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Resumo

A coevolucdo parasita-hospedeiro pode ser apontada como uma das principais
responsaveis pela grande diversificacdo de genes envolvidos na resposta imunoldgica. A
chamada “regido do MHC” (na sigla em inglés para Major Histocompatibility Complex),
localizada no brago curto do cromossomo 6 humano, é a regido mais polimérfica e densa
do nosso genoma. Os trés genes mais polimdrficos deste locus codificam a cadeia pesada
de um complexo referido como MHC de classe |, responsavel pela apresentacdo (na
superficie celular) de peptideos provenientes da degradacdo de proteinas intracelulares.
Este mecanismo é central na resposta antiviral, permitindo que células infectadas sejam
identificadas e eliminadas pelos Linfécitos T Citotdoxicos. Apesar de estruturalmente
similares, cada molécula de MHC apresenta maior afinidade por peptideos com
determinadas caracteristicas bioquimicas. Assim, quanto maior a variabilidade de MHCs
em uma dada populacdo, menor o risco de que todos os individuos sejam incapazes de
apresentar pelo menos alguns alvos derivados de um determinado virus. Por outro lado, a
resposta imunoldgica celular e a geracdo de memoria contra este alvo apresentado pelo
MHC, depende do reconhecimento especifico deste complexo peptideo:MHC (pMHC) por
uma dada populacdo de linfécitos. Neste trabalho empregamos ferramentas de
bioinformatica para realizar a analise estrutural de complexos pMHC, identificando
propriedades envolvidas na estimulacdo da resposta imunoldgica celular. Nossos
resultados in silico, corroborados por experimentos in vitro e ex vivo, sugerem que a
similaridade estrutural de complexos pMHC (em termos de topografia e potencial
eletrostatico) desempenha um papel central na reatividade cruzada de linfécitos T, com

implicagOes sobre imunidade heterdloga, imunopatologia e desenvolvimento de vacinas.



Abstract

Host-pathogen coevolution can be implicated as one of the main features driving
the great diversity of genes involved with immunological response. The so-called “MHC
region” (Major Histocompatibility Complex), located at the short arm of human
chromosome 6, is the most polymorphic and dense region of our genome. The three most
polymorphic genes in this locus encode the heavy chain of a complex referred as MHC
class I, which is responsible for presentation (at cell surface) of peptides derived from the
digestion of cytosolic proteins. This mechanism plays a key role in antiviral immune
response, allowing infected cells to be identified and eliminated by Cytotoxic T
Lymphocytes. Although structurally similar, each MHC molecule presents higher affinity
for peptides with certain biochemical properties. Therefore, the greater the variability of
MHCs in a given population, the smaller the risk that all individuals are unable to present
at least some targets derived from a given virus. On the other hand, cellular immune
response and memory generation against the target presented by the MHC, depends on
specific recognition of this peptide:MHC (pMHC) complex by a given T cell population. In
this work, we use bioinformatics tools to perform structural analysis of pMHC complexes,
identifying features involved in triggering cellular immune responses. Our in silico results,
corroborated by in vitro and ex vivo experiments suggest that structural similarity among
pMHC complexes (topography and electrostatic potential) plays a central role in cross-
reactivity of cytotoxic T cells, with implications over heterologous immunity,

immunopathology and vaccine development.



Capitulo 1

Introducao e Objetivos




Introducao

O paradoxo da rainha vermelha e a resposta imunoldgica celular

Em seu famoso livro Through the Looking-Glass de 1871 (adaptado para o
portugués como “Alice no pais do espelho”) o autor Lewis Carroll descreve uma situacdo
incomum na qual é preciso correr o maximo possivel para se permanecer no mesmo local
(Figura 1). Esta curiosa condicdo imposta a personagem Alice durante sua visita a um
mundo imagindrio, acabou servindo como uma perfeita analogia para uma questdo
central no estudo da biologia, a coevolugdo entre espécies. A chamada Hipdtese da
Rainha Vermelha foi inicialmente proposta por Leigh Van Valen para explicar as taxas de
extincdo no registro paleontolégico, sendo posteriormente empregada para descrever a
influéncia da relagdo parasita-hospedeiro sobre as taxas de evolugdo molecular (Paterson

etal., 2010).

"it takes all the running you can do, to keep in the same place"

Figura 1. A corrida da Rainha Vermelha. llustra¢do de Sir John Tenniel para o livro Through
the Looking-Glass (1871), de Lewis Carrol. Na cena, a Rainha Vermelha informa a Alice que
é preciso correr o maximo possivel, para se permanecer no mesmo local. Esta frase
acabou servindo de analogia para coevolugdao, em especial entre parasitas e hospedeiros,
sendo referenciada como a “Hipdtese da Rainha Vermelha”.



Os virus sdo parasitas intracelulares obrigatdrios, que utilizam a maquinaria
molecular do hospedeiro para realizar sua replicacdo (Salazar et al., 2014; Schmid et al.,
2014). Eles normalmente apresentam ciclos rapidos e um controle reduzido da fidelidade
durante a replicacdo genOmica (se comparados a eucariotos), o que colabora para a
rapida diversidade de sequéncias, especialmente em virus com genoma de RNA (Lauring
et al., 2013). No entanto, se por um lado nos patdgenos sdo selecionadas estratégias para
maximizar sua dispersdo na populacdo hospedeira, por outro lado, no organismo
hospedeiro sdo selecionadas estratégias para controlar e eliminar estes patdégenos.
Gracgas a reproducdo sexuada, a duplicacdo génica e a sele¢do natural, mecanismos de
identificacdo e controle de patdgenos foram gradativamente desenvolvidos a partir de
mecanismos mais simples de reconhecimento célula-célula (Barclay, 1999). Neste
processo, uma série de células e moléculas passou a atuar em conjunto, caracterizando
um sistema imunolégico. A chamada imunidade natural (ou inata) integra as barreiras
epiteliais, as células fagocitdrias e um conjunto de moléculas capazes de reconhecer
padrdes tipicos de patégenos, como receptores semelhantes a Toll e proteinas do Sistema
Complemento (Huang & Wells, 2014; Nakamoto & Kanai, 2014).

