A)
WT or CD4CreSGK1fl/fl B6 mice were sensitized with intraperitoneal BALB/c splenocytes
injections; 2 weeks later, CD4+ T cells weremagnetically isolated and cultured for 72 hours
with irradiated BALB/c CD32 cells in the presence of incremental concentrations of NaCl.
Proliferation was measured by thymidine incorporation (n=6 per group). (B) Spleen Teff-
mem/Treg ratios (CD4+CD44+/CD4+Foxp3+) and Tregs in spleens, draining LNs, and al-
lografts at 25 days after transplantation fromWTB6mice placed onNSD,WTmice onHSD,
and CD4CreSGK1fl/fl B6 mice on HSD (n=3 per group). Data are representative of three
independent experiments. (C) Photomicrographs of high-power fields (3400) of immu-
nohistochemistry staining of Foxp3+ cells in bm12 cardiac allografts 25 days after trans-
plantation inWT B6mice placed onNSD,WT B6mice placed on HSD, and CD4CreSGK1fl/fl
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n=5–6 per group; P=0.88); however, there
was significantly decreased Foxp3+ cell in-
filtration inmice fed HSD compared with
NSD (1.660.3 versus 10.161.6 cells per
HPF, respectively; n=3 per group;P=0.02)
as measured by immunohistochemistry.

Serum- and glucocorticoid-regulated
kinase-1 (SGK1) is a signaling kinase that
is induced by a variety of stimuli, in-
cluding glucocorticoids, aldosterone,
and hypertonicity.17–19 SGK1 has been
shown to play a major role in sodium
homeostasis and is expressed in a wide
array of cells, including those of the im-
mune system. As an example, SGK1 ac-
tivationwas shown to promote Th17 cell
polarization in an EAE model.4,5 Fur-
thermore, in an experimentally induced
asthma model in mice, SGK1 activation
favored TH2 phenotype polarization,
and SGK1 deletion in T cells was protec-
tive against asthma.20 We hypothesized
that the deleterious effects consequent to
HSD consumption observed in our
model were mediated by SGK1, and
therefore, we sought to examine its po-
tential role. Using mice with selective de-
letion of SGK1 in CD4+ cells (CD4Cre

SGK1fl/fl), we again examined the effect
of incremental concentrations of salt on
proliferation in vitro followed by inves-
tigation of the alloimmune response in
vivo using our cardiac transplantation
model.

In vitro, the salt-induced increased
proliferation of BALB/c–primed WT
B6 CD4+ T cells was abrogated when
primed B6 CD4CreSGK1fl/fl CD4+ T cells
were used instead (ANOVA P values of
0.01 versus 0.11, respectively) (Figure
4A). In vivo, the observed accelerated re-
jection of bm12 hearts transplanted into
WT B6 mice fed an HSD was abrogated
in HSD-fed B6 CD4CreSGK1fl/fl mice
(MST.56 days). Furthermore, the pro-
portion of splenic Tregs was also similar
between HSD-fed CD4CreSGK1fl/fl mice

and NSD-fed controls (10.83%60.12%
versus 9.770%60.4676%; n=3 per
group; P=0.09) (Figure 4B), resulting
in a similar splenic Teffmem/Treg ratio
between groups (1.77360.08 versus
1.54760.15; n=3 per group; P=0.28).
The proportion of Tregs in allograft-
draining LN did not significantly differ
between HSD-fed B6 CD4CreSGK1fl/fl

mice and NSD-fed controls (10.03%6
3.6% versus 15.47%61.7%, respectively;
n=3 per group; P=0.22). On allograft his-
tology, we observed a similar degree of
acute rejection between WT mice fed
NSD, WT mice fed HSD, and CD4Cre

SGK1fl/fl mice fed HSD (2.360.3 versus
2.460.2 versus 2.6760.3, respectively;
n=3–6 per group; ANOVA P=0.78); how-
ever, the HSD-induced reduction in allo-
graft Tregs observed inWTmicewas again
abrogated in HSD-fed CD4CreSGK1fl/fl

mice (1.6160.3 versus 10.461.3 cells per
HPF, respectively; n=3 per group;
P,0.01) (Figure 4C), indicating a critical
role of SGK1 in the acceleration of rejec-
tion by reducing Tregs in mice fed a HSD.

Two transcription factors, FoxO1 and
FoxO3a, play an important role in reg-
ulating Foxp3 expression in Tregs,21,22

and their deletion in mice results in a
fatal multifocal inflammatory disorder
caused by a defect in Tregs.23 Interest-
ingly, SGK1 is known to inactivate both
FoxO1 and FoxO3a by phosphorylating
them and promoting their sequestration
in the cytoplasm.4,24,25 Therefore, we hy-
pothesized that salt may inhibit FoxO1/
3a by activation of SGK1, leading ulti-
mately to the reduction in Tregs that
we observed thus far (Figure 4D). To
test this hypothesis, we measured phos-
phorylated FoxO1 and FoxO3a by flow
cytometry in WT and CD4CreSGK1fl/fl

Tregs cultured with and without addi-
tional NaCl. Indeed, increasing [NaCl]
in culture medium resulted in increased
FoxO1/FoxO3a phosphorylation in an

SGK1-dependent fashion (Figure 4E),
indicating a direct correlation between
salt, SGK1 activation, FoxO1/FoxO3a
phosphorylation, and ultimately, Treg
inhibition.

In summary, we report, for the first
time, immunologic effects of salt con-
sumption in amousemodel of solid organ
transplantation. First, we showed in-
creased proliferation of primed T cells
after exposure to higher [NaCl]. Second,
we observed that HSD-fed mice displayed
accelerated allograft rejection in the ab-
sence of elevated BPor alteration of serum
sodium concentration. Third, we found
that, in transplanted mice fed HSD, there
was a shift in the Teffmem/Treg balance
and that HSD was associated with both
decreased proliferation of splenic and
graft-draining LN Tregs and significantly
fewer Tregs infiltrating the allograft.
Fourth, we examined SGK1 as a potential
mediator of our observations: using a
conditional knockout model in which
CD4+ T cells lack SGK1, we found that
the increased proliferation, accelerated re-
jection, skewing of Teffmem/Treg balance,
and decreased allograft Tregs observed in
HSD-fed WT recipients were abrogated
by the lack of SGK1. Our findings
constitute a proof of concept of a delete-
rious, immune-modifying role of salt in
accelerating rejection in transplantation,
complementing previous evidence of
salt-induced autoimmunity. Given the en-
demic nature of salt consumption, addi-
tional investigation of its effect in human
transplantation is warranted.

CONCISE METHODS

Mice
WT C57BL/6 (B6), bm12, and BALB/c mice

were purchased from The Jackson Laboratory.

B6 CD4CreSGK1fl/fl mice were a gift from the

Kuchroo Laboratory. Allmice were 8–12weeks

of age, and they were harbored and used in

accordance with Harvard Medical School and

National Institutes of Health guidelines.

Transplantation
Vascularized heart grafts were placed in an

intra-abdominal location using microsurgi-

cal techniques as described by Corry et al.26

B6 mice placed on HSD. (D) Effect of salt on Tregs. Green arrows represent activation,
whereas the red arrow represents inhibitory signals. (E) Phosphorylated (inactivated) FoxO1
and FoxO3a transcription factors measured in control and CD4CreSGK1fl/fl Tregs cultured
with and without additional NaCl (+0 and +40 mM, respectively); BioHeat map generated
by flow cytometry illustrates fold change in the mean fluorescent intensity (MFI) of anti-
phosphorylated FoxO1/FoxO3a. CPM, counts per minute. *P,0.05; **P,0.01.
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Graft function was assessed by palpation of

the heartbeat; rejection was determined by

complete cessation of palpable heartbeat

and confirmed by direct visualization after

laparotomy. Graft survival is shown as the

MST in days. Mechanistic experiments with

transplanted mice were performed at the

time point in which rejection started to occur

in the HSD-treated group (approximately

day 25 post-transplant).

Diet Modification
Mice were fed either standard chow contain-

ing 0.28% Na (NSD) or chow containing

3.15% Na (HSD; 1810179; Pharmaserv Inc.)

beginning 2weeks before transplantation and

continued thereafter. Mice were allowed con-

tinuous access to free water.

Serum Sodium and BP
Measurements
Sodium was measured by the Roche Cobas

c501 Module sodium ion–specific electrode

on mice sera after at least 3 weeks on HSD or

NSD. BP was measured by tail transmission

photoplethysmography by the Visitech System

BP-2000 Series II, and MAP was calculated as

follows: MAP=[(23diastolic)+systolic]/3.

In Vitro Culture Media
Standard culture medium was enriched to

attain additional NaCl concentrations be-

tween 0 and 40 mM by adding NaCl (Sigma

Life Science). Osmotic control was done with

urea-enriched culture media (0–80 mM;

Sigma Life Science).

In Vitro Cell Cultures and
Proliferation Assay
For polyclonal proliferation, naïve B6 spleno-

cytes were cultured with aCD3 and aCD28

(final well concentration of 2 mg/ml) and in-

crements of NaCl-enriched culture media for

72 hours. For allospecific proliferation, WT

B6, B6 FoxP3.GFP, or B6 CD4CreSGK1fl/fl

mice were sensitized with an intraperitoneal

injection of 15 million BALB/c splenocytes

and euthanized at least 2 weeks thereafter.

CD4+FoxP3.GFP2 T cells were isolated by

FACS sorting and cocultured in culture me-

dia enriched by incremental concentrations

of NaCl with irradiated CD32–depleted

BALB/c splenocytes. Proliferation was mea-

sured 72 hours later by quantification of thy-

midine incorporation. For osmotic control,

cells were stained with 10 mM CFSE in the

presence of additional salt (0–40 mM) or

urea (0–80 mM), and proliferation was mea-

sured by CFSE dilution by flow cytometry 72

hours later.

Flow Cytometry
Transplanted mice spleens and draining LNs

were harvested, and single-cell suspensions

were prepared. Cells were stained with

fluorochrome-labeled mAbs against CD4,

CD8, B220, CD62 ligand (CD62L), CD44,

CD25, Ki67, and Foxp3. Intracellular staining

for Foxp3 and Ki67 was performed after per-

meabilization of the cells using the eBioscience

Foxp3 Fixation/Permeabilization Solution.

Flow cytometry was performed using a BD

FACSCanto II Cytometer and analyzed using

FlowJo software.

Phosphorylated FoxO1 and FoxO3a
Measurement
Tregs were isolated using the EasySep Mouse

CD4+CD25+ Regulatory T Cell Isolation Kit

(Stem Cell). Cells were cultured with aCD3

and aCD28 (final well concentration of 2 mg/ml)

for 10 or 60 min with and without additional

NaCl. Cells were then fixed with BD Cytofix

(BD Biosciences) and permeabilized with

Perm Buffer III (BD Biosciences); then, they

were stained with a primary anti-phospho–

FoxO1/3aT24/T32 antibody (Cell Signaling

Technology) and a secondary anti-rabbit

IgG Alexa 488 antibody (Molecular Probes).

Flow cytometry was performed using a BD

FACSCanto II Cytometer and analyzed using

FlowJo software. BioHeat maps were gener-

ated with the web-based software Cytobank

(www.cytobank.org).

Histopathology
Cardiac graft samples from transplantedmice

were harvested frombothNSD- andHSD-fed

groups at 25 days post-transplantation.Grafts

were then fixed in 10% formalin, embedded

in paraffin, transversely sectioned, and

stained with H&E stain. Using the revised

ISHLT-R,27 a blinded transplant pathologist

graded the degree of rejection (0–3). Immu-

nohistochemistry for Foxp3+ cells was per-

formed on formalin-fixed, paraffin-embedded

allografts sections; cells were counted in at

least 10 high-power fields per sample, and

individual sample counts were averaged

thereafter.

Statistical Analyses
Statistical analyses were performed using

Prism 5.0b of Graphpad software. Kaplan–

Meier curves were used to generate allograft

survival curves, and log-rank test was used to

comparemedian survival. Two-way unpaired

t test and ANOVAwere used to compare da-

tasets. P values,0.05 were considered statis-

tically significant.
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a  b  s  t  r  a  c t

Scavenger  receptor  associated  with  endothelial  cells  (SREC-I)  was previously  shown  to be  expressed  by
immune  cells  and  to play  a  role in  CD8+-mediated  T cell  immunity.  SREC-I was also  shown  to modu-
late  the  function  of  Toll  like  receptors  with  essential  roles in innate  immunity.  Here we have  shown
that  SREC-I  enhanced  double  stranded RNA  (dsRNA)-mediated  Toll like receptor-3  (TLR3)  activation.
Viral double  stranded  RNA  (dsRNA)  was demonstrated  to be  a pathogen  associated  molecular  pattern
(PAMP)  signaling  viral infection.  We found  that  in  human monocyte/macrophage  THP1 cells  as  well  as
murine  bone  marrow  derived  macrophages  SREC-I  led  to elevated  responses  to the  dsRNA-like  molecule
polyinosine–polycytidylic  acid  (Poly  I:C)  and  enhanced  production  of  inflammatory  cytokines. Our  data
also  showed  that intracellular/endocytic  TLR3  could directly  interact  with  SREC-I  in  the  presence  of  Poly
I:C.  The  internalized  ligand,  along  with  TLR3  and  SREC-I  localized  in endosomes  within  macrophages
and in  HEK293  cells  engineered  to express  TLR3  and SREC-I.  SREC-I  also  stimulated  dsRNA-mediated
TLR3  activation  of  signaling  through  the  NF��,  MAP  kinase  and  interferon  regulatory  factor 3 (IRF3)
pathways  leading  to expression  of  cytokines,  most  notably interleukin-8  and interferon-�. We  therefore
hypothesized  that SREC-I  could be  a receptor  capable  of  internalizing  Poly I:C, boosting  TLR3  mediated
inflammatory  signaling  and  stimulating  cytokine  production  in macrophages.