Adicionalmente, a “corrida armamentista” contra os patégenos levou ao
desenvolvimento de um novo conjunto de ferramentas, altamente varidvel, complexo e
especializado (Kubinak et al., 2012; Vandiedonck & Knight, 2009a). Além de permitir a
identificacdo de virtualmente qualquer alvo, a despeito de padrdes “tipicos” de

III

patégenos, este novo “arsenal” também permite a prevencgdo contra infecgdes futuras
(Welsh et al., 2004). A chamada imunidade adquirida possui duas “frentes de combate”,
(i) a reposta humoral e a (ii) resposta celular. A primeira envolve principalmente os
linfécitos B e a produgdo/secrecio de anticorpos (imunoglobulinas), enquanto a segunda
é mediada pelos linfécitos T. Ambas sdao fundamentais para a imunidade contra
patégenos, mas neste trabalho iremos dar enfoque aos mecanismos envolvidos na
resposta celular. Cabe ainda salientar que apesar da frequente representacdo do sistema

imune como um “exército”, sempre pronto a “atacar o inimigo”, os mecanismos da

imunidade natural e adquirida desempenham um papel constante na tolerdncia e



modulac¢do da microbiota (vigilancia imunoldgica), a qual é fundamental para a saude do
hospedeiro (Geuking et al., 2014).
A regido do MHC e a familia génica do HLA

Uma das regides gendmicas mais diretamente afetadas por esta coevolugdo com
os virus foi a chamada regido do complexo principal de histocompatibilidade (MHC, do
inglés Major Histocompatibility Complex)(Kubinak et al., 2012; Vandiedonck & Knight,
2009b). Em humanos, ela se encontra no brago curto do cromossomo 6 (6p21.3) e
constitui a regido mais polimdrfica e mais densa do genoma, a qual alcanga em alguns
trechos a média de 8,5 genes por 100 Kb (Vandiedonck & Knight, 2009a; Xie et al., 2003).
Esta regido possui envolvimento direto na resposta imunoldgica, sobretudo na

suscetibilidade as doencas infecciosas e autoimunes (Fellay et al., 2007; Vandiedonck &

Knight, 2009a).
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Figura 2. Mapas esquematicos dos loci do MHC humano e murino. Os genes semelhantes
a classe | no locus do MHC de classe | humano, se referem aos chamados HLA ndo
classicos, como o HLA-G, os quais ndo estdo diretamente envolvidos com a apresentagdo
de peptideos enddgenos, embora desempenhem outros papéis imunomodulatérios.
Modificado de Imunologia Celular e Molecular, 52 edigdo (Abbas & Lichtman, 2005).

A regidao do MHC pode ser subdividida em trés loci (Figura 2). Um deles, o locus do
MHC de classe lll, codifica citocinas e proteinas do Sistema Complemento, enquanto os
outros dois codificam proteinas envolvidas na apresentacao de peptideos (Horton et al.,
2004). As moléculas codificadas pelos loci DP, DQ e DR, no locus do MHC de classe I,
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estdo envolvidas na via de apresentacdo de peptideos exdgenos, a qual é fundamental
para o desencadeamento da resposta imunolégica humoral. Neste trabalho, enfocaremos
as moléculas codificadas pelo locus do MHC de classe I, o mais polimoérfico dentro da
regido do MHC. Destacam-se neste locus os genes HLA-A, HLA-B e HLA-C, os quais
codificam a cadeia pesada do complexo responsavel pela apresentacdo de peptideos
endogenos na superficie das células (Kelley et al., 2005). Em humanos, estas moléculas
sdo referidas como antigeno leucocitario humano ou simplesmente HLA (do inglés Human
Leukocyte Antigen), recebendo outras denominacbes dependendo da espécie. Em
camundongos, por exemplo, sdo referidas como Antigeno H2 (H2-K, H2-D e H2-L). De
maneira genérica, podemos nos referir a todas estas proteinas apresentadoras como
moléculas de MHC (de classe | ou de classe Il).

Atualmente, sdo descritos 8.976 alelos distintos para os HLAs de classe | em
humanos, segundo dados de Julho de 2014 (hla.alleles.org). O mais polimdrfico é o HLA-B
(3.590), seguido por HLA-A (2.884) e HLA-C (2.375). Os demais sdo dados pela soma dos
chamados HLA de classe | ndo cldssicos (Figura 2), os quais sdo muito menos polimorficos.
Esta expressiva variabilidade de genes codificando proteinas apresentadoras de antigeno
confere a espécie uma enorme vantagem em termos populacionais, maximizando a
capacidade de reconhecimento de agentes infecciosos por pelo menos uma parcela dos
individuos (Vandiedonck & Knight, 2009a). A distribuicdo destes alelos, no entanto, ndo é
homogénea. O alelo HLA-A*02:01, por exemplo, é referido como sendo o mais frequente
na populagdo humana (http://www.allelefrequencies.net/). A heranca dos alelos de MHC
de classe | classicos é realizada em haplétipos (Zuniga et al., 2013), de modo que cada
individuo pode apresentar até seis alelos distintos (trés herdados do pai e trés herdados
na mae). Conforme mencionado anteriormente, cada um destes alelos codifica uma
variante da cadeia pesada (cadeia alfa) do complexo responsavel pela apresentacdo de
peptideos enddgenos, sendo estas variantes proteicas referidas como alotipos (Bordner &
Abagyan, 2006). Os alotipos de MHC sdo estaveis na superficie celular apenas na forma de
um heterotrimero, formado em conjunto com uma cadeia constante (B2-microglobulina)
e um peptideo de origem intracelular (Figura 3). Este heterotrimero sera doravante

referido como complexo peptideo:MHC, ou pMHC.

10



Em linhas gerais, esta via permite que peptideos derivados de proteinas citosélicas

(também referidos como epitopos) sejam apresentados na superficie celular para

reconhecimento pelos linfdcitos T citotdxicos (CTLs, do inglés Cytotoxic T Lymphocyte).

Tendo em vista a capacidade dos CTLs de reconhecer peptideos ndao prdprios

apresentados pelos MHCs do organismo, fruto do processo de selecdo de linfdcitos no

timo, esta via desempenha papel central no controle de infeccbes virais constituindo a

base da resposta imunoldgica celular (Yewdell et al., 2003).
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Figura 3. Estrutura e fungdo do complexo pMHC. A esquerda, representagdo esquematica
da via de apresentagdo de peptideos enddégenos. Uma amostra das proteinas citosdlicas é
digerida pelo proteossomo e os peptideos derivados sdo ultimamente apresentados na
superficie celular, complexados a molécula de MHC de classe I. Este complexo (pMHC)
sera reconhecido por linfocitos T citotdxicos (CD8+), os efetores da resposta imunoldgica
celular. Modificado de Yewdell et al., 2003. A direita, representagdo em cartoon da
estrutura molecular de um complexo TCRpPMHC (em destaque). Cada cor representa uma
cadeia proteica distinta. Os nomes das cadeias (em negrito) e de seus dominios (em
itdlico) sdo indicados. Modificado de Lefranc MP, 2014. TAP, transportador associado a
apresentacdo de antigenos; TCR, receptor de células T, CD8, glicoproteina que interage
especificamente com o MHC de classe |, auxiliando a interagdo com o TCR; MHC,
complexo principal de histocompatibilidade; pMHC, complexo peptideo:MHC.
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Recombinagio somatica e selegao timica

A via de apresentacdo de peptideos enddgenos permite a identificacdo de células
infectadas por virus (ou outros parasitas intracelulares), uma vez que peptideos derivados
de proteinas do patdgeno serdo expostos na superficie celular, no contexto de um dos
alotipos de MHC do hospedeiro. A eficicia deste sistema, no entanto, depende da
capacidade de reconhecimento de pMHCs apresentando alvos ndo prdoprios. Esta tarefa é
executada pelos linfécitos T CD8+ através da interacdo mediada pelo receptor de
linfécitos T (TCR, do inglés T Cell Receptor). Mais do que isso, conforme discutido
anteriormente, uma das caracteristicas da resposta imunoldgica adaptativa é o
reconhecimento especifico de alvos patogénicos, capaz de conferir imunidade protetora
contra futuras infec¢des pelo mesmo patégeno (memoaria imunoldgica). Considerando o
grande polimorfismo dos MHCs e a expressiva variabilidade dos patdgenos, que
proporcionam em conjunto um numero incalculdvel de complexos pMHC Unicos, parece
improvavel a existéncia de um mecanismo capaz de gerar uma variabilidade de TCRs que
se aproxime desta variabilidade de alvos. A constatacdo empirica de que os organismos
hospedeiros sdo de fato capazes de gerar respostas especificas contra uma ampla gama
de patégenos e o desconhecimento dos mecanismos geradores desta variabilidade de
TCRs (e imunoglobulinas), intrigou os imunologistas por décadas. A resposta para este
enigma envolvia um surpreendente mecanismo de recombinacdo somatica, o qual foi
revelado ao longo das décadas de 80 e 90 (Fanning et al., 1998; Kurosawa et al., 1981;
Maki et al., 1981; Schatz et al., 1992).

A estrutura do TCR é um heterodimero formado pelas cadeias alfa e beta (Figura
3) ou, alternativamente, gama e delta. Cada uma destas cadeias apresenta um dominio C
(constant) e um dominio V (variable) (Lefranc, 2014). No dominio variavel, existem ainda
trés sitios hipervariaveis, os quais sdo referidos como regides determinantes de
complementariedade (CDRs, do inglés Complementarity Determining Region). Na
estrutura tridimensional, estas CDRs compde as al¢as que realizam o contato direto com
residuos do peptideo e da molécula de MHC (Brehm et al., 2004). Diferentemente do
dominio C, o dominio V é codificado por uma combinacdo de diferentes segmentos

génicos. A porcao N-terminal do dominio V contém informacdo de um segmento J
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(joining) e de um segmento D (diversity), este Ultimo estando presente apenas na cadeia

beta (Figura 4).

| Locus da cadeia B do TCR humano (620 kb; cromossomo 7))

EHER-

(n=~50)
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Figura 4. Organizacdo do TCR. A. Organizagdo dos loci das cadeias a, B, y e § do TCR
humano, na linhagem germinativa. Exons e introns n3o est3o representados em escala e
pseudo-genes ndo sdo indicados. Os genes constantes (C) sdo representados como blocos
simples, mas sdo na verdade compostos por varios éxons (ex. CB1). Os segmentos génicos
ilustrados sao L, leader; V, variable; D, diversity; ), joining; C, constant, enh, enhancer; sil,
silencer. B. Dominios das proteinas o e B do TCR. A localizagdo das cadeias internas e das
pontes dissulfeto (S-S) é representada de maneira aproximada. As areas pontilhadas
(retangulos) indicam as regides hipervariaveis (CDRs). As cadeias a e B, assim como os
dominios TM (transmembrane) e CYT (cytoplasmic), sdo codificados por diferentes éxons.
Modificado de Imunologia Celular e Molecular, 52 edi¢do (Abbas & Lichtman, 2005).
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Os loci que codificam as cadeias do TCR apresentam uma estruturacdo
caracteristica, marcada pela repeticao sequencial de diversos segmentos que codificam
para os dominios V, D e J (Figura 4). Durante o processo de matura¢do na medula, cada
linfocito T sofrerd um rearranjo Unico destes segmentos somaticos, gerando um TCR com
uma combinacdo “V-D-J)” especifica (Schatz et al., 1992). Adicionalmente, existe um
mecanismo de edicdo de nucleotideos nas jungOes destes segmentos V-D-J (adicdo e
remocdo ao acaso), aumentando ainda mais a variabilidade do TCR produzido (Fanning et
al., 1998). Em conjunto, estes mecanismos fornecem ao TCR uma diversidade potencial
que supera 10%° combinagdes (Zarnitsyna et al., 2013).

Tendo em vista a natureza aleatdria dos mecanismos de edicdo, que e em dois
tercos dos casos poderd resultar em troca da fase de leitura do DNA, muitos dos
rearranjos gerados ndo serdo bem sucedidos na producao de uma cadeia de TCR (Elhanati
et al.,, 2014). Além disso, diferentemente das Imunoglobulinas, os TCRs reconhecem
apenas antigenos apresentados no contexto de moléculas de MHC. Assim, um novo
linfécito T sé serd util para o organismo caso seu TCR seja capaz de interagir com
peptideos apresentados pelos alotipos de MHC do individuo. Para assegurar esta
especificidade, linfécitos T passam por um rigoroso processo de selecdo no timo, onde
células epiteliais (timicas) realizam a apresentacdo de uma ampla gama de peptideos
préoprios do contexto dos MHCs do individuo. Através da competicdo por estimulos,
linfocitos nao responsivos, apresentando TCRs defectivos ou incapazes de interagir com
os MHCs proéprios, sdao negligenciados e morrem. Linfécitos altamente autoreativos sao
negativamente selecionados, uma vez que estdo apresentando alta avidez/afinidade por
peptideos préprios. Deste modo, sobrevive a sele¢cdo timica uma populacao de linfécitos
cujo TCR consegue interagir com os MHCs do individuo, mas possui apenas moderada ou
baixa afinidade por peptideos préprios (Sohn et al.,, 2007). Ao serem liberadas na
circulacdo, estas células serdo expostas a diversos antigenos prdprios e nao-préprios
(sempre no contexto do MHC), sendo ativadas apenas frente a um pMHC para o qual elas

apresentem alta avidez/afinidade (em tese, apresentando um peptideo ndo-préprio).
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Caracteristicas e consequéncias da interagao TCRpMHC

Diversas outras moléculas auxiliam na formacdo do complexo TCRpMHC,
estabilizando e prolongando a interacdo a ponto de permitir a estimulacdo do linfécito T
(Chen et al., 2009; Rudolph et al., 2006). Uma das mais importantes é a glicoproteina CD8
(do inglés cluster of differentiation 8), que se liga ao dominio alfa-3 da molécula de MHC
de classe | (Chen et al., 2009). Cabe ainda salientar que a estimula¢do do linfocito ndo é
desencadeada pela interacdo de um unico TCR com um Unico pMHC. Durante a interacao
entre o linfécito e a célula apresentadora, ocorre um rearranjo nas membranas
plasmaticas de ambas as células a fim de concentrar um grande nimero de complexos
TCRpMHC e uma diversidade de correceptores e outras moléculas de adesdo, em uma
area restrita de superficie celular. Esta intensa interacdo entre as células foi referida
como sinapse imunoldgica (Saito et al., 2010; Thauland & Parker, 2010).