© 2015 Elsevier  GmbH.  All  rights  reserved.

Introduction

Toll like receptors (TLRs) and pattern recognition receptors have
been shown to be responsible for activating immune responses in
the presence of  pathogens or pathogen-associated molecules (Akira
and Takeda, 2004). These receptors were also  shown to transduce
signals for innate immunity in  the presence of  pathogen associ-
ated molecular pattern (PAMP) molecules (Akira and Takeda, 2004;
Beutler 2004). The TLRs are members of  a protein family the indi-
vidual members of  which differ in terms of  their ligand specificity,
cellular localization and signaling pathways. TLRs 1, 2, 4,  5 and 6
were detected on the plasma membrane while others such as TLR 3,
7 and 9  were characterized as “endosomal TLRs” (Akira and Takeda,
2004; McGettrick and O’Neill, 2010). Among endosomal TLRs, TLR3
was unique in being activated by binding viral double stranded

∗ Corresponding author at: BIDMC, Center for Life Sciences, 3  Blackfan Circle,
Boston, MA 02115, United States.

E-mail address: scalderw@bidmc.harvard.edu (S.K. Calderwood).

RNA (dsRNA) (Kumar et al.,  2006; Takahashi et  al.,  2006). Viral
double stranded RNA, produced during the replication of many
viruses has been shown to be a  PAMP, indicating viral infection
(Pirher et  al.,  2008; Alexopoulou et  al.,  2001). The other commonly
known nucleic acid PAMP, CpG DNA (unmethylated bacterial DNA)
was found to be recognized by another member of  the endosomal
TLR family, TLR9 (Chuang et  al.,  2002). These endosomal receptors
were shown to  translocate from their  storage site in the endoplas-
mic reticulum (ER) to endosomal sites upon arrival of  internalized
PAMP ligands at the endosomes. It has been shown that immune
cells possess several systems for response to  dsRNA including TLR3
present in endosomes, as  well as  number of  cytoplasmic sensors
including protein kinase R, RIG-1 (retinoic acid-inducible gene I)
and the recently discovered surface relocated TLR3 (Pohar et al.,
2013). These molecules were established as sensors of  dsRNA in
several cellular compartments and were shown to activate the
innate immune response by  triggering a  number of  signaling cas-
cades, including the NF�B,  IRF3 and MAP kinase pathways (Liu et al.,
2008). Such dsRNA sensors were thus implicated in transcription of
cytokine genes. Recently it was shown that TLR3 could localize to

http://dx.doi.org/10.1016/j.imbio.2014.12.011
0171-2985/© 2015 Elsevier GmbH. All rights reserved.
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the cell surface in  the presence of dsRNA and UNC93B1 (an acces-
sory protein shown to interact with TLRs 3,  7, 9, 11 and 14) in
some endothelial, epithelial and fibroblastic cells (such as human
lung fibroblast cells) (Andrade et al.,  2013; Brinkmann et  al., 2007;
Pifer et al.,  2011). Recently there was a  report on the role of the
ectodomain of  TLR3 in  trafficking to the plasma membrane (Pohar
et al., 2014).

We have examined another class of potential sensors for dsRNA
–  scavenger receptors which have been shown to bind polyanionic
ligands. We detected SREC-I both on the cell surface and in endo-
somes along with TLR3, on stimulation with Poly I:C. SREC-I could
play roles in  detecting dsRNA in alternative cellular compartments
and could potentially trigger the trafficking of TLR3 from the surface
to endosomes where actual signaling could likely occur. We have
therefore examined the ability of  SREC-I to  modulate the response
of immune cells to the model dsRNA-Poly I:C.

Materials and methods

Reagents and Abs

Rabbit polyclonal human anti  SREC-I Ab was rabbit monoclonal
was custom synthesized by  GenScript (Piscataway, NJ) against the
specific peptide sequence (TQGTQGSTLDPAGQC). Commercially
available anti SREC-I abs  was also purchased from Atlas Antibodies.
Anti TLR3 Ab was from Abcam. All  secondary fluorescent Abs were
from Jackson Immunoresearch Laboratories. Rhodamine-labeled
TLR3 was purchased from Invivogen. Poly I:C HMW was pur-
chased from Invivogen. TLR3-CFP plasmid was from Addgene. Anti
Phospho-p38, anti p38, anti  phospho-JNK, anti JNK, anti phospho-
p65, anti  p65, anti Src  anti-phosphor-Src (416), IRF3 antibodies
were purchased from Cell Signaling Technology. Anti LAMP1 and
anti GFP antibodies were from Abcam. Anti phospho-IRF3 antibod-
ies were from Abcam. PP2 and Bafilomycin were purchased from
Sigma–Aldrich. Normocin was from Invivogen.

Cells and culture conditions

THP1 and HEK293 cells were transfected with human full length
SREC-I in pcDNA3 for stable expression of SREC-I. HEK293 cells
stable TLR3 was purchased from Invivogen and cultured accord-
ing to  manufacturer’s instruction. THP1 and HEK293 cells were
maintained in RPMI 1640 and DMEM respectively with 10% heat
inactivated FBS and penicillin–streptomycin. For generation of  sta-
ble SREC-I-expressing cell lines, cells were selected and maintained
in the same medium plus 400 mg/ml G418. HEK293-TLR3 stable cell
line was also maintained with 100 �g/ml Normocin. Differentiation
of  THP1 macrophages from undifferentiated ones was performed
by treating the cells with 5–10 ng/ml of phorbol 12-myristate 13-
acetate (PMA) for 72  h or 50 ng/ml for overnight. SREC-I expression
in differentiated THP1 macrophages was induced by incubating
cells with 1–5 ng/ml of LPS for 12  h.  Bone marrow derived cells
were isolated from C57/BL6J mice. The cells were then grown in
RPMI supplemented with 10% heat inactivated serum and peni-
cillin and streptomycin, along with L929 supernatant (media) to
differentiate into macrophages. For inducing SREC-I expression in
these macrophages, cells were incubated with 1–5 ng/ml of  LPS for
12 h.

Plasmids

The pcDNA3.1-SREC-I (human) was a  generous gift from Dr. H.
Adachi. FLAG–SREC-I construct was made in  3xFLAG-CMV vector
as described in  Murshid et al. (2010).  TLR3-CFP was from Addgene.
Human SREC-I-GFP was constructed in  EGFP-N1 vector (Clontech).

Both  human and mice SREC-I (siRNA) and TLR3 (siRNA) constructs
were purchased from Santa Cruz Biotech.

Immunofluorescence and microscopic analysis of Poly I:C
internalization

HEK293 and bone marrow derived macrophages cells were
incubated with Poly I:C for 20–30 min  on ice. The ice-cold medium
was then replaced by warm medium and incubated at 37 ◦C for
different periods. Cells were later washed with ice-cold stripping
buffer (50 mM sodium citrate and 280 mM  sucrose [pH 4.6]) to
remove unbound ligand. Later, the cells were fixed with 4% para-
formaldehyde and permeabilized with 0.1% Triton X-100. Cells
were stained with different primary (anti FLAG m2, anti LAMP1, and
anti  TLR3 antibodies) and secondary antibodies (Goat anti mouse
Alexa 488, Goat anti rabbit/mouse Cy3, Goat anti mouse/rabbit Cy5)
and later analyzed using a  Zeiss 510 confocal microscope (Carl Zeiss,
Jena, Germany). Fluorophores were visualized using the following
filter sets: 488 nm excitation and band pass 505–530 emission filter
for Alexa 488; 543  nm excitation and band pass 560–615 for Cy3;
and 633 excitation and long pass 650 for Cy5. Images were taken
using a  633 numerical aperture 1.4 oil immersion objective lens
(Carl Zeiss, Jena, Germany). Figures were made using Adobe Pho-
toshop 7.0 (Adobe Systems, San Jose, CA) with little or no contrast
adjustments without altering original images.

SEAP reporter assay

The secreted form of  embryonic alkaline phosphatase (SEAP)-
NFк� promoter-reporter assay kit was utilized as a  convenient
and sensitive method to determine promoter activity in  cells
transfected with the SEAP expression plasmid. HEK293 cells were
transfected with plasmids encoding FLAG-SREC-I, TLR3 and the
reporter constructs NF��-SEAP and CMV-SEAP (control expression
vector). NF�� activity was measured indirectly by  catalytic hydrol-
ysis reaction of p-nitrophenyl phosphate producing a  yellow end
product that was read spectrophotometrically at 405 nm.

Western blotting and immunoprecipitation

HEK293 cells stably expressing TLR3 were transfected with
SREC-I-GFP and then incubated with or without Poly I:C  (10 �g/ml)
for 30 min. Cells were then washed with ice-cold Dulbecco’s
phosphate-buffered saline (PBS) and lysed in NP-40 lysis buffer
(containing 1% Nonidet P-40, 150 mM NaCl, 1  mM EDTA, 1  mM
PMSF, 1× HALT protease and phosphatase inhibitor cocktail
(Thermo Scientific). For Western blotting, 15–30 �g of  protein
were resolved by 4–15% gradient SDS–PAGE and transferred to
PVDF (polyvinylidene fluoride) membranes. Membranes were
immunoblotted with primary antibodies and later secondary anti-
bodies that are  HRP-conjugated. The membrane reactions were
visualized by Perkin Elmer enhanced chemiluminescence reagents.
For  immunoprecipitation, 1 mg of  cell extract was incubated with
5 �g of  anti rabbit-GFP antibody or  IgG (control) for 2  h at 4 ◦C
followed by incubation with 20 �l  of  protein G (50% slurry, GE
healthcare) plus-sepharose beads  for either 2  h at room temper-
ature or overnight at 4 ◦C.  The beads were then washed with
NP40-lysis buffer and complexes were eluted by boiling in  Laemmli
sample buffer.

ELISA

A human microanylate ELISA array was used to measure
cytokine production by human THP1 cells treated with TLR3 ligand
Poly I:C. Values represent the optical density. The kit was purchased
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Fig. 1.  TLR3 was colocalized with SREC-I at the cell  surface and in intracellular compartments in the presence of Poly I:C. (A and B) TLR3 colocalized with SREC-I in HEK
293–TLR3–SREC-I overexpressing cells. HEK293 cells were transfected with FLAG-SREC-I and TLR3-CFP for 22 h.  Cells were then incubated without (A) or with  (B) Poly I:C
(10  �g/ml) on  ice for 30  min. Cells (A) and (B) were then fixed with 4% para formaldehyde and permeabilized with 0.1% Triton X-100 (A) or not (B). Cells were then stained
for FLAG with anti-FLAG M2 antibody (green). (C) HEK293 cells were transfected with FLAG-SREC-I and TLR3-CFP for 22 h. Cells were then incubated Poly I:C (10 �g/ml) on
ice  for 30  min  followed by  incubation with warm media at 37 ◦C  for 20  min. Cells were then fixed with 4% PFA and permeabilized with 0.1% Triton X-100. Cells were stained
with  anti-FLAG antibody (green). (D) HEK293 cells were transfected with FLAG-SREC-1 or TLR3-CFP for 18  h.  Cells were incubated with Poly  I:C (10 �g/ml) for 1  h  and then
fixed and stained with anti-FLAG M2 ab (green). (E) Differentiated THP1 cells were transfected with FLAG-SREC-I and TLR3-CFP for 22  h.  Cells were then incubated with Poly
I:C  (10 �g/ml) for 1 h  and then fixed and permeabilized as in (D). Cells were stained for SREC-I (green), with anti-FLAG Ab, LAMP1 with anti-LAMP1 (red). TLR3-CFP is  in blue.
Experiments were repeated twice with reproducible findings. Scale bar 2 �m. (For interpretation of  the references to  color in this figure legend, the reader is referred to the
web  version of the article.)

from Qiagen (SA Biosciences) according to  manufacturer’s proto-
col. THP1 cells and BMDM (bone marrow derived macrophages)
were treated transfected with siRNA of SREC-I for 72  h and cells
were then incubated with Poly I:C (10 �g/ml) or not. The secreted

cytokines were measured using ELISA microanylate array kit  or
other kits  from BD  Biosciences (IL-6, IL-8, and IFN�). The optical
density was measured either using BioRad plate or BioTec reader
using appropriate software and wavelength.
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Results

We first investigated the relative cellular locations of  SREC-I and
TLR3 without and with exposure to ligand. Experiments were car-
ried out in  HEK 293 initially for ease in gene transfection. Prior to
addition of  Poly I:C, FLAG-SREC-I was found largely in intracellular
organelles resembling endosomes or endoplasmic reticulum (ER),
while TLR3 (TLR3-CFP) appeared to reside largely in cytoplasmic
membrane structures (Fig. 1A). Upon Poly I:C exposure in HEK293
cells expressing FLAG-SREC-I, the TLR3-CFP appeared to  become co-
localized along with the SREC-I at plasma membrane-endosomal
sites (Fig. 1B). Incubation of the cells expressing FLAG-SREC-I and
TLR3-CFP with Poly I:C at 37 ◦C,  resulted in relocalization of the
receptors to an  intracellular compartment (Fig. 1C). On the other
hand, in control experiments, we did not observe Poly I:C induced
translocation of FLAG-SREC-I to the plasma membrane from cyto-
solic compartments in  HEK293 cells lacking TLR3 (Fig. 1D). In
addition, TLR3-CFP was not re-localized to the plasma membrane in
the presence of Poly I:C in  HEK293 cells that  did not express SREC-I
(Fig. 1D) suggesting a  role for SREC-I for relocation of  TLR3.