A interacdo TCRpMHC apresenta uma fina regulacdo, podendo desencadear
diferentes niveis de estimulagdo do linfdcito (van der Merwe & Dushek, 2010). Conforme
discutido anteriormente, cada linfécito T produzido na medula possui um TCR especifico.
Um dos desfechos possiveis da interacdo TCRpPMHC é a chamada expansao clonal, na qual
a célula mae dard origem a uma populacdo de células filhas que compartilhardo o mesmo
rearranjo V-D-J da célula original. Este mecanismo assegura que, uma vez identificado um
alvo ndo-prdprio, sejam geradas vdrias células (clones) capazes de percorrer o organismo
eliminando células infectadas. Mais do que isso, ele permite que uma parcela destes
clones seja diferenciada em células de memdria, as quais permanecerdao em nichos
especificos para serem futuramente ativadas em caso de um novo contato com o mesmo
patégeno (Seder et al., 2008).

Durante a imunizacdo de um individuo, seja por infec¢do ou vacinagdo, diversos
linfécitos serdo simultaneamente ativados. Cada um deles podera responder a um
epitopo distinto, ou alguns deles poderdo responder de forma diferencial a um mesmo
epitopo. Estes diferentes linfocitos poderdo expandir clonalmente, gerando uma
populacdo heterogénea de células. Assim, a resposta primaria a uma imunizacdo é
policlonal (Cornberg et al.,, 2006). Além disso, um mesmo imundgeno ird estimular

conjuntos diferentes de clones em cada individuo (diferentes recombinacdes V-D-J), um
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fendmeno referido como repertério privado (private specificity). A existéncia dos
repertdrios privados tem papel central na heterogeneidade de resposta entre individuos.
Entretanto, j4 foram descritos alguns rearranjos V-D-J que parecem ser mais frequentes
na populagdo (ainda que ndo apresentem sequéncias idénticas), sendo chamados de TCRs
publicos (Elhanati et al., 2014).

A especificidade do contato TCRpMHC é uma caracteristica fundamental, que
permite a geracdo de memodria imunolégica. No entanto, considerando o processo de
geracdo dos linfécitos, podemos observar que a mesma célula que reconheceu
fracamente um complexo pMHC apresentando um peptideo préprio (no timo),
reconheceu fortemente outro complexo pMHC (ndo relacionado), apresentando um
peptideo ndo-préprio. Esta situagdo caracteriza uma propriedade intrinseca dos linfécitos
T, referida como poli-especificidade (Wucherpfennig et al.,, 2007). O reconhecimento
TCRpMHC ndo é degenerado, mas um mesmo TCR pode interagir (especificamente) com
diferentes complexos pMHC. Em alguns casos, complexos pMHC apresentando alvos
heterdlogos poderdo desencadear de maneira similar a ativacgdo de uma mesma
populacdo de linfdcitos, um evento referido como reatividade cruzada (Welsh & Selin,
2002).

A reatividade cruzada, de certo modo, se contrapde a especificidade da interacado
TCRpMHC, o que pode acarretar diversas consequéncias para o organismo. Por um lado,
ela maximiza a capacidade de resposta de um dado conjunto de linfdcitos, permitindo
gue um mesmo clone responda contra diferentes alvos (Welsh et al., 2010). Por outro
lado, ela pode acarretar respostas contra alvos proprios (autoimunidade) e mediar
respostas ineficientes ou crbnicas, que nao eliminam o alvo e acabam lesando o
organismo (imunopatologia) (Welsh & Fujinami, 2007; Wlodarczyk et al., 2013).

Estudos recentes sugerem que semelhancgas estruturais entre complexos pMHC
apresentando alvos heterélogos sejam um fator decisivo em eventos de reatividade
cruzada (Birnbaum et al., 2014; Shen et al., 2013). A interagdo TCRPMHC obedece uma
geometria relativamente restrita, na qual as cadeias V-alfa e V-beta do TCR irdo
normalmente interagir com regides determinadas da superficie do pMHC (Adams et al.,

2011; Garcia et al., 2009; Gras et al., 2012). A “face” do pMHC que interage com o TCR é

16



delimitada pelos dominios alfa-1 e alfa-2, formando uma superficie Unica em conjunto
com o epitopo (Figura 5). Os padrdes tipicos de interacdo entre diferentes TCRs e pMHCs
podem ser mapeados sobre a “face” do pMHC, sendo referidos como “impressoes digitais

dos TCRs” (TCR footprints) (Rudolph et al., 2006).

2C:dEV8:H2-Kb BM3.3:VSV:H2-Kb

Figura 5. Orientagdo da interagdo TCRoMHC. A. Espectro de orientagdes de ancoramento
para 40 TCRs agonistas, alinhados sobre a “face” de contato de um pMHC. As al¢as de um
TCR ndo agonista (p3A1) sdo representadas com linhas mais grossas em azul e roxo, com a
linha tracejada em amarelo indicando sua orientagao. Modificado de Adams et al. 2011. B.
Footprints de diferentes TCRs com epitopos restritos a HLA-A2 e H2-K%. A identificacdo das
proteinas envolvidas é fornecida abaixo de cada imagem, seguindo o padrdo
TCR:peptideo:MHC. Residuos ndo contatados pelas algas do TCR sdo representados em
cinza na superficie do pMHC. Demais residuos sdo coloridos de acordo com a alga do TCR
contatada, seguindo o esquema: CDR1a, azul escuro; CDR2a, magenta; CDR3aq, verde;
CDR1B, ciano; CDR2B, rosa; CDR3pB, amarelo. A linha vermelha indica a orientagdo do
ancoramento do TCR. Modificado de Rudolph et al., 2006.

Genética, Imunologia e Bioinformatica

A interdisciplinaridade é fundamental para a resolu¢do de problemas complexos.
Por exemplo, a descoberta dos mecanismos envolvidos na geracdo de variabilidade dos
TCRs e imunoglobulinas representa uma das maiores conquistas da imunologia, a qual s
foi possivel gracas ao desenvolvimento da genética e de ferramentas de biologia
molecular. Reciprocamente, a motivacdo imunoldgica levou pesquisadores a

desvendarem mecanismos genéticos até entdo desconhecidos. Esta interface entre
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genética e imunologia tem sido extremamente frutifera e prdspera, sendo reconhecida
como uma disciplina independente, a imunogenética.

O desenvolvimento do Projeto Genoma Humano nos anos 90 reuniu
pesquisadores de diversas areas e financiamento de multiplas fontes, visando um
objetivo comum. Esta iniciativa grandiosa acabou acelerando o desenvolvimento da
ciéncia, com impactos diretos em diversas areas (Lander, 2011). Uma das necessidades
basicas do projeto dizia respeito ao desenvolvimento de ferramentas de informatica, para
armazenar, processar e compartilhar uma quantidade de dados bioldgicos sem
precedentes. Desenvolveu-se assim uma area batizada como bioinformatica (lkekawa &
Ikekawa, 2001). Surgiram diversos bancos de dados e ferramentas especificas para se
trabalhar com sequéncias biolégicas, marcando o inicio do periodo das “Omicas”
(genbmica, protedmica, transcriptdmica, etc). Com o tempo, o interesse no estudo da
estrutura e fungdo das proteinas ganhou forca, amparado por avang¢os no campo da
cristalografia de raios X e na rapida evolucdo da capacidade de processamento de dados.
Desenvolveu-se assim a bioinformatica estrutural, com uma série de ferramentas e
desafios préprios (Sliwoski et al., 2013).

A imunologia, no entanto, parece insistir em nos surpreender com sua
complexidade e a peculiaridade de seus mecanismos. Os bancos de dados desenvolvidos
para armazenar e organizar a informacdo de genes e proteinas envolvidas em outros
sistemas, aparentemente nao forneciam uma estrutura compativel com as definicdes e
caracteristicas da imunogenética. Desta necessidade de desenvolver ferramentas de
bioinformatica voltadas ao armazenamento e processamento de informacdes da
imunogenética, surge a imunoinformatica (Korber et al., 2006; Lefranc, 2014; Tomar &
De, 2010).

Sendo um tema central para a imunologia, a vacinologia sempre esteve presente
na pesquisa em imunoinformatica. O termo "vacinologia reversa" foi cunhado em 2000
pelo italiano Rino Rappuoli (Rappuoli, 2000). Ele se refere a um processo de
desenvolvimento de vacinas que se inicia pela analise de sequéncias gendmicas in silico,
seguido pela identificacdo de alvos e posterior expressao de proteinas recombinantes

para testes in vivo. Esta estratégia continua sendo discutida e aplicada, acumulando
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diversos resultados interessantes na imunizacdo contra virus e bactérias (Donati &
Rappuoli, 2013; Vivona et al., 2008). Recentemente, comeca a popularizar-se o termo
"vacinologia computacional”, que também tem sido discutida como uma alternativa na
pesquisa em cancer (Pappalardo et al., 2013). A despeito do termo utilizado, o fato é que
o uso de ferramentas computacionais para o desenvolvimento de vacinas é uma
realidade que vem ganhando destaque.

Estudos baseados em cristalografia de raios X nos forneceram pistas
imprescindiveis sobre mecanismos imunoldgicos complexos, como a reatividade cruzada
e o impacto de mutacdes sobre a diversidade do repertdrio de células T (Sandalova et al.,
2005; Shen et al., 2013; Turner et al., 2005). No entanto, os elevados custos, o tempo
necessario e a dificuldade para se obter um cristal de complexos proteicos com baixa
afinidade (como alguns complexos TCRpMHC), ainda tem limitado a popularizagdo do uso
desta ferramenta. Alternativamente, a bioinformatica estrutural fornece muitas
ferramentas rapidas e de baixo custo, que podem ser empregadas para o estudo das
interacbes peptideo:MHC e TCR:peptideo:MHC. Tais ferramentas podem nos ajudar a
analisar estruturas previamente cristalografadas ou até mesmo modelar estruturas ainda
nao determinadas, fornecendo assim um valioso subsidio para a formulagdo de hipdteses,

as quais podem ser posteriormente testadas in vitro ou in vivo.
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Objetivos

O objetivo do presente trabalho foi identificar caracteristicas estruturais dos
complexos peptideo:MHC que possam estar envolvidas na estimulacdo da reatividade
cruzada de linfocitos T, utilizando ferramentas de bioinformatica estrutural e

desenvolvendo novas estratégias que permitam realizar predi¢Ges acerca destes eventos.
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Capitulo 11

Structural Immunoinformatics and Vaccine Development

(Capitulo publicado no livro “Bioinformatics Research: New

Developments”)
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este capitulo aprofundaremos a discussdo sobre a possivel aplicacao
de ferramentas de bioinformdatica para a pesquisa em imunologia, com
especial interesse no desenvolvimento de vacinas. Apresentaremos
alguns dos principais bancos de dados voltados a pesquisa em imunoinformatica

estrutural, com enfoque na interacdo entre TCR e pMHC.

A andlise estrutural de complexos pMHC revela aspectos moleculares importantes
no desfecho de fendmenos imunoldégicos complexos, mas os métodos experimentais para
obtencdo destas estruturas apresentam limitacdes quanto ao uso em larga escala. Serao
apresentadas algumas alternativas para a modelagem e predicdo estrutural de complexos
pMHC, utilizando ferramentas de bioinformatica. Por exemplo, a grande conservagao
estrutural da molécula de MHC permite a modelagem por homologia de alotipos cuja
estrutura 3D ainda ndo foi determinada. Adicionalmente, a conformacdao de um dado
complexo pMHC, apresentando um epitopo de interesse, pode ser predita com o uso de

ferramentas como o ancoramento molecular (docking).

Finalmente, revisaremos alguns resultados de nosso grupo referentes a predicao
de reatividade cruzada entre complexos pMHC. Uma abordagem inovadora, desenvolvida
pela nossa equipe, utiliza o potencial eletrostatico dos complexos pMHC para agrupar
alvos estruturalmente semelhantes, através da aplicagdo de métodos estatisticos

multivariados.
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Capitulo 111

Abundance and privacy of CD8+ HCV-specific T-cells in

seronegatives: implication for vaccine response

(Artigo completo submetido a revista PLoS Pathogens)
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uscando alvos que apresentassem similaridade estrutural com o

epitopo imunodominante de HCV NS3-1073, nosso grupo sugeriu a

possivel reatividade cruzada deste peptideo com um epitopo do virus
Epstein-Barr (EBV). Neste capitulo apresentaremos os resultados de uma colaboracdo
estabelecida entre o Nucleo de Bioinformatica do Laboratdrio de Imunogenética (NBLI) e
a equipe coordenada pelo Prof. Dr. Markus Cornberg, da Medizinische Hochschule
Hannover (MHH, na sigla em alemdo para Escola de Medicina de Hannover). A equipe do
MHH detectou a presenca de células T especificas para este mesmo alvo de HCV (NS3-
1073) em 32,6% dos 46 individuos analisados, sendo estes doadores de sangue saudaveis,
HCV-, sem histdrico de exposicdo ao HCV. Sugere-se que estas células tenham sido
expandidas pela exposicdo prévia destes individuos a algum alvo heterdlogo (outro virus),
respondendo in vitro contra o epitopo de HCV por um mecanismo de reatividade cruzada

de células T.

Para confirmar nossos resultados prévios e prospectar outros alvos que pudessem
ser testados in vitro, foi realizada uma nova andlise hierdrquica de agrupamentos baseada
nas estruturas de 9 epitopos virais, no contexto do alotipo de MHC humano HLA-A*02:01.
Esta analise corroborou os resultados prévios, apontando os epitopos LMP2-329 (EBV) e
GAG-77 (HIV) como alvos estruturalmente similares ao epitopo de HCV. Outro epitopo de
EBV e um epitopo de Influenza ficaram em ramos préximos, enquanto trés candidatos

derivados de EBV ndo apresentaram similaridade estrutural.