We also carried out experiments in cells of  myeloid lineage
(Fig. 1E). These were THP1 human monocytes differentiated to
macrophages by  exposure to PMA. In common with the HEK293
experiments (Fig. 1C), treatment with Poly I:C led to localization
of  both SREC-I and TLR3 in intracellular vesicles (Fig. 1E). Inter-
estingly, many of these structures were stained with antibodies to
the lysosomal protein LAMP1 suggesting co-localization of SREC-
I and TLR3 to a lysosomal/endolysosomal compartment after Poly
I:C treatment.

It  was suggested in  earlier reports that TLR3 trafficking to
the endosomes and plasma membrane required UNC93B1 activ-
ity (Pohar et  al.,  2013). However we observed trafficking of  TLR3
to the plasma membrane in HEK293 cells that do not  express
UNC93B1cells but engineered to express SREC-I. It was shown
recently by  Poher et  al. that even though UNC93B1 could acti-
vate TLR3 and be responsible for TLR3 trafficking from ER to
endo/lysosomal sites, this adaptor itself did not  traffic to the plasma
membrane along with TLR3 (Kim et al.,  2008). This group later
reported that the ectodomain was responsible for plasma mem-
brane translocation of  TLR3 in the presence of UNC93B1 (Pohar
et  al.,  2013, 2014). Here we observed that TLR3 could traffic to the
plasma membrane in the absence of  UNC93B1 expression. We also
observed colocalization of TLR3 and SREC-I in the endo/lysosomal
compartment in the presence of  Poly I:C in bone marrow derived
macrophages (data not shown). As these two receptors are local-
ized in ER or endosomal membrane compartments without or  with
Poly I:C respectively, it could be predicted that activated SREC-I
might be an  ER to cell surface trafficking/translocating receptor for
TLR3. Thus SREC-I could potentially substitute for UNC93B1 in  cells
lacking or deficient in UNC93B1 expression.

We next asked whether SREC-I could interact physically with
TLR3 using co-immunoprecipitation analysis. Indeed, SREC-I was
minimally co-immunoprecipitated with TLR3 by  exposure of
HEK293-TLR3 stable cells overexpressing SREC-I-GFP to Poly I:C
(Fig. 2). We did not see any  sort of  interaction between these two
receptors in  the absence of TLR3 ligand. Thus these two  receptors
might interact directly in  response to Poly I:C.

We next  examined signaling pathways that could potentially
transmit the effects of  poly I:C-induced SREC-I–TLR3 interactions
into the cytoplasm. We investigated activity of  the NF��  pathway
and of  the MAP kinases, p38 and c-jun kinase (JNK) using phospho-
specific antibodies that detect the phosphorylated, active forms of
p65, p38 and JNK (Fig. 3A–C) and NF�� activity was also monitored
by the SEAP promoter-reporter assay (Fig. 3F). Experiments were
initially carried out in  HEK293 cells with forced expression of:  (a)
neither receptor, (b) TLR3 alone or (c) TLR3 plus SREC-I. We found

Fig. 2. TLR3 was associated with SREC-I in the presence of  Poly I:C in HEK293
cells. HEK293 cells stably expressing TLR3 was transfected with  SREC-I-GFP for 22 h.
Cells were then treated with or without 10  �g/ml Poly I:C for 30 min. Cell lysates
were collected and SREC-I-GFP was  immunoprecipitated using anti-GFP antibody
and anti-GFP Ab and then the precipitated complexes were subjected to SDS–PAGE
analysis followed by  blotting for TLR3 using anti-TLR3 antibody. Experiments were
carried out twice, reproducibly.

that maximal activation of p38, JNK and NF�B required both TLR3
and SREC-I (Fig. 3A–C). Likewise with NF�B  reporter assays, maxi-
mal NF�B activation required expression of both TLR3 and SREC-I
(Fig. 3E).

We also carried out parallel experiments on NF�B activity in
BMDM and observed an elevated level of  phospho-p65 in BMDM
expressing both TLR3 and SREC-I (Fig. 3D). As  BMDM express both
receptors constitutively, levels of SREC-I were modulated by  RNA
interference using siRNA. Indeed, BMDM cells knocked down for
SREC-I showed decreased levels of  phosphorylated p65 comparing
to  the level seen in  cells expressing both receptors (Fig. 3D).

We next measured activity of  IFR3 (Interferon Regulatory factor
3) in  BMDM cells expressing both TLR3 and SREC-I or cells express-
ing TLR3 alone (SREC-I was knocked down using siRNA). IRF3 plays
a critical role in immunity to  DNA and RNA viruses and becomes
phosphorylated in  the presence of  dsRNA (Gu et  al., 2014). We
observed the level of  phosphorylated IFR3 in BMDM to be increased
in cells expressing both SREC-I and TLR3, in the presence of  Poly I:C,
compared to TLR3 only where activation was minimal (Fig. 3F).

We next studied the role  of SREC-I in Poly I:C-mediated cytokine
release. We used an array approach to  examine a  range of cytokines.
Assays were carried out on wild type,  undifferentiated THP1 mono-
cytic cells overexpressing TLR3 with or without SREC-I (Fig. 4).
Secretion of IL-8  (Interleukin-8) from THP1 cells was minimal in the
absence of  ligand when either receptor was absent (Fig. 4). How-
ever, ligand-dependent secretion of IL-8  was strongly enhanced
when SREC-I was overexpressed along with TLR3 (compared to
TLR3 alone). There were minimal SREC-I mediated changes in secre-
tion of  other cytokines including IFN� and TNF�.  As IL-8 seemed a
major target for Poly I:C–SREC-I–TLR3, we then examined a  range
of other chemokines (Fig. 4B). As  in Fig. 4A, IL-8 was released at
maximum levels by  THP1 cells expressing both receptors in the
presence of  Poly I:C compared to control cells, while the release of
MCP-1, RANTES, IP-10 and MIG was strongly induced in the pres-
ence of  TLR3 with or  without SREC-I overexpression (Fig. 4B). We
observed an  approximate 2.5-fold increase in  IL-8 release in  cells
expressing both SREC-I and TLR3 compared with those expressing
TLR3 alone (Fig. 4B). Again these effects were specific for IL-8  and
were not  duplicated for the other chemokines.

We then investigated the role of MAPK phosphorylation in IL-8
and IL-6 secretion by  THP1 cells. THP1 cells engineered to overex-
press both SREC-I and TLR3 released significantly more IL-8  in  the
presence of  10 �g of  Poly I:C in comparison to the cells express-
ing  SREC-I or TLR3 only (Fig. 5A). SREC-I alone did not mediate a
detectable response to  Poly I:C. Release of  IL-6 after Poly I:C  expo-
sure was similarly regulated by SREC-I and TLR3 (Fig. 5C). Earlier
we had observed an  increase in phosphorylation of  MAP kinases
in cells expressing both TLR3 and SREC-I in the presence of Poly
I:C (Fig. 2A and B). We now examined whether activation of  these
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Fig. 3.  Poly I:C enhanced MAP Kinase and NF��  activity in the presence of  both  TLR3 and SREC-I. (A–C) HEK293–TLR3 cells were transfected with SREC-I or untransfected
HEK293–TLR3  cells were then incubated with  or without Poly I:C (10 �g/ml) for 2 h. Cell  lysates were collected and then subjected to  SDS–PAGE and western blotting with
appropriate antibodies. (D) Bone marrow derived macrophages (BMDM) were transfected with siRNA of  SREC-I for 72  h.  Cells were then incubated with Poly I:C (or not) as
in  (A). Cell were lysed and equal amount of  protein were subjected to SDS–PAGE and western blotting using anti-phospho-p65 antibody and anti-p65 antibody. (E) BMDM
cells  were treated as in (D)  and then cell lysates were subjected to SDS–PAGE and western blotting using antibodies shown in (E). (F) HEK293–TLR3 cells were transfected
with  SREC-I or not and also NF��-SEAP/CMV-SEAP constructs. Cells were incubated with  Poly I:C (10 �g/ml)/ODN2395 (10 �g/ml), a non TLR3 ligand. NF�� activity was
measured  as instructed by  NF��-SEAporter assay kit. Similar results were observed in two separate experiments.
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Fig. 4. SREC-I enhanced IL-8 release from THP1 cells in the presence of TLR3 ligand. (A) THP1 cells were transfected with TLR3 or TLR3 and SREC-I expression plasmids for 22 h.
Cells  were incubated with 10  �g Poly I:C for 12  h and then assayed for cytokine production using a  human cytokine multianylate ELISA array kit according to  manufacturer’s
protocol.  (B) THP1  cells treated as in (A) and then assayed for chemokines using multianylate ELISA array kit according to  Manufacturer’s protocol. Data  represent the mean
of  two independent experiments.

upstream MAP kinase pathways was necessary for IL-8 and IL-6
release by  these cells. THP1 cells were incubated with PD98059 a
specific ERK inhibitor, SB203580 a p38 inhibitor or the JNK inhibitor
II for 1  h before incubation with Poly I:C (Fig. 5B and D). We observed
sharp decreases in  both Poly I:C-induced IL-8 and IL-6 release when
the cells were exposed to each of  these inhibitors prior to incu-
bation with Poly I:C. It  therefore seemed that, cytokine release
involved activation of  each of  the three MAP kinase pathways. We

also  observed increased secretion of IL-6 in  an alternative cell type,
BMDM expressing both TLR3 and SREC-I (Fig. 5F). Knocking down
either of these receptors by siRNA decreased secretion of this proin-
flammatory cytokine, Il-6 by these cells (Fig. 5F).

We next examined the release of the IRF3 target cytokine
IFN� in  THP1 after differentiation of  these cells to macrophages
with PMA for a  prolonged period, 72 h (Fig. 5E). (Differentiation
upregulates TLR3 to  detectable levels – data not shown.) Wild
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Fig. 5.  Poly I:C–SREC-I–TLR3-induced IL-8 release required MAP Kinase activity. (A) THP1  cells were transfected with TLR3/SREC-I or TLR3 and SREC-I expression plasmids
for  22 h. Cells were incubated with Poly I:C (10  �g/ml) for 12 h  and then assayed for IL-8 release. (B) THP1 cells were transfected with SREC-I and TLR3 for 22 h  and then
incubated  with  the ERK inhibitor (PD98059), p38 inhibitor (SB203580) or the JNK inhibitor (JNK inhibitor II) (10 �M) for 1  h  right before incubation with incubation with
Poly  I:C for 12  h. IL-8 secretion was assayed according to  manufacturer’s instructions. (C) THP1 cells were treated as in (A) and then IL-6 release was assayed according to
manufacturer’s instruction. (D) THP1  cells were treated as in (B) and IL-6 release was  assayed. (E) THP1  cells were treated with PMA (5–10 ng/ml) for 72 h. Cells were then
transfected  with siRNA SREC-I or siRNA TLR3. Cells were incubated with  Poly  I:C for 12 h  and then IFN� release was measured according to  manufacturer’s protocol. (F)
BMDM  cells were transfected with siRNA SREC-I/TLR3 or not. Wild type or TLR3 knocked down (siRNA) cells were also treated with 1–5 ng/ml of LPS for 12 h. Cells were then
incubated  with  Poly I:C for 12 h. Secreted IL-6 in media was  measured according to manufacturer’s protocol. Experiment was repeated twice. Data shown are the mean ±  SD
of  results from those two experiments.
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Fig. 6. Poly  I:C-TLR3-mediated IL-8 release required SREC-I mediated internalization and acidification of  endosomes. (A) THP1–TLR3 cells were transfected with or without
SREC-I for 22  h  and then incubated with  10  �g Poly I:C for indicated time. IL-8 release from cells was  then assayed. (B) THP1-TLR3 cells were transfected as in (A) and then
incubated with  or without Bafilomycin A  (0.2 �M for 20 min) or PP2 (10  �M for 12 h). Cells were incubated with  Poly  I:C for 12 h  and then IL-8 release from THP1 cells were
assayed.  (C) Differentiated THP1 cells were transfected with  siRNA SREC-I for 72 h and then cells were treated with  Poly I:C (10 �g/ml) for 2 h.  Cells were then lysed and
equal amount of protein in lysate  were subjected to SDS–PAGE and western blotting using appropriate antibodies. Experiments were carried out twice reproducibly.
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type differentiated THP1 macrophages were also treated with LPS
(1–5 ng/ml) for 12 h for inducing SREC-I expression prior to  incu-
bation with Poly I:C (Fig. 5E). It  has been shown earlier that
LPS incubation can induce expression of SREC-I in macrophages
(Tamura et al., 2004). These cells were then transfected with either
siRNA species targeting SREC-I or TLR3. Cells expressing TLR3 only
(SREC-I knockdown) responded to Poly I:C  to release IFN� while
secretion was increased when cells expressed both the receptors
(Fig. 5E). A limited number of parallel experiments were carried out
on BMDM. We observed sharp increases in  IL-6 release by BMDM
expressing IRF3 treated with Poly I:C and these were amplified by
SREC-I expression.