Testes in vitro confirmaram a reatividade cruzada entre os alvos preditos e
indicaram que esta resposta heterdloga (prévia) altera o desfecho da vacinagdo contra
HCV (com a vacina experimental IC41). Os resultados salientam que a identidade
estrutural entre complexos pMHC parece ter maior impacto no desencadeamento da

reatividade cruzada do que a similaridade de sequéncia entre os epitopos testados.
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Abstract

T-cells specific for pathogens have been detected in unexposed individuals, but little is known
about their characteristics or origin. The existence of such T-cells might have consequences
for the outcome of infection and response to vaccination. In this study, we systematically
investigated how frequently HCV-specific CD8+ T-cells can be found in HCV-seronegative
individuals (HCV-SN), which properties these cells have and whether they might impact on
response to HCV vaccination. We found that CD8+ T-cells recognizing the immunodominant
epitope HCV NS3-1073 were surprisingly abundant in HCV-SN irrespective of risk factors
for HCV exposure. These cells were partially memory-phenotype cells and displayed variable
private and in some individuals skewed T-cell receptor repertoires. In vitro cross-recognition
of peptides from unrelated viruses suggests that the HCV-specific T-cells found in HCV-SN
might originate from previous heterologous infections. Of note, in healthy individuals
vaccinated with an HCV peptide vaccine, the in vitro response to HCV before vaccination
correlated with a more vigorous and earlier response towards the vaccine. Thus, we suggest
that virus-specific CD8+ T-cells can be present in unexposed individuals due to cross-

reactivity and might influence responses to vaccines.



Author summary

Immune responses to vaccination show a wide individual variability. Also, responses
in humans towards infections like HCV are heterogeneous regarding severity of disease and
natural outcome. The reasons for this are not yet fully understood. Here, we report that HCV-
specific CD8+ T-cells can readily be found ex vivo and expanded in vitro in healthy HCV
seronegative individuals. These cells were partially memory-phenotype cells and displayed
characteristics of selective clonal expansion. We further found cross-recognition of EBV-,
Influenza- and HIV-derived peptides by these HCV-specific CD8+ T-cells, which
demonstrate a possible implication of cross-reactivity in the generation of the HCV-specific
response in seronegative individuals. Of interest, we could show that in healthy individually
who received in a phase | study a HCV peptide vaccine T cell responses towards HCV seem
to be influenced by the pre-existence of HCV-specific CD8+ T-cells. In those vaccinated
individuals responding in vitro to HCV already before the first vaccination, the CD8+ T cell
response towards the vaccine occurred earlier and with a higher magnitude. Overall, our data
show that virus-specific T-cells exist in unexposed individuals and that these cells might have

a clinical impact influencing immune responses towards vaccination.



Introduction

The natural courses of infections as well as response to vaccines can be quite variable.
For example, hepatitis C virus (HCV) infection show a strong heterogeneity ranging from
asymptomatic to symptomatic acute phases with spontaneous clearance or viral persistence
[1]. Also the response to vaccination likewise is different between individuals, where the
magnitude and the timing of appearance of immune responses might differ substantially and
some individuals even are non-responder to the particular vaccine [2]. In addition, vaccines
may induce non-specific immune effects [3]. The reasons for this variability are not known in
detail, factors like dosage, route of infection or vaccination as well as pathogen and host
genetics are considered to play a role.

Another element influencing the natural course of infection or vaccination might be a
pre-existence of virus-specific cells, which become re-activated and participate in the immune
response thereby changing the course of disease. Virus-specific T-cells have repeatedly been
documented in individuals who have not encountered these pathogens before. Recently,
human immunodeficiency virus (HIV) or herpes simplex virus (HSV) specific CD4+ T-cells
were described to be present in uninfected persons and these cells displayed a phenotype and
expression of genes associated with memory cells [4]. In other cases, T-cells specific for a
pathogen were documented unintended in unexposed persons, as for example in the case of
severe acute respiratory syndrome virus (SARS) or HIV specific CD4+ T-cells [5,6].
Similarly, T-cells specific for the hepatitis C virus (HCV) were shown to be present in
persons not exposed to and not infected with HCV [7-10]. However, little is known about the
characteristics, phenotype, functionality or the possible origin of these T-cells as they have
not yet been systematically investigated. Also, possible clinical impacts of such cells in case
of infection or vaccination remain largely unknown. In the case of HCV specific T-cells in
unexposed individuals different explanations were discussed including activation of naive
precursor cells [7], exposure to HCV without seroconversion [8] or cross-reactivity with other
epitopes [4,11]. The aim of this study was to analyze the frequencies of HCV specific CD8+
T-cells in HCV-seronegative (HCV-SN) individuals with different risk factors for HCV
exposure and to systematically characterize these cells in regard to their phenotype,
functionality, T-cell receptor repertoire and clonality. For these analyses we used the HCV
model epitope NS3-1073 which is frequently targeted in HCV-infected patients [12]. This
peptide is also included in a HCV peptide vaccine candidate and was applied in clinical trials
to healthy individuals [13,14].



We here show that CD8+ T-cells specific for HCV are astonishingly frequent in HCV-
SN and that they partially are memory-phenotype cells. Cross-recognition of peptides derived
from Epstein-Barr-Virus (EBV), Influenza A Virus (IAV) or HIV suggests a possible origin
of these cells due to cross-reactivity. Analyses in healthy individuals vaccinated with a HCV

peptide vaccine suggest influence on vaccine responses.



Results

HCV-specific CD8+ T-cells are present in seronegative individuals

The study cohort for the analysis of HCV-specific CD8+ T-cells in HCV-seronegative
(HCV-SN) individuals comprised altogether 164 individuals. To answer the question to what
extent HCV-specific CD8+ T-cells exist in HCV-SN, healthy blood donors first were
screened in an unbiased approach for the presence of HCV NS3-1073 specific CD8+ T-cells
by MHC-I multimer staining directly ex vivo. In 35 of the 126 individuals analyzed ex vivo
(27.8%) HCV-specific CD8+ T-cells were detectable with a frequency of 0.05% to 0.8% of
CD8+ T-cells (median 0.021%, Figure la and 1b). Further, another sensitive approach was
used by testing cells ex vivo for NS3-1073 specific IFNy production by EliSpot. Four of 18
HCV-SNs (22%) showed peptide-specific responses above the set cut-off (9 SFU/300,000
cells). In two of the samples the IFNy secretion was even higher with >27 SFU/300,000 cells
(Figure 1b). Characteristics of all HCV-SN included in this study are given in supplementary
table S1.

HCV-specific CD8+ T-cells in seronegative individuals partially display a memory
phenotype

In order to gain more insight into the properties of the NS3-1073 specific CD8+ T-
cells that can be found among healthy blood donors, we aimed to phenotypically analyze the
memory status of these cells. As the ex vivo frequency was too low to allow this analysis, the
method of enrichment of antigen-specific cells using MHC Class I multimers by magnetic
bead isolation was used. This approach was performed with samples from donors already
showing NS3-1073 specific CD8+ T-cells ex vivo. HCV NS3-1073 specific CD8+ T-cells
could be enriched in 16 out of 21 selected blood donors. Parts of the NS3-1073 specific CD8+
T-cells were identified as memory-phenotype T-cells as they were negative for CCR7 and
CD45RA (Figure 1c and Supplementary Figure S1) with frequencies varying between 1.9%
and 89.5%. However, as the identification of memory phenotype by CCR7 and CD45RA can
be imprecise as also antigen-experienced T-cells can be positive for these two markers thus
appearing to be naive cells (e.g. as seen by CD95 data [15]). Therefore we additionally
stained the memory-associated markers CD11a in some of the individuals analysed. Here, the
NS3-1073 specific CD8+ T-cells showed a high expression of this marker (Figure 1c, lower
panel) and identified them as potentially being previously exposed to antigen. Calculating the

precursor frequency of NS3-1073 specific CD8+ T-cells according to Alanio et al. [16]



revealed a precursor frequency ranging from 5.7e-05 to 3.66e-06 thus being comparable to
previously published data. Thus, HCV specific CD8+ T-cells can be found already ex vivo in
HCV-SN individuals and these cells partially display a memory-phenotype.