Since IL-8 release in the presence of  Poly I:C and SREC-I was
significant in the experiments shown earlier, we  next focused on
this cytokine. In kinetic studies, we  found IL-8 secretion to be sig-
nificantly increased after 1  h incubation with Poly I:C when THP1
cells overexpressed both receptors (Fig. 6A). We also noticed that
the amount of  IL-8 release was decreased with 4 h incubation with
Poly I:C (Fig. 6A). Later we also observed a  second wave of IL-8
release after 6  h and 12  h incubation with Poly I:C in the same THP1
cells overexpressing both SREC-I and TLR3. Although we saw ear-
lier that both TLR3 and SREC-I could be colocalized on the surface
in the presence of  Poly I:C, it was not clear whether signaling was
initialized at the cell surface or  at the endosomal site.

In previous studies we  had observed that, in case of
LPS–TLR4–SREC-I signaling, the kinase c-Src was necessary for
cytokine release and internalization of  ligand–receptor complexes.
In addition, it was not clear whether MAP kinase signaling was
initiated at the cell surface upon Poly I:C–TLR3 interaction or in
the endosomes after internalization of  Poly I:C–TLR3–SREC-I com-
plexes. TLR3 activation and ligand binding affinity have been shown
to be dependent on both dsRNA length and pH (Cain et  al., 1989;
de Bouteiller et  al., 2005). It was additionally shown that slightly
acidic pH (pH 4.5–6.7) was optimum for dsRNA–TLR3 response (de
Bouteiller et  al.,  2005). Even though plasma membrane association
of both the receptors SREC-I and TLR3 with Poly I:C was detected
above, it was not clear whether this ligand–receptor interaction
could initiate signaling from the plasma membrane. We therefore
examined the effects of c-Src inhibition as  well as  blockade of endo-
somal acidification on IL-8 release. We observed inhibition of  Poly
I:C-induced cytokine release after incubation with Bafilomycin A
(inhibitor of  endosomal acidification) treatment as  well as  PP2 (the
Src kinase inhibitor) (Fig. 6B)  in THP1 expressing both TLR3 and
SREC-I. We knocked down SREC-I and found a  sharp decrease in  IL-8
release compared to that of cells expressing both receptors (Fig. 6B,
lanes 3  and 6). Our findings suggested that both c-Src activity and
endosomal acidification were required for IL-8 secretion induced
by formation of  an  activated Poly I:C–TLR3–SREC-I complex. In con-
trol experiments, we also observed increased phosphorylated cSrc
(Y416) in differentiated THP1 macrophage cells expressing TLR3
and SREC-I compared to cells not treated with Poly I:C (Fig. 6C).

Discussion

Our experiments demonstrated that SREC-I could influence
the intracellular location of  TLR3, the rate of MAPK and NF��
signaling and the degree of cytokine expression in  monocytes and
macrophages exposed to Poly I:C (Fig. 7). SREC-I thus could be
important in antiviral responses in monocytes and macrophages.
Our data suggested that SREC-I could mediate Poly I:C induced
trafficking of  TLR3 from the ER to the plasma membrane and to
endosomes at which site activated TLR3 likely mediated signaling
to NF��,  IRF3 and the MAPK family (Liu et  al., 2008). Localiza-
tion of  SREC-I to endosome/lysosome organelles may be key, as
signaling through TLR3 was shown previously to require the low pH

Fig. 7.  Role of SREC-I in response to double stranded RNA. Double stranded RNA
species Poly I:C interacts with macrophages leading to recruitment of  SREC-I and
TLR3 to  the cell surface where they form a  membrane complex that interacts
with c-Src. The latter kinase then regulates endocytosis of  the SREC-I/TLR3/Poly I:C
complexes in endosomes. The complex finally resides in endosomes with low intrav-
esicular  pH, marked with lysosomal protein LAMP1. TLR3 is able to signal from such
complexes and launches NF�B, MAPK and IRF3 signaling. (IRF3 is  activated by  the
kinase TBK1.) Activated NF�B, AP-1 and C/EBP�  are known to interact with the IL-8
gene while activated IRF3 leads to synthesis of  IFN-�.

environment offered by these compartments (de Bouteiller et  al.,
2005; Cain  et  al., 1989). Interestingly SREC-I appeared to have a
similar effect on MHC class II signaling in  DC in  which, in previous
studies, we saw trafficking of MHC class II  molecules through an
ER >  plasma membrane >  endosome/lysosome pathway in a  SREC-I
dependent manner. In this case the end result was increased anti-
gen presentation by the MHC class II  molecules and triggering
of  adaptive immunity rather than the effects on innate immu-
nity envisaged here. Among pro-inflammatory cytokines, SREC-I
appeared to  strongly bias expression towards IL-8 (Fig. 4). The IL-8
promoter has been shown to interact with the factors NF�B,  AP-1
and C/EBP �.  This is consistent with the cell signaling experiments
carried out  here as AP-1 and C/EBP �activated downstream of MAPK
signaling (Fig. 3). However, these factors are also involved in activa-
tion of many other cytokines, suggesting a  novel input from SREC-I
signaling that is selective for IL-8. The large intracellular domain of
SREC-I is largely uncharacterized and future studies of this struc-
ture may clarify such regulation (A. Murshid & SK Calderwood,
unpublished).

TLR3 has been shown to participate in adaptive immunity
by  triggering maturation of CD8�+ DC and T cell activation in
response to  virally infected cells. SREC-I, which was shown pre-
viously to be present in DC, could play a  significant role in  this
regard as it appeared to be involved in engulfment of  cell corpses
(Ramirez-Ortiz et  al., 2013). SREC-I was identified as a  paralog of the
Caenorhabditis elegans engulfment factor CED-1 (Zhou et  al., 2001).
SREC-I could thus contribute to cell corpse engulfment as  well as
assisting in the TLR3 response to viral PAMPs such as ds RNA in
the dead cells, leading to inflammatory signaling cascades includ-
ing  the NF�� pathway upstream of  DC  maturation (Ramirez-Ortiz
et al., 2013). Our current studies showed sturdy activation of NF�B
by  Poly I:C downstream of  SREC-I–TLR3 interactions (Fig. 3). Mature
CD8�+ DC  could then signal to CD4+ and CD8+ T  cells and trigger an
antigen-specific immune response to  virus. The role of  IL-8 in  the
antiviral response is less clear. However IL-8 was shown to induce
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chemotaxis of  target cells as  well as  endocytic activity in respiratory
tract infection with Respiratory Syncytial Virus and was thus asso-
ciated with extravasation and trafficking of  leukocytes to  infected
regions (Fiedler et  al., 1995; Hacking et  al.,  2004). Recent studies
have shown that Poly I:C induced proinflammatory cytokine release
required activation of  MAP kinase, ERK, p38 and JNK and phosphor-
ylation of p65 subunit of  NF�� (Liu et  al., 2008). We found that the
activation of  MAP kinase and NF�� in  the presence of  Poly I:C and
TLR3 only  was relatively minor compared to cells expressing both
TLR3 and SREC-I, suggesting that this scavenger receptor partici-
pated in Poly I:C recognition and internalization as well as  immune
signaling.
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Abstract
Scavenger receptor associated with endothelial cells I (SREC-I) was shown to be ex-

pressed in immune cells and to play a role in the endocytosis of peptides and antigen pre-

sentation. As our previous studies indicated that SREC-I required intact Toll-like receptor

4 (TLR4) expression for its functions in tumor immunity, we examined potential interac-

tions between these two receptors. We have shown here that SREC-I became associated

with TLR4 on binding bacterial lipopolysaccharides (LPS) in RAW 264.7 and HEK 293

cells overexpressing these two receptors. The receptors then became internalized to-

gether in intracellular endosomes. SREC-I promoted TLR4-induced signal transduction

through the NF-kB and MAP kinase pathways, leading to enhanced inflammatory cyto-

kine release. Activation of inflammatory signaling through SREC-I/TLR4 complexes ap-

peared to involve recruitment of the receptors into detergent-insoluble, cholesterol-rich

lipid microdomains that contained the small GTPase Cdc42 and the non-receptor tyrosine

kinase c-src. Under conditions of SREC-I activation by LPS, TLR4 activity required

Cdc42 as well as cholesterol and actin polymerization for signaling through NF-kB and

MAP kinase pathways in RAW 264.7 cells. SREC-I appeared to respond differently to an-

other ligand, the molecular chaperone Hsp90 that, while triggering SREC-I-TLR4 binding

caused only faint activation of the NF-kB pathway. Our experiments therefore indicated

that SREC-I could bind LPS and might be involved in innate inflammatory immune re-

sponses to extracellular danger signals in RAW 264.7 cells or bone marrow-derived

macrophages.
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Introduction
SREC-I (scavenger receptor associated with endothelial cells) is the product of the SCARF1
gene and is a member of the class F family of scavenger receptors (SR), transmembrane pro-
teins with roles in endothelial cell biology and the immune response [1–4]. Like other SR,
SREC-I was shown to bind a spectrum of ligands, including the modified proteins acetylated
low density lipoprotein and products such as fungal pathogens [5, 6]. SREC-I also bound heat
shock protein 90 (Hsp90)-antigen/peptide complexes and thus transmitted the immunostimu-
latory effects of these chaperone-antigen complexes into antigen presenting cells [2]. Our pre-
vious studies also indicated roles for Toll Like Receptors (TLRs) and an associated adaptor
molecule MyD88 (myeloid differentiation primary response 88 protein) in the immune effects
of HSP vaccines [3].

TLR4 was shown previously to induce inflammatory signaling when bound to LPS derived
from Gram negative bacteria [7]. Sequence analysis showed that TLR4 contains an intracellular
TIR domain (Toll/IL-1 receptor (TIR) homology domain) shared with the IL-1R, a motif in-
volved in signal transduction [7]. All TLRs were shown to belong to the PRR (pattern recogni-
tion receptor) class, shown to recognize pathogen-associated molecular patterns (PAMPs) and
thus contribute to innate immunity [8, 9]. Each member of the TLR family has been shown to
be distinct in recognizing unique PAMPs derived from different organisms and selectively
launching inflammatory signals [7, 8]. After exposure to LPS, TLR4 was shown to stimulate in-
flammatory gene expression by activating transcription factors including NF-kB, IRF3, NF-IL6
and AP-1 [10, 11]. Such transcriptional activation led to, in turn, the expression and secretion
of cytokines, chemokines, type I interferons (IFN-1) and other proinflammatory mediators.
However, TLR4 did not bind directly to LPS and was instead shown to rely on primary cell sur-
face receptors, most notably CD14 to associate with the ligand [12, 13]. In addition, the protein
MD2 was associated with TLR4 on the cell surface and conferred responsiveness to LPS [14].
However, CD14 did not appear to play an exclusive role in LPS responses and a fraction of the
TLR4 activity was observed even under CD14 knockout conditions [15]. Recent studies sug-
gested that SR could interact with TLR4 and mediate inflammatory signaling under some con-
ditions [16]. We have focused on SREC-I in this regard, as our studies have shown this
receptor to be involved in antitumor immunity in functional association with TLR2 and TLR4
[3, 17].

In the present study, we asked if SREC-I could interact directly with TLR4 to modify inflam-
matory signaling and cytokine expression. We showed that exposure to either LPS or the
SREC-I ligand Hsp90 initiated profound levels of association of SREC-I with TLR4. In addi-
tion, SREC-I was able to mediate LPS-induced TLR4 signaling even in the absence of CD14,
suggesting that this SR could act as a receptor for LPS. Although LPS and Hsp90 both triggered
SREC-I-TLR4 interactions, LPS was more efficient in stimulating inflammatory signaling. In-
terestingly, ligand bound SREC-I appeared to play a dominant role in the intracellular localiza-
tion of TLR4. Activation of SREC-I led to the sequestration of TLR4 in lipid microdomains
enriched in cholesterol and signaling molecules such as c-src and Cdc42. Through this path-
way, SREC-I appeared to mediate a component of LPS-induced cytokine release
in macrophages.

Methods and Materials
Experiments, where possible employed cells maintained in tissue culture. Some experiments
however required fresh primary macrophages for physiological relevance. There were no simi-
lar methods or models available for these experiments and the methods and models used are
the ones that are more effective for this immunological based treatment strategy. Approaches
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to animal experimentation were based on guidelines taken from the Weatherall Report- “The
use of non-human primates in research.” Experiments are also conducted during the week so
that lab personnel and ARF staff could adequately monitor mice. The animals were sacrificed
humanely and then bones were taken to prepare bone marrow derived macrophages. We did
not see any signs of pain and distress in this procedure. The databases of Pubmed, Medline and
OVID were searched to determine if there were alternative methodsormodelsfor bone marrow
studies for cytokine assayand we were able to find no alternatives. Experiments were approved
by the BIDMC Animal Care Use Committee under IACUCC0792012, approved in 2012 and
renewed on Nov 6, 2014 as: “The role of HSF1 and Hsp70 on innate immunity.”

Mice
C57BL/6, wild type (WT) mice were from the Jackson Laboratories, Maine. C57BL/6 TLR4 KO
(tlr4-/-) mice were obtained from S. Levitz (Boston Medical School). Mice were maintained in
micro-isolator cages under specific pathogen free condition. C57BL/6 SCARF KO (scarf-/-)
tibia and fibula were a generous gift from Dr. Terry Means (Massachusetts General Hospital).

Antibodies and Reagents
LPS (E. coli 0127:B8) was purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure E. coli
K12 (LPS-EK-ultrapure) was purchased from Invivogen, San Diego, CA. Mouse anti-human
SREC-I monoclonal antibody was a gift from Dr. H. Adachi (Laboratory of Cellular Biochemis-
try, Riken, Saitama, Japan) and rabbit monoclonal mouse anti-SREC-I ab was custom synthe-
sized by GenScript (Piscataway, NJ) against specific peptide sequence
(TQGTQGSTLDPAGQC). Rabbit polyclonal anti p38, phospho p38, phospho-NF-kB, NF-kB,
phospho ERK2/1, ERK2/1, phospho JNK, JNK antibodies were purchased from Cell Signaling
Inc. The inhibitors and chemicals Cytochalasin D, methyl beta cyclo dextrin (MβCD),
4-amino-5-(4-methylphenyl) -7-(t-butyl) were from Sigma-Aldrich and pyrazolo [3,4-d]-py-
rimidine (PP1) was from EMDMillipore Corp., Billerica, MA. Clostridium difficile toxin B
(CTX-B) was purchased from Calbiochem Billerica, MA. Mouse monoclonal anti-FLAG anti-
body (M2) was purchased from Sigma-Aldrich, St. Louis, MO. FITC labeled anti-CD56 anti-
body was purchased from BioLegend, San Diego, CA.The ELISA kits were from R&D Systems,
Minneapolis, MN and BD Biosciences, San Jose, CA. Alexa labeled LPS was from Life Technol-
ogies, Grand Island, NY. Mouse monoclonal anti HA antibody was from Covance, Dedham,
MA. Mouse monoclonal anti-TLR4 antibody was from Abcam, Cambridge, MA. Antibodies
for macrophage, anti-MAC1 and anti-F4/80 were from eBioscience, San Diego, CA.Hsp90 was
purified by us from Sf9 cells as described and carefully tested for endotoxin contamination as
also described previously [2, 18]. Endotoxin contaminated preparations were discarded.
MyD88 and TRIF blocking peptides were purchased from Imgenex Corp., San Diego, CA and
InvivoGen, San Diego, CA, respectively. Alexa labeled LPS (E. coli 0127:B8) was from Sigma-
Aldrich, St. Louis, MO. OxLDL was from Biomedical Technologies Inc., Ward Hill, MA. The
mouse anti SR-A antibody (2F8) was from Hycult Biotech., Plymouth Meeting, PA. Anti CD14
ab was from Abcam, Cambridge, MA and CD14 neutralizing ab was purchased from R&D Sys-
tems, Minneapolis, MN. Anti IRF3 and phospho-IRF3 were purchased from Cell Signaling,
Danvers, MA.

Cells and culture conditions
Wild type HeLa and HEK 293, Raw 264.7 cells were maintained in DMEM (with 4.5 g/L glu-
cose) supplemented with 10% heat inactivated FBS, streptomycin and penicillin. HEK 293 ex-
pressing TLR4-CD14-MD2 cells were maintained in the medium described for HEK 293 and
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HeLa cells with 100 μg/ml Normocin. CHO-SREC-I cells were maintained in F12K media sup-
plemented with 10% heat inactivated FBS, streptomycin and penicillin and 400 μg/ml G418.
All cells were maintained in a 5% CO2 humidified incubator.

Bone marrow-derived macrophage preparation
Macrophages were obtained from mouse bone marrow culture using the method described by
Weischenfeldt and Porse (2008). Briefly, bone marrow macrophages were enriched by lysis of
red cells. Cells were then passed through a cell strainer then grown in L929 conditioned medi-
um for proliferation and differentiation into a homogenous population of mature bone mar-
row-derived macrophages.

Plasmids and Transfection
The pcDNA3.1-SREC-I (human) was a generous gift from Dr. H. Adachi. The FLAG-SREC-I
construct was constructed from the 3xFLAG-CMV vector. Human and mouse siRNA SREC-I
and TLR4 was purchased from Santa Cruz Biotechnology Inc., Dallas, TX.

SEAP reporter assay
The secreted form of embryonic alkaline phosphatase (SEAP)–NF-kB promoter-reporter assay
kit was utilized as a convenient and sensitive method to determine promoter activity in cells
transfected with the SEAP expression plasmid. HeLa cells were transfected with plasmids en-
coding FLAG-SREC-I, TLR4 and the reporter constructs NF-kB-SEAP and CMV- (control ex-
pression vector). NF-kB activity was measured indirectly by catalytic hydrolysis reaction of p-
nitrophenyl phosphate producing a yellow end product that was read spectrophotometrically
at 405 nm.

Western Blotting and Immunoprecipitation
HEK 293 cells expressing TLR4 and SREC-I were treated with or without LPS and Hsp90. Cells
were then washed with ice-cold Dulbecco’s phosphate-buffered saline (PBS) and lysed in NP-
40 lysis buffer (containing 1% Nonidet P-40, 150 mMNaCl, 1mM EDTA, 1 mM PMSF, 1x
HALT protease and phosphatase inhibitor cocktail (Thermo Scientific). For Western blotting,
15–30 μg of protein were resolved by 4–15% gradient SDS-PAGE and transferred to PVDF
(polyvinylidenefluoride) membranes. Membranes were immunoblotted with primary antibod-
ies and later secondary antibodies that are HRP-conjugated. The membrane reactions were vi-
sualized by Perkin Elmer enhanced chemiluminescence reagents. For immunoprecipitation, 1
mg of cell extract was incubated with 5 μg of the selected antibody for 2 hours at 4°C followed
by incubation with 20 ul of protein A (50% slurry, GE healthcare) plus-sepharose beads for ei-
ther 2 hours at room temperature or overnight at 4°C. The beads were then washed with NP-
40 lysis buffer and complexes were eluted by boiling in Laemmle sample buffer.

Isolation of Lipid microdomain
Raw 264.7 cells (80–90% confluent) were incubated with or without ice cold LPS (1 μg/ml) for
3–5 minutes and then lysed with lysis buffer (Sigma) containing, 1% Triton X-100 and protease
inhibitor cocktail (Sigma). Immediately before the assay, 1 ml of lysis buffer containing 1% Tri-
ton X-100 for each gradient was prepared on ice. The density gradient was made of 4 layers of
OptiPrep with different concentrations: 35%, 25%, 20% and 0%. Lower layer (35% OptiPrep)
contains the cell lysate. The 35% Gradient layer mixed with cell lysate was placed at the bottom
of pre-cooled ultracentrifuge tube and then the centrifugation performed at ~200,000xg using
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TFT 65.13 rotor for 4 hours at 4°C. Fractions including the fraction containing lipid microdo-
main were gently removed.

ELISA: IL-6, TNF-α were purchased from R&D Biosystem, Minneapolis, MN, BD Biosci-
ences, San Jose, CA, PBL interferon sources, IFN-β was fromWest Logan, Utah. ELISA of cell
media for cytokine release was performed for each cytokine according to manufacturer’s proto-
col using appropriate antibody.

LPS binding experiments by flow cytometry
Cells were preincubated without or with mBSA (50 mg/ml) or Alexa labeled LPS (1 μg/ml) at
4°C in FACS buffer (PBS containing 0.1% BSA and 0.05% NaN3). The cells were then washed
with FACS buffer twice, fixed with 4% paraformaldehydefor 10 min, and analyzed for binding
of Alexa-LPS with FACSCanto II and FACSDiva (BD Biosciences, San Jose, CA).

Immunofluorescence and Microscopy
Cells were labeled or incubated with Alexa-LPS or FITC-anti-CD59 antibody on ice or at 37°C
for 20–30 minutes then fixed with 4% para-formaldehyde and either permeabilized using 0.1%
Triton X 100 (for visualizing intracellular proteins) or not (for surface expression or binding)
using 0.1% Triton X 100. Cells were stained with primary antibodies and then washed three
times with 1x PBS and stained again with fluorophore-conjugated secondary antibodies. Fluor-
ophores were visualized using the following filter sets: 488 nm excitation and band pass 505–
530 emission filter for Alexa 488; 543 nm excitation and band pass 560–615 for Cy3/Alexa 564;
and 633 excitation and long pass 650 for Cy5.

Results

SREC-I was associated with TLR4 in the presence of LPS and was
present in LPS-TLR4 complexes
We first investigated the effects of LPS on SREC-I the intracellular localization of SREC-I (Fig
1). As SREC-I was shown to be expressed at low levels in resting macrophages (B. Zhou & SK
Calderwood, unpublished data), we carried out overexpression of the receptor in the mouse
macrophage cell line Raw 264.7 to permit effective visualization by immunofluorescence. We
then incubated these cells with Escherichia coli derived LPS (1 μg/ml) at 4°C, fixed the cells and
analyzed SREC-I and TLR4 localization by confocal microscopy. Prior to LPS exposure,
SREC-I was detected largely in the cytosol whereas TLR4 was mostly membrane-associated;
minimal overlap between these fluorescence signals was observed (Fig 1A). However, TLR4
and SREC-I became partially coincident on the cell surface in the presence of LPS as indicated
by the strong overlap in fluorescence patterns in cells at 4°C (Fig 1A and 1B). We then investi-
gated internalization of TLR4 and SREC-I in LPS treated cells after warming the medium to
37°C (Fig 1C). LPS exposure prompted internalization of both receptors at 37°C and their relo-
cation to intracellular vesicles, with some of these structures marked both by anti TLR4 and
anti-FLAG antibodies (for SREC-I) (Fig 1D). We also showed fluorescent, Alexa-labeled LPS
to be localized in intracellular vesicles containing TLR4 and SREC-I at 37°C, suggesting partial
co-internalization of SREC-I, LPS and TLR4 (Fig 1C and 1D). As TLR4 was not shown previ-
ously to bind directly to LPS, these results suggested SREC-I to be a recognizing receptor for
LPS and that could induce the recruitment of TLR4 to SREC-I marked regions on the cell sur-
face. Although CD14 is a well-established LPS recognizing molecule cooperating with TLR4,
our experiments suggested that SREC-I was also capable of recognizing the endotoxin and in-
teracting with TLR4.
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Fig 1. Ligand-bound SREC-I colocalized with TLR4 after LPS treatment. A, SREC-I and TLR4 did not interact in the absence of LPS. Raw 264.7 cells
were transfected with FLAG-SREC-I for 22 hours. Cells were then fixed and stained with anti TLR4 ab (green) and anti-FLAG ab (red). B, TLR4 colocalized
with SREC-I in the presence of LPS. Raw 264.7 cells overexpressing FLAG-SREC-I were exposed to LPS (1 μg/ml) for 20–30 min at 4°C. Cells were then
fixed and stained for TLR4 (green) and FLAG (red). Percent colocalization with or without LPS is shown in the adjacent histogram.C, D, LPS, TLR4 and
SREC-I were internalized at 37°C. Raw 264.7 cells overexpressing FLAG-SREC-I were incubated with Alexa LPS (1 μg/ml) at 4°C for 20 mins and then
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To further confirm receptor co-association in the presence of LPS (1 μg/ml) under condi-
tions of native expression, we next activated Raw 264.7 cells by pre-exposure to LPS (1–5 ng/
ml) to increase expression of SREC-I to levels detectable by immunofluorescence (3) before ex-
periment. After recovery from the activating LPS exposure for 24hr, cells were then transiently
re-exposed to LPS (1 μg/ml) for 20–30 minutes on ice, then fixed and stained for SREC-I and
TLR4 (Fig 1E and 1F). As with the overexpression studies, TLR4 and SREC-I appeared to be-
come co-localized on the plasma membrane in the presence of LPS. We saw minimal evidence
of co-localization of the receptors in controls in the absence of the endotoxin. Levels of SREC-I
in Raw 264.7 cells used in (Fig 1E and 1F) and in FLAG-SREC-I overexpressed HEK 293 cells
used in the experiment were shown in Fig 1G.