HCV-specific CD8+ T-cells from seronegative individuals can be expanded in vitro

The initial cohort of healthy blood donors recruited from the local blood donation
centre represents a well characterized cohort of individuals, who were stringently tested for
diseases including infection or exposure to HCV by HCV-RNA and anti-HCV screening.
Nevertheless, a possible contact to HCV explaining the presence of HCV-specific CD8+ T-
cells cannot be excluded. Thus, for the following analyses we decided to extend our cohort of
HCV-seronegatives by including individuals with different risk factors for HCV exposure
such as risk-free individuals (RF, n= 23), healthy blood donors (HBD, n= 49), health care
workers (HCW, n=9), sexual partners of HCV-infected persons (SP, n= 17) and healthy
intravenous drug users (HDU, n=4). All individuals were selected in an unbiased fashion only
by being HLA-A2-positive and without applying any other selection criteria. Characteristics
of the cohort used for the in vitro assays are listed in Supplementary Table S1.

We established T cell lines by stimulating CD8+ T-cells or total PBMCs in vitro from
91 HCV-SN using HLA-A2 transgenic TAP transporter deficient cells (T2) pulsed with the
HCV NS3-1073 peptide for 3 weeks. Corresponding to our ex vivo data, we were able to
expand HCV NS3-1073 specific CD8+ T-cells in about one third of the individuals tested
(36/102 individuals, 35.3%). The magnitude of responses as well the NS3-1073 multimer
staining pattern varied widely between individuals (Figure 2a), possibly indicating diverse T
cell repertoires. However, no obvious differences in the frequencies, response rates of
seronegative individuals or the clonality of the NS3-1073 specific response could be observed
between cell lines established with isolated CD8+ T-cells or total PBMCs (average
frequencies of NS3-1073 positive CD8+ T-cells 2.3% vs. 1.8% and response rates 18/49
(36.7%) and 18/53 (33.9%) individuals, respectively). The frequencies of NS3-1073 specific
CD8+ T-cells after three week in vitro stimulation were 2.0% of total CD8+ T-cells in
average and even reached 48.8% and 88.8% in two individuals. According to the percentage
of NS3-1073 specific CD8+ T-cells all samples tested were classified as non- or weak-
responders (<0.5% multimer+ CD8+ T-cells), intermediate responders (0.5%-3% multimer+
CD8+ T-cells) or strong responders (>3% multimer+ CD8+ T-cells). Altogether 29
individuals were assigned as intermediate responders (28.4%), while 7 individuals showed a

strong response (6.9%; see supplementary table S1). Interestingly, response rates did not vary



between groups with different risk factors for HCV exposure (RF: 8/23, 34.8%; HBD: 16/49,
32.6% and potentially exposed (PE) individuals (SP, HCW and HDU: 12/30, 40.0%; see
Figure 2b). Even more, the two individuals among the strongest responders were risk-free
individuals (RF1 and RF 25). Similarly, the median percentages of NS3-1073 specific CD8+
T-cells after three weeks of culture were comparable between those groups (RF: 0.3%; HBD:
0.19% and PE: 0.35%).

The presence of NS3-1073 specific CD8+ T-cells in HCV-SN individuals and the fact
that they partially were memory cells suggests that these HCV responses were generated by
cross-reactive cells originating from previous heterologous infections. To further strengthen
this assumption, we had the opportunity to analyze cells from cord blood samples for the
presence of HCV-specific T-cells. Memory-type T-cells are present in cord blood only in low
frequency and thus, no significant numbers of memory T-cells cross-reactive to NS3-1073
should be present. We established NS3-1073 specific T-cell lines from 5 HLA-A2 positive
cord blood samples. In none of the samples analyzed we were able to expand NS3-1073
specific CD8+ T-cells during our three week in vitro stimulation (data not shown).

Importantly, three risk-free individuals were studied shortly after an acute EBV
infection. All three individuals responded to NS3-1073 in vitro, though in varying magnitudes
(Figure 2c). For two of these individuals follow-up samples were collected over a period of
several years after the infection. Both individuals continually showed expansion of NS3-1073
specific cells in vitro. However, frequencies of multimer+ cells declined over the years
(Figure 2d) and also the T-cell repertoire changed significantly (see acEBV1, Supplementary
Table S2). Thus, CD8+ T-cell responses against HCV are abundant in seronegative
individuals and are present irrespective of possible previous exposure to HCV. Further, NS3-

1073 specific T-cell responses in seronegatives can show great fluctuations over time.

HCV-specific CD8+ T-cells from HCV-seronegatives produce cytokines in response to
peptide stimulation

To investigate whether the HCV NS3-1073 specific CD8+ T-cells are able to exert
effector functions, we also analyzed their response to peptide stimulation by measuring the
production of the cytokines IFNy, TNF and MIP-1p and determined their cellular cytotoxicity
by analyzing degranulation via surface CD107 expression. The majority of the in vitro cell
lines analyzed (11/16) were capable of responding with IFNy production upon re-challenge
with the NS3-1073 peptide (Figure 3a). However, the strength and the quality of the response

varied considerably between individuals. In most cases, only a fraction of the NS3-1073



specific cells produced IFNy in response to peptide (ratio between multimer+ CD8+ T-cells
and IFNy+ CD8+ T-cells). Further, only in some samples we could detect multiple effector
functions upon re-stimulation with NS3-1073, in six cases triple responses (IFNy, TNF and
MIP-1B) were seen and three samples showed quadruple responses (IFNy, TNF, MIP-1p and
CD107a).

Likewise, the avidity of the IFNy response towards different peptide concentrations
varied between the NS3-1073 specific T-cell lines. While in some cases the avidity was
intermediate with EC50 values for IFNy responses below 1ug/ml peptide, others only were
able to respond to the higher dosages with the calculated EC50 lying above 1ug/ml (Figure
3b). Hence, NS3-1073 specific T-cells from HCV-SN are functional and can respond with
cytokine production.