To investigate biochemically a physical interaction between TLR4 and SREC-I we next used
HEK 293 cells (low in Scavenger Receptors, SR expression) for co-immunoprecipitation stud-
ies. These cells were used rather than Raw 264.7 to avoid the potentially complicating presence
of other SR family members on SREC-I interaction with TLR4 (Fig 1H). While we found mini-
mal evidence of co-precipitation of FLAG-SREC-I and TLR4 in control, unstimulated cells
(lane 1) these proteins interacted substantially in the presence of either LPS or another SREC-I
ligand, Hsp90 (Fig 1H, lanes 2, 3). These experiments indicated binding of SREC-I and TLR4
only in the presence of either TLR4 or SREC-I ligands such as Hsp90.

For these studies, we used LPS at a concentration of 1 μg/ml for the ligand-receptor localiza-
tionas this amount of LPS could bring its receptors CD14/SREC-I to the plasma membrane
and bind efficiently and could easily be detected when dye-tagged.

SREC-I enhanced LPS-TLR4 mediated NF-kB activity
As NF-kB is the most potent proinflammatory transcription factor, we examined the potential
role of SREC-I in its activation by LPS. TLR4 activation has been shown to trigger activation of
NF-kB. We next examined therefore the potential activity of SREC-I in LPS triggered NF-kB
signaling in HEK 293 cells. As mentioned above, in contrast to Raw 264.7, HEK 293 cells were
shown to be deficient in most SR family members (including SREC-I), thus SREC-I-specific ef-
fects could be examined in isolation in transfectants. This HEK 293 cell line stably expressed
CD14, TLR4 and MD2; CD14 independent signaling was determined using CD14 blocking
peptides (CD14-inh, 10 μg/ml), while the role of TLR4 was probed using RNA interference.
The CD14 blocking peptide ab was first tested in THP1 cells by its ability to neutralize LPS-in-
duced TNF-α secretion. The ab neutralized>60% of LPS induced cytokine release in this cell
line. NF-kB activation was assayed by determining phosphorylation of its trans-activating sub-
unit p65/Rel on serine 536 [19]. We then compared LPS-induced NF-kB signaling in cells ex-
pressing TLR4 and the LPS recognizing and signaling adaptor proteins CD14 and MD2 (Fig
2A, lane 1) without (lane 1) or with SREC-I (lane 2). LPS activated NF-kB in the absence of
CD14 but with SREC-I expression (lane 2). Minimal signaling was observed in the absence of
TLR4 with or without SREC-I (lanes 3, 4). This experiment showed therefore a role for SREC-I

medium was replaced with warmmedium. Cells were then incubated at 37°C for 10–15 mins. Cells were fixed and stained for TLR4 (green, C, D) and
FLAG-SREC-I (red in C, purple in D). Alexa LPS was shown in red (D). E, F, Endogenous TLR4 and SREC-I did not colocalize in the absence of LPS. Raw
264.7 cells were treated for 30 mins with LPS (1 μg/ml) and then fixed and stained for TLR4 (green) and SREC-I (red). E, TLR4 and SREC-I colocalize in the
presence of LPS. Cells were labeled with LPS (1μg/ml) for 20–30 minutes at 4°C then fixed and stained for TLR4 (green) and SREC-I (red) (F).G, SREC-I
expression level in Raw 264.7 cells and in cells overexpressing FLAG-SREC-I. H, SREC-I interacted with TLR4 physically in the presence of LPS (1 μg/ml).
HEK 293 cells expressing FLAG-SREC-I and TLR4s were treated with or without Hsp90 or LPS. FLAG-SREC-I was then immunoprecipitated (IP) with FLAG
ab. The IP complex was separated with SDS-PAGE and blotted for TLR4. The amount of FLAG-SREC-I immunoprecipitated was determined and β-actin
was used as a loading control. All images were representative of 3 different planes from each sample. Each experiment was performed 3 times reproducibly.
Scale bar, 5 μm.

doi:10.1371/journal.pone.0122529.g001
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Fig 2. SREC-I supported LPS-TLR4mediated NF-kB (phospho-p65). A, Phospho-p65, (S536/Rel) level was increased in cells expressing SREC-I with
TLR4 in the presence of LPS. HEK 293 cells expressing TLR4-MD2-CD14 and/or SREC-I, SREC-I only were treated with or without LPS (1 μg/ml) or Hsp90
for 5–7 hours. Cell lysates were then collected and SDS-PAGE was performed. Phospho-p65 levels were measured. Total level of p65 was measured in the
same lysate. Total p65 level was determined. B, HEK 293 cells expressing SREC-I and TLR4 or TLR4 only were transfected with NF-kB-SEAP and
incubated with LPS (1 μg/ml) for 5 hours. NF-kB activity was measured as instructed by NF-kB-SEAporter assay kit.C, Raw 264.7 cells were transfected with
siRNA for SREC-I/TLR4 for 72 hours and incubated with LPS (1 μg/ml) with or without CD14 neutralizing peptide (inhibitor). Phospho-p65 level is increased
with LPS incubation in cells expressing both TLR4 and SREC-I. D, Raw 264.7 cells were transfected with ctl (scr) siRNA or TLR4 siRNA/SREC-I siRNA for
72 hours. Cell lysates were isolated and later SDS-PAGE was performed. E, HEK 293 cells expressing TLR4, MD-2, CD14 or TLR4, MD-2, CD14 and
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as recognizing receptor for LPS that could interact with TLR4. We also asked if exposure to an
alternative SREC-I ligand, Hsp90 could trigger p65 phosphorylation (Fig 2A, lanes 5–7). How-
ever, minimal increases in phospho-536-p65/Rel levels were induced by Hsp90 even in cells ex-
pressing SREC-I plus TLR4 (Fig 2A).

Next, we further examined the role of SREC-I as a recognizing receptor for LPS and a part-
ner for TLR4 using an NF-kB reporter assay. We assayed NF-kB activity in the CD14, TLR4
and MD2 producing HEK 293 cells with or without SREC-I expression (Fig 2B). We again
found that exposure to LPS could activate NF-kB additively with SREC-I and TLR4 co-expres-
sion (Fig 2B). In the absence of LPS, reporter activity was minimal but was activated by the en-
dotoxin in cells expressing either SREC-I+TLR4 (lane 2) or CD14 +TLR4 (lane 3). Activity was
minimal in the absence of TLR4 (Fig 2B, lane 4). LPS could also activate NF-kB signaling in the
CD14 expressing Raw 264.7 cell line (lane 2) (Fig 2C). In addition, in the presence of CD14
neutralizing antibodies, LPS activated NF-kB when SREC-I was expressed in these cells (Fig
2C, lane 3). However depletion of TLR4 by siRNA inhibited LPS-mediated p65/Rel-serine 536
phosphorylation (lane 4). The expression levels of TLR4 and SREC-I in cells transfected with
control (ctl) and sequence specific siRNA (kd) is shown in Fig 2D. We also measured the kinet-
ics of LPS-induced NF-kB activation by probing levels of phospho-536-p65/Rel (pp65) as in A
(Fig 2E). In cells expressing TLR4 and CD14, we observed the prolonged activation of p65/Rel-
S536 phosphorylation that was exceeded in cells expressing both TLR4 and SREC-I. This in-
crease in p65 phosphorylation in SREC-I expressing cells did not require the CD14 recognition
of LPS.

LPS in SREC-I and TLR4 expressing cells increased MAPK activity
In the next series of experiments, we asked whether SREC-I could also mediate signaling
through the mitogen activated protein kinase (MAP kinase) pathways. The MAPK family
members are important in activation of alternative factors in inflammatory cytokine transcrip-
tion such as AP-1 and NF-IL6 [20]. We therefore examined levels of activated phosphorylated
c-jun kinase (JNK), p38 MAPK (pp38) and ERK-MAPK (pp42 MAPK and pp44 MAPK) after
LPS stimulation (Fig 3, S1 Fig). Indeed, SREC-I expression was permissive for LPS-induced
JNK, p38 and ERK pathways in TLR4 expressing HEK 293 cells even when CD14 activity was
deterred by CD14 neutralizing ab (CD14 inhibitor) (Fig 3A, 3B and 3C). We also found that
SREC-I could mediate LPS-induced MAPK activity in Raw 264.7 cells (Fig 3D). MAPK activa-
tion was sustained by either CD14 (lane 2) or SREC-I (Fig 3D, lane 3). These experiments sug-
gested that SREC-I could maintain TLR4 mediated LPS signaling even in the presence of the
CD14 neutralizing peptide as with the earlier experiments on NF-kB signaling (Figs 2 and 3).

In further experiments we examined LPS-TLR4 induced IRF3 activity, which occurs only
after TLR4 endocytosis (Fig 3E). This signaling pathway is initiated after LPS-TLR4 undergoes
endocytosis through adaptors other than MyD88 and leads to signaling through the transcrip-
tion factor IFN, a molecule that regulates transcription of Interferon-β (IFN-β) [21]. IFN-β
plays a key role in antigen presentation and adaptive immunity [22]. We thus aimed to deter-
mine if SREC-I was involved in internalization of TLR4 induced signaling activity initiated
from the endosomes. Indeed we found LPS-TLR4 to be endocytosed and to activate IRF3 in
both CD14 active cells (Fig 3E, lane 2), as well as CD14 inhibited cells expressing SREC-I (Fig
3E, lane 3). These experiments suggested a potential role for SREC-I in internalizing LPS-TLR4

SREC-I were incubated with LPS (1 μg/ml) for indicated time. Cells lysates were collected and equal amount of protein was loaded for SDS-PAGE
experiment. For blocking CD14 activity, cells were treated with 10 μg/ml of anti CD14 neutralizing antibody. Error bars in graph show S.D. between three
replicate experiments. P<0.0001 values were generated by ANOVA using the Bonferroni post-test.

doi:10.1371/journal.pone.0122529.g002
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Fig 3. SREC-I expression led to enhanced NF-kB and MAPK activities in cells expressing TLR4 in the presence of LPS. A, B, C, SREC-I could
increase LPS-TLR4 activation of MAPK. HEK 293 cells expressing TLR4-MD2-CD14, TLR4-MD2-CD14-SREC-I were incubated with LPS (1 μg/ml) for 5
hours (CD14 neutralizing peptide added to SREC-I incubation). Cell lysates were collected and levels of phosphorylated JNK (A), p38 (B), ERK1/2 MAPK
assayed (C). D, SREC-I was shown to activate LPS-TLR4 induced MAPK signaling. Raw 264.7 cells were transfected with siRNA SREC-I/TLR4 and then
incubated with or without LPS in the presence of CD14 neutralizing ab (inhibitor) or not. Cell lysates were collected and subjected to SDS-PAGE and
Western Blotting. E, SREC-I was involved and IRF3 activity in the absence of CD14. Raw 264.7 cells were treated as in D and then cell lysates were
collected and subjected to SDS-PAGE andWestern blotting with appropriate antibodies. F, Raw 264.7 cells were transfected with ctl siRNA (scr) or TLR4/
SREC-I for 72 hours. Cell lysates were collected and equal protein was subjected to SDS-PAGE andWestern Blotting.G, Phospho-p65 levelswere high in
cells expressing TLR4-SREC-I. HEK 293 cells expressing TLR4-MD2, SREC-I-MD2, TLR4-MD2-SREC-I were incubated with mBSA (10 μg/ml), LPS (1 μg/
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complexes and activating IFN-β production through phosphorylation and activation of IRF3.
The downregulated expression of SREC-I and TLR4 in Raw 264.7 cells with siRNA specific for
these two receptors is shown in Fig 3F.

Next, the ability of other ligands for SREC-I, including Hsp90 and maleylated BSA (mBSA)
to activate NF-kB, p38-MAPK and c-Jun kinase (JNK) was queried (Fig 3G). However, neither
mBSA nor Hsp90 significantly activated the NF-kB or the MAPK pathways in cells expressing
SREC-I only, TLR4+CD14 or TLR4+SREC-I (plus CD14 neutralizing ab), suggesting LPS-spe-
cific signaling events not duplicated by other SREC-I ligands (Fig 3G). By contrast LPS strongly
activated each pathway in positive controls (Fig 3G, second and third lane).

Downstream factors in TLR4-NF-kB Signaling
MyD88 was first characterized as an essential adaptor for all TLRs [23]. This protein was
shown to possess a C-terminal TIR domain through which it interacted with TLR family mem-
bers [24]. In addition, it was shown that macrophages fromMyD88 knock-out mice exhibited
minimal responses to LPS, indicating an essential role for this molecule in LPS-mediated sig-
naling [25]. MyD88 was required for robust, SREC-I mediated immune responses to tumor an-
tigens [3]. In addition to MyD88, TLR4 has also been shown to activate NF-kB signaling in
association with the adaptor molecule, TRIF (TIR-domain-containing adapter-inducing inter-
feron-β) [26–28]. TLR4 is the only member of the TLR family shown to interact with both
MyD88 and TRIF [28]. Thus LPS-TLR4 could mediate downstream signaling in both MyD88--
dependent and MyD88-independent (TRIF dependent) manners. Therefore, we next asked
whether SREC-I could also interact with TRIF in an LPS-dependent manner.

We investigated whether the SREC-I-TLR4 interaction led to LPS-mediated NF-kB signal-
ing through either (1) MyD88 or (2) TRIF (Fig 4). We used MyD88 and TRIF blocking pep-
tides to probe the roles of these adaptors. The MyD88 inhibitory peptide used here was shown
to block MyD88 signaling by inhibiting its homodimerization whereas the TRIF inhibitory
peptide interfered with TLR4-TRIF binding [29, 30]. We compared HEK 293 cells (that nor-
mally express MyD88) which were manipulated by transfection or CD14 blocking to produce
either: (A) a TLR4 plus SREC-I phenotype, (B) SREC-I alone or (C) a TLR4 plus CD14 pheno-
type. The densitometric analysis of band intensity from one experiment is shown beneath the
immunoblots in Fig 4. In the TLR4 plus SREC-I conditions, LPS activated NF-kB activity (Fig
4A, lane 3) and these effects were inhibited by the MyD88 blocking peptide (Fig 4A, lane 2).
Likewise in the presence of CD14 and TLR4, LPS activated NF-kB (Fig 4C, lane 3) and these ef-
fects were inhibited by the MyD88 blocking peptide (Fig 4C, lane 2). In cells expressing SREC-I
alone, without TLR4 there was less pronounced NF-kB activation that was however also inhib-
ited by the MyD88 blocking peptide (Fig 4B). The control peptide that did not block MyD88
had minimal effects on NF-kB activation (Fig 4A–4C, third lanes). TRIF blocking peptides also
inhibited LPS induced activation of NF-kB in a similar way to the MyD88 inhibitory peptide
under each condition, except for the cells expressing SREC-I only (Fig 4D, 4E and 4F). These
findings suggested that this peptide could inhibit interactions between TLR4 and TRIF (Fig
4D, 4E and 4F). In the experiment under SREC-I alone conditions, activation of NF-kB by LPS
was too faint to draw conclusions (Fig 4E).

These results suggested that SREC-I, in addition to CD14 could recognize extracellular LPS
and, when bound to this ligand, could further interact with TLR4, and either MyD88 or TRIF
to activate NF-kB signaling (Fig 4A–4F). SREC-I alone signaled to NF-kB only very faintly and

ml), Hsp90 (10 μg/ml), Hsp90 (10 μg/ml) for 3–5 hours. Cell lysates were collected and levels of phospho-p65, p65, phospho-p38, p38, phospho-JNK and
JNKmeasured. Densitometric analysis of gel intensity was performed using Image J software. Experiments were repeated reproducibly three times.

doi:10.1371/journal.pone.0122529.g003
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Fig 4. SREC-I requiredadaptor proteins MyD88 and TRIF for downstream NF-kB activation. A, B, C,MyD88 was involved in LPS-TLR4-SREC-I (A),
LPS-SREC-I (B) or LPS-TLR4 (C) activation of NF-kB. HEK 293 cells expressing TLR4-MD2-SREC-I-MyD88, SREC-I-MD2-MyD88 and
TLR4-MD2-MyD88-CD14 were treated with MyD88 blocking peptide (100 μM for 24 hours), or control peptide (100 μM for 24 hrs) as indicated. Cells were
then treated with LPS (1 μg/ml) for 5 hours in the presence of blocking peptides. Densitometric analysis of bands in gels is shown.D, E, F, TRIF was involved
in LPS-TLR4-SREC-I, LPS-TLR4 or LPS-SREC-I activation of NF-kB. HEK 293 cells (+MD2) expressing receptors and adaptor TRIF and CD14 as indicated
were incubated with TRIF blocking peptide or control peptide (50 μM for 6 hours) and incubated with LPS for 5 hours. Phospho-p65 levels in cell lysates were
then analyzed by SDS-PAGE andWestern blotting. TLR4 only cells also express CD14 as shown. Densitometric analysis of band intensity is shown below.
Each experiment was repeated 3 times.G, H, I, Protein lysates from HEK 293 cells stably expressing TLR4 and SREC-I, TLR4 only and SREC-I only were
analyzed by SDS-PAGE andWestern blotting. Relative protein expression levels are thus shown in the blot.

doi:10.1371/journal.pone.0122529.g004
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would likely require TLR4 for significant LPS activation (Fig 4B and 4E). Expression of
SREC-I, TLR4 in HEK 293 cells overexpressing TLR4/SREC-I or TLR4 + SREC-I is shown in
Fig 4G, 4H and 4I).

SREC-I was localized to detergent-insoluble lipid microdomains in the
presence of LPS
In previous studies of SREC-I, we showed this receptor to be internalized by a pathway involv-
ing segregation of ligand-SREC-I complexes into detergent insoluble lipid microdomains and
subsequent endocytosis through the GPI-anchored protein (GP-AP) enriched early endosomal
compartment (GEEC) pathway [2, 31, 32]. The ligand (Hsp90-peptide complex) uptake and
antigen cross presentation were inhibited by antagonists of cholesterol localization, actin poly-
merization and the small GTPase Cdc42, characteristic of endocytosis through the pathway
taken by GPI-AP [2]. In addition, the activity of c-Src, a protein whose levels are enriched in
lipid microdomains was required for ligand internalization by SREC-I [2, 33]. We therefore ex-
amined whether LPS could trigger transmembrane signaling through SREC-I/TLR4 by similar
mechanisms. We first compared the intracellular localization of transfected SREC-I with that
of a lipid microdomain marker, the GPI-anchored protein CD59; this protein is expressed in
HeLa cells and internalized in a Cdc42 dependent manner into GEEC. For these experiments,
FLAG-SREC-I was expressed in HeLa cells that were then incubated with LPS at 4°C for 30
minutes. LPS exposure led to SREC-I localization to a CD59-marked compartment on the plas-
ma membrane (Fig 5A and 5B).

Next, we isolated detergent insoluble lipid microdomains/lipid raft fractions from LPS-
treated or untreated Raw 264.7 cells. The lipid microdomainfractionsfrom cell lysates were pre-
pared using OptiPrep layers and ultracentrifugation at ~200,000xg for 4 hours. Proteins isolat-
ed from such lipid microdomain fractions were then characterized by immunoblot assay (Fig
5C). SREC-I appeared to be absent from the detergent insoluble lipid microdomain fractions in
controls, but in the presence of LPS was localized quantitatively to these fractions along with
raft marker Flotillin, as well as, significantly, TLR4 (Fig 5C). However, there appeared to be lit-
tle migration of CD14 (which is a GPI-anchored protein) into the microdomain fractionswith
or without LPS (Fig 5C). As a further control we examined the behavior of endoplasmic reticu-
lum-localized protein calnexin, which was observed to be absent from the lipid microdomain
fractions with or without LPS (Fig 5C). These findings further suggested a role for sequestra-
tion in the lipid microdomains in LPS mediated SREC-I–TLR4 interactions.

Role for entry into detergent insoluble plasma membrane lipid
microdomainsin LPS-SREC-I-MAPK signaling
Next we examined the potential role of SREC-I localization to CD59-marked/lipid microdo-
mainin TLR4 signaling through the JNK, p38 MAPK and NF-kB pathways using the HEK 293
system described above (Fig 6). We incubated cells with a number of agents known to disrupt
lipid microdomains and formation of the GEEC compartment. These included cholesterol se-
questering agent methyl β cyclodextrin (MβCD) and other inhibitors such as PP2 (Src kinase
inhibitor), cytochalasin D (actin depolymerizing agent) and Clostridium. Difficile Toxin B
(Rho GTPase inhibitor). These inhibitors each blocked internalization of antigen-bound
SREC-I and subsequent antigen cross presentation in our prior studies [2]. In cells transfected
with CD14 and TLR4, LPS induced efficient signaling through each pathway and these events
were not markedly reduced by any of the inhibitors (Fig 6, 11th-14th lanes). However LPS-in-
duced activation of JNK and p38as well as NF-kB in cells with combined SREC-I/TLR4 expres-
sion (Fig 6, lanes 3–6) was blocked by many of the inhibitors (Fig 6). MβCD and Toxin B were
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Fig 5. SREC-I became localized in detergent insoluble lipid microdomainsafter LPS exposure. A,B, FLAG-SREC-I were localized to lipid
microdomains marked by the GPI anchored protein CD59 on the plasmamembrane in the presence of LPS (B). HeLa cells expressing FLAG-SREC-I were
incubated with LPS (1 μg/ml) and FITC labeled (red, in figure) anti CD59 ab (10 μg/ml for 30 minutes on ice at 4°C). Cells were then fixed on ice and stained
for FLAG (green) using anti FLAGM2 ab. FLAG-SREC-I expressing cells were also incubated with FITC-anti-CD59 ab at 4°C for 30 mins. Cells were stained
with anti-FLAG ab (secondary antibody, red). Confocal Microscopy was then used to analyze the localization of the proteins.C, SREC-I was localized to lipid
microdomains after LPS exposure. Raw 264.7 cells were stimulated with LPS (1 μg/ml) or incubated without LPS and lipid microdomains were isolated using
Optiprep density gradient centrifugation. 1 ml fractions (total 4) were collected from the top of the centrifuge tubes. Fractions containing detergent soluble
membrane proteins were also indicated. All fractions were later separated on polyacrylamide gels, electrophoretically blotted and probed with antibodies as
indicated. Flotillin was used as marker for lipid microdomain rich fractions (shown in lane 3 and 4).

doi:10.1371/journal.pone.0122529.g005
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Fig 6. Intact lipid microdomains were essential for LPS-SREC-I-TLR4-induced MAPK signaling. A, HEK 293 cells expressing TLR4-MD2-CD14,
SREC-I-TLR4-MD2-CD14 were treated with or without CD14 neutralizing peptide (inhibitor). Cells were then incubated with LPS (1 μg/ml) for 3 hrs. Cell
lysates were run on SDS-PAGE and then immunoblotted with phospho-specific antibodies for JNK, p38, p65 and anti-JNK ab, p38 ab and anti-p65 ab. Drugs
including PP2 (10 μMSrcinhibitor), MβCD (MBD, 10 mM, cholesterol sequestering agent), TxB (2 ng/ml, Clostridium Toxin B) were added to inhibit the
functions of Src kinase, lipid microdomain formation and Rho GTPase activities as indicated. Raw 264.7 cells were transfected with siRNA for TLR4/SREC-I
and then treated as described above. These experiments were repeated reproducibly 2 times. B, Raw 264.7 cells expressing TLR4, SREC-I or TLR4 only
was incubated with LPS (1 μg/ml) for 3 hrs. Cell lysates were collected and then subjected to SDS-PAGE andWestern Blotting. C, D, Raw 264.7 cells were
transfected with indicated siRNA for 72 hours. Cell lysates were collected and equal amount of protein was subjected to SDS-PAGE andWestern Blotting.
Expression of SREC-I and TLR4 is shown in Raw 264.7 cells.

doi:10.1371/journal.pone.0122529.g006
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particularly effective in this regard and blocked signaling through each pathway. Minimal sig-
naling through the JNK, p38 or NF-kB pathways was observed in cells expressing SREC-I
alone (Fig 6, lanes 7–10). This finding was predictable from the earlier experiments indicating
a need for association with TLR4 in order for SREC-I to activate these pathways. This experi-
ment suggested that TLR4 became co-localized with SREC-I after LPS exposure in new micro-
domains within the membrane and required enriched cholesterol, actin cytoskeleton function
and small Rho GTPase activity for signaling pathways (Fig 6). When the experiments were re-
peated in Raw 264.7 cells, we again saw that inhibitors of lipid microdomain formation blocked
NF-kB signaling in cells coordinately expressing TLR4 and SREC-I (Fig 6). As before, the in-
hibitors failed to disrupt NF-kB signaling in cells expressing TLR4 without SREC-I (Fig 6).
These experiments, carried out in both HEK 293 and Raw 264.7 cells, indicated TLR4 signaling
from either a lipid microdomain fraction or an internal endosomal compartment after SREC-I/
TLR endocytosis via the GEEC pathway (Fig 6). We again confirmed the activation of NF-kB
through phosphorylated p65 level in the presence of LPS in Raw 264.7 cells expressing TLR4
and SREC-I in the absence of inhibitors suggesting the role of lipid microdomain in activating
LPS-SREC-I-TLR4 signaling (Fig 6B).

Role of SREC-I in LPS-mediated inflammatory cytokine release
As the above experiments indicated SREC-I mediated, TLR4 dependent signaling we next ex-
amined a role for this SR in LPS-induced cytokine production in bone marrow-derived mouse
macrophages (BMDM). These cells express components of the LPS-TLR4 signaling apparatus,
including CD14, MD2 and scavenger receptor A (SR-A) along with TLR4, TLR2 and SREC-I
at physiological levels. We used both wild type bone marrow-derived macrophages as well as
BMDM from TLR4 knockout and SREC-I knockout mice (Fig 7). BMDM were isolated and
then separated from the total population of bone marrow derived cells using MAC-I and F4/80
macrophage specific antibodies (S2 Fig). We then measured the levels of interleukin-6 (IL-6,
Fig 7A) and tumor necrosis factor α (TNF-α, Fig 7B) released by these macrophages. To exam-
ine a role for SREC-I expression in LPS-induced cytokine release, the BMDM were initially
transfected with a SREC-I siRNA construct described previously [3]. As it was shown recently
that LPS binding to scavenger receptor SR-A/CD204 could inhibit release of anti-inflammatory
cytokines, we also assayed cytokine production either without or with (Fig 7A and 7B) blocking
antibodies for this receptor [34]. LPS led to the induction of IL-6 (Fig 7A) and TNF-α (Fig 7C)
in control cells and induction was markedly decreased by TLR4 KO. SREC-I knockdown
(siRNA) also reduced the levels of LPS-mediated proinflammatory cytokine secretion in each
case, while incubation with a control/scrambled RNA was ineffective (Fig 7A). Blocking anti-
bodies for CD204/SR-A increased LPS-induced cytokine production in each case (IL-6 and
TNF-α) (Fig 7A and 7B) [35]. In addition, IL-6 release was decreased in BMDM isolated from
SREC-I knockout mice and further reduced by TLR4 siRNA (Fig 7C). We also assessed poten-
tial effects of SREC-I on LPS-induced TNF-α release in BMDM isolated from the SREC-I KO
mice andsaw significant differences between WT and SREC-I KO mice (Fig 7D). TLR4 knock-
down also reduced the levels of LPS-mediated IL-6 and TNF-α cytokine secretion in each case,
while incubation with a control, scrambled RNA was ineffective (Fig 7C and 7D).

In addition to the inflammatory cytokine release, TLR4 has been shown to mediate induc-
tion of IFN expression in the presence of LPS. To determine a role for SREC-I we examined the
release of IFN- β in BMDM taken fromWT, SREC-I KO mice subjected to TLR4 knockdown
with siRNA (Fig 7E). There was a sharp decrease in IFN-β release in the SREC-I KO/TLR4
knocked down BMDM (Fig 7F). Only low levels of IFN-β release were seen in cells taken from
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Fig 7. SREC-I inactivation reduced LPS-TLR4mediated proinflammatory cytokine release in BMDM. A, TLR4 KO and SREC-I KD in macrophages led
to reduced IL-6 release compared with WT cells. Primary macrophages fromWT and TLR4 KOmice were transfected with siRNA-SREC-I or control hairpins
for 72 hours and then incubated with LPS for 12 hours with or without SR-A blocking antibody. IL-6 release by cells was measured in the collected medium by
ELISA.B, TLR4KO and SREC-I KD in BMDMs led to reduced TNF-α compared to WT cells. Primary macrophages fromWT and TLR4 KOmice were
transfected with siRNA-SREC-I or a control hairpin for 72 hours and then incubated with LPS for 12 hours with or without SR-A blocking antibody. TNF-α
release was measured in medium by ELISA.C, SREC-I KO and TLR4KD in BMDM led to reduced IL-6 release compared with WT cells. Primary
macrophages fromWT and SREC-I KOmice were transfected with or without siRNA-TLR4 for 72 hours. IL-6 release into the medium was measured
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TLR4 KO-SREC-I knocked down BMDM indicating that SREC-I has a role in promoting
LPS-TLR4 mediated IFN-β expression (Fig 7E).

Finally, we asked whether inhibiting the lipid microdomain formation/raft mediated inter-
nalization pathway for SREC-I localization could affect cytokine expression (Fig 8). Indeed, IL-
6 release triggered by exposure to LPS was impaired when cells were treated with Toxin B, an
inhibitor of the small GTPases (including Cdc42) required for the internalization pathway
taken by SREC-I. The decrease in IL-6 expression was similar in magnitude to the decline in
the cytokine observed when SREC-I was reduced in these cells by RNA interference (Figs 7 and
8). These results suggested that the nature of the lipid membrane microenvironment occupied
by SREC-I after LPS treatment influenced TLR4 activity and downstream cytokine synthesis.
To avoid the potential attenuation of cytokine release by SR-A, these experiments were per-
formed in the presence of SR-A blocking antibody [35].

according to manufacturer's instructions. F, SREC-I KO and TLR4 KD BMDMs led to reduced release of TNF-α compared to WT cells. Primary macrophages
fromWT and SREC-I KOmice were transfected with or without siRNA-TLR4 for 72 hours. TNF-α release by was then assayed as above. E,F, TLR4 KO and
SREC-I KO BMDMs led to reduced release of IFN-β compared to WT cells. Primary macrophages fromWT and TLR4 KO (E), SREC-I KO were transfected
or not with SREC-I siRNA (E) and TLR4 siRNA (F) for 72 hours. IFN-β release in media was assayed as above.G, H, I, Primary BMDM cells (WT, TLR4/
SREC-I KO mice, TLR4/SREC-I KO + SREC-I siRNA/TLR4 siRNA) were trypsinized and cell lysates were collected. Equal amount of protein was subjected
to SDS-PAGE andWestern blotting. All experiments were performedreproducibly 3 times. Error bars in graph show S.D. between three replicate
experiments. ***P<0.0001 when compared to the control, and #P<0.0001 when compared to theWT. Values were generated by ANOVA using the
Bonferroni post-test.

doi:10.1371/journal.pone.0122529.g007

Fig 8. Rho GTPase activity was required for LPS-SREC-I-TLR4 induced proinflammatory cytokine
release. BMDM cells fromWT and TLR4 KOmice were transfected with siRNA SREC-I or control RNA. Cells
were treated with or without Toxin B (2 ng/ml) and incubated withor without LPS. Experiments were
performed in the presence of SR-A blocking antibodies. Cell media were collected, clarified by centrifugation
and the IL-6 ELISA assay was performed. Experiments were repeated reproducibly 3 times. The height of the
error bars represents the average of three independent measurements. The error bars represent one
standard deviation from the mean. ***P<0.0001 when compared to the control, and #P<0.0001 when
compared to the WT. Values were generated by ANOVA using the Bonferroni post-test.

doi:10.1371/journal.pone.0122529.g008
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Discussion
Our experiments therefore have shown SREC-I to be a receptor capable of responding to LPS
and interacting with TLR4 to trigger inflammatory signaling leading to enhancement of TNF-
α, IFN-β and IL-6 expression (Fig 9). The mechanisms involved in the enhancement of cyto-
kine secretion by SREC-I may involve sustained and stronger activation of the NF-kB and
MAP kinase pathways that are known to function upstream of cytokine expression (Figs 2 and
3). Previous studies had suggested that SREC-I could interact with an extracellular protein-
Tamm-Horsfall protein that may mediate TLR4 dependent inflammatory responses in dendrit-
ic cells [36]. Although SREC-I was shown to cooperate with TLR2 in recognition of hepatitis C
virus N3 proteins in myeloid cells [37], we did not observe TLR2 involvement in LPS mediated
TLR4 signaling by SREC-I (S3 Fig). We hypothesize that the mechanisms utilized for the medi-
ation of TLR4 downstream signaling by SREC-I interaction appeared to involve LPS binding
and recruitment of TLR4 into the GEEC pathway of internalization [32, 38] by ligand-bound

Fig 9. Schematic diagram of the proposed pathway of LPS-SREC-I-TLR4mediated activation of proinflammatory cytokine expression. This cartoon
depicts LPS binding to SREC-I (1) followed by LPS-SREC-I complex recruitment of TLR4 into discrete lipid microdomains (thick line) (2). Localization of
LPS-SREC-I-TLR4 complexes to such lipid microdomains then led to activation of downstream proinflammatory cytokine release through adaptor proteins
MyD88 and TRIF. LPS exposure could thus mediate activation of the NF-kB and MAPK pathways. In addition, LPS has been shown to be recognized by
CD14, the primary responder to the endotoxin, which then bound to TLR4 and triggered proinflammatory signaling through NF-kB and MAPK (3). We have
additionally shown that LPS-SREC-I-TLR4 signaling led to activation of IRF3. Engagement of these signaling pathways could then lead to activation of
transcription factors NF-kB, AP-1 and IRF3 that have been shown to function combinatorially in cytokine gene transcription.

doi:10.1371/journal.pone.0122529.g009
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SREC-I, a process initiated by migration of the SREC-I into cholesterol rich lipid microdo-
mains (Fig 6). Cholesterol-rich microdomains were shown to contain abundant levels of signal-
ing molecules and indeed ligand binding to SREC-I promoted functional association with non-
receptor tyrosine kinase Src and the small GTPase, Cdc42; these processes were shown to in-
duce internalization in a dynamin-independent manner [2, 4, 33, 39]. Our experiments sug-
gested that SREC-I might be able to function in some circumstances as a primary LPS receptor
in a manner reminiscent of CD14, although the latter receptor has not been shown to assist in
internalization of TLR4 into GEEC. Instead, CD14 appeared to promote TLR4 endocytosis via
a dynamin-dependent pathway that was independent of Src and Cdc42 but dependent on an-
other non-receptor tyrosine kinase, Syk [13, 40]. Our experiments therefore indicated that, as
well as being involved in antigen cross presentation and adaptive immunity, SREC-I could
stimulate innate immune processes by co-opting the activity of TLR4. So far the known regula-
tors of TLR4 endocytosis include dynamin, clathrin and all other associated proteins. We can-
not rule out however the possibility of other specialized means of microbial recognition by cells
that are coupled to TLR4 signaling. In this regard, SREC-I mediated LPS-TLR4 binding and
signaling involving insoluble lipid microdomains could be significant (Fig 5). SREC-I might be
activated in this way by LPS (Figs 5 and 6), or any potentially by other microbial products,
which are also involved in recognition microorganisms (A. Murshid, unpublished data).

CD14 was originally identified as a key factor in MyD88-dependent signal transduction at
very low concentrations of LPS [41, 42]. Our findings suggested that SREC-I could supplement
CD14 as a factor in MyD88-dependent signal transduction and it could also facilitate TRIF sig-
naling at somewhat higher concentration of LPS both from plasma membrane and endosomes
respectively in HEK 293 cells expressing SREC-I and TLR4. Earlier it was shown that the scav-
enger receptor CD36 and the mannose receptor could serve as alternatives to CD14 for TLR2
induced signaling [43]. In an analogous manner, SREC-I might participate in LPS-TLR4 sig-
naling in addition to CD14 activity (Figs 2 and 7).

Structurally distinct SR family members, SREC-I and SR-A/CD204 have been ascribed
number of properties in common in addition to binding LPS. These properties include the ca-
pacity to associate with modified proteins and to bind a number of heat shock proteins [44–
47]. Both receptors were increased in expression in activated macrophages [48] (Calderwood
SK, unpublished data). However, while SREC-I promoted antigen cross presentation, activa-
tion of CTL (cytotoxic T cell) and induction of innate immunity [2, 49] (Figs 3 and 7), the ef-
fects of SR-A/CD204 were anti-inflammatory and this receptor could inhibit a number of
mechanisms in innate and adaptive immunity [50–52]. Some of these contrasting effects could
involve the influence of SR expression on TLR4 activity; whereas SREC-I enhanced LPS-TLR4
signaling, at least partially through sequestration of the TLR in lipid microdomains (Figs 5 and
6), SR-A/CD204 was shown to inhibit the ubiquitinylation of the adaptor protein TRAF6, thus
reducing levels of NF-kB signaling [53]

One unexplained finding in our studies was that Hsp90, although binding avidly to SREC-I
and stimulating TLR4 association caused relatively low levels of inflammatory signaling. HSPs
have been proposed as potential endogenous danger signals [54, 55]. One finding that could ac-
count for the paucity of Hsp90 induced inflammatory signals found here is that HSPs could in-
teract with SR-A/CD204, a receptor that has been shown to inhibit TLR4 signaling [34].
However, SR-A also dampened LPS induce TLR4 signaling [34]. The differences between LPS
and Hsp90 in terms of signaling through SREC-I were thus not certain. However, the extracel-
lular component of SREC-I is a large multidomain structure and has been shown to contain
numerous distinct potential sites for different ligands [4]. Future studies would address
this question.
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In conclusion therefore, we hypothesize that the Class F scavenger receptor SREC-I became
associated with TLR4 within lipid microdomainsin Raw 264.7 macrophagesexposed to LPS,
triggered inflammatory signaling and promoted sustained cytokine release (Fig 9). Earlier it
has been shown that this receptor, expressed in both macrophages and DC, interacts with a
range of ligands in addition to LPS and could thus participate in innate and adaptive responses
to a range of endogenous or pathogenic immune challenges.

Supporting Information
S1 Fig. SREC-I expression led to enhanced ERK 2/1 activities in cells expressing TLR4 in
the presence of LPS. A, SREC-I could increase LPS-TLR4 activation of MAPK. HEK 293 cells
expressing TLR4-MD2-CD14, TLR4-MD2-CD14-SREC-I were incubated with LPS (1 μg/ml)
for 5 hours (CD14 neutralizing peptide added to SREC-I incubation). Cell lysates were collect-
ed and levels of phosphorylated ERK1/2 MAPK assayed.
(TIF)

S2 Fig. BMDM were isolated fromWT and KOmice. A, Bone marrow cells were isolated
and differentiated to macrophages. Cells were then stained with anti F4/80 antibody.
(TIF)

S3 Fig. SREC-I supported LPS-TLR4 mediated NF-kB (phospho-p65). A,HEK 293 cells ex-
pressing SREC-I and TLR4, TLR2 +SREC-I or TLR4 only were transfected with NF-kB-SEAP
and incubated with LPS (1 μg/ml) or Pam3CSK4 (10 μg/ml) for 5 hours. NF-kB activity was
measured as instructed by NF-kB-SEAporter assay kit.
(TIF)
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