The TCR repertoires of HCV specific CD8+ T-cells in HCV-seronegatives show private
specificities

The origin of the memory phenotype HCV NS3-1073 specific CD8+ T-cell in HCV-
SN is still unclear. Previous publications have shown that T-cells can be cross-reactive
thereby altering the response to other peptides and differentially shaping the T-cell receptor
(TCR) repertoire [17]. Thus, we next aimed to investigate the TCR repertoire of the NS3-
1073 specific CD8+ T-cell response after 3 weeks in vitro stimulation. Therefore, multimer+
NS3-1073 specific CD8+ T-cells were isolated by FACS sorting from in vitro cell lines of 14
HCV-SN (4 RF, 4 HBD, 1 SP, 2 HCW and 3 acEBV) and TCR a and B chains were
sequenced by a combination of an unbiased anchored reverse transcription method followed
by an unrestricted TCR-specific PCR.

The clonal composition of the TCR B chain repertoires showed to be rather different
between individuals. Each individual showed a unique clonal dominance pattern and usage of
individual clones and Vf and JB families. While in some cell lines a broad and polyclonal
repertoire was visible, we found a highly skewed oligoclonal TCR usage with one clone
amounting to more than 75% of the response suggesting a memory like response (e.g. HCW4,
HBD21, Figure 4a). This divergent repertoire among individuals is a phenomenon known as
private specificity [18]. Yet, we could also find features of public specificity in these in vitro
responses as seen by a common usage of certain VB gene families for the NS3-1073 specific
response. Here, VB6 and V4 were the most dominant family (Figure 4b) and often the clone
dominating used VB6. The clonality of TCR alpha chains was generally more broad and

polyclonal as compared to the TCR beta chain usage. We observed a prevailing usage of the



Va4 gene family with more than one third of all clones using this particular variant (Figure
4c). Again, no significant differences in the TCR repertoires could be found between cell lines
established with isolated CD8+ T-cells or total PBMCs. Taken together, these data show that
HCV specific CD8+ T-cells from HCV-SN show private specificities with often restricted

TCR repertoires in vitro, but also public motifs of TCR usage can be found.

Common TCR motifs determine the functionality of HCV NS3-1073 specific CD8+ T-
cells

We next asked whether a common motif in the composition of the hypervariable
CDR3p was visible, as it can be found e.g. in the case of the Influenza A specific T-cell
response (VB17-IRSS-like motif, [19]). However, no ubiquitous motif of the CDR3 could be
found. However, some amino acid motifs within the CDR3p region were detectable, which
could repeatedly be found among several different though not all individuals. Here, clones
bearing the amino acid pattern EXAG-, xxGAP-, PXTGG- and clones carrying multiple
glycines could be identified (see Table 1). The sequences of all T-cell clones identified in in
vitro cell lines are summarized in the Supplementary Table S2.

Grouping all samples analyzed in regard to the functionality of these cells we asked
whether differences in the CDR3 could be seen there. As in most cases the frequencies of
IFNy+ CDS8+ T-cells was lower than the percentages of NS3-1073 multimer+ CD8+ T-cells
seen in vitro, we stratified the quality of the responses according to the correlation between
frequencies of multimer+ CD8+ T-cells and IFNy+ CD8+ T-cells. Samples, where more than
one fourth of NS3-1073 specific CD8+ T-cells responded with IFNy production were
classified as IFNy intermediate/high responder (n= 7). Interestingly, we could find a
correlation between the VB family usage and the IFNy production capacity. The frequency
and dominance of VB4, VB6 and VP24 usage was associated with a strong IFNy production as
seen in the cytokine assay for most individuals (Figure 4d). As no common CDR3 motifs
could be found within these two groups, the main factor might be the composition of the other
hypervariable regions CDR1 and CDR2. Interestingly, VB4, VB6 and VP24 share certain
similarities in the amino acid composition of the CDR1 using a QxMxH-NxMY motif, while
those of the other VB families associated with poor IFNy response (e.g. VB9, VP29 or VB12)
show clearly different amino acid sequences (see Supplementary Table S3). Thus,
functionality of HCV-specific CD8+ T-cells from HCV-SN seems to be at least partially

dependent on the composition of the TCR and Vf gene usage.
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HCV NS3-1073 specific CD8+ T-cells from HCV-seronegatives are cross-reactive to
EBYV, Influenza and HIV-derived peptides

The narrowed clonal dominances of the HCV NS3-1073 specific TCR repertoires in
HCV-SN and the strong response in patients after acute EBV infection suggest that cross-
reactive T-cells might play a role in the generation of the response. We thus aimed to further
analyze whether a cross-recognition of other potentially cross-reactive peptides could be
found by testing HCV NS3-1073 specific T-cell lines generated in vitro in a cytokine and
degranulation assay.

As the identification of such peptide candidates by mere comparison of amino acid
sequences is not accurate enough and testing of numerous candidates would be inefficient,
different HLA-AZ2 restricted peptides were selected by an in silico structure-based approach
(Figure 5a). Nine 3D structures of pMHC complexes presenting selected peptides (see
Supplementary Table S4) were recovered from CrossTope Data Bank [20]. Electrostatic
potential distribution over the peptide:MHC surface were used as input to perform a structure-
based Hierarchical Cluster Analysis (HCA). In this analysis, the previously suggested cross-
reactive peptide candidate Influenza A Virus (IAV) NA-231 [11], Epstein-Barr-virus (EBV)
LMP2-329 and human immunodeficiency virus (HIV) GAG-77 [21] were included. The well-
known cross-reactive variant of HCV (GT1b) was used as a positive control. Other four EBV-
derived epitopes were also taken into account in order to search for new possible cross-
reactive candidates.

Our results indicated only the LMP2-329 and the Gag-77 epitopes as possible cross-
reactive targets for HCV NS3-1073, in agreement with an HCA previously published by
Antunes et al. 2011 [21]. Interestingly, despite the similarity in amino acid sequence, the NA-
231 was less similar to NS3-1073 as also were the other four EBV epitopes. Stimulation of
NS3-1073 specific cell lines with the EBV LMP2-329 peptide showed that indeed HCV-
specific T-cells were partially able to respond with IFNy production when re-stimulated with
the LMP2 peptide (see Figure 5b upper panel). To exclude the potential influence of LMP2
specific memory T-cells surviving the in vitro culture, cell lines cultured without any peptide
for three weeks were included into the analyses and re-stimulated likewise with the respective
peptides during the cytokine assay. Responses to peptide candidates were considered as cross-
reactive responses if the IFNy production by NS3-1073 specific in vitro cell lines in response
to the peptide candidate was higher as compared to the medium control cell lines likewise re-
stimulated with peptides. Here, in 5 out of 22 cases NS3-1073 specific cells were able to

recognize also the LMP2-329 peptide (Figure 5b, lower panel and Figure 5¢). However, only
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a fraction of the NS3-1073 specific cells were able to respond to the LMP2 peptide, the
production of IFNy usually was less than towards the original NS3-1073 peptide. In two cases
we were able to detect also a marginal cross-reactivity to the 1AV NA-231 peptide and
cytokine responses were usually weak. Only in few individuals a weak in vitro cross-
reactivity could be observed for another peptide candidate derived from the HIVV-Gag protein
(e.g. RF22, Figure 5¢).

Taken together, these data indicate that HCV NS3-1073 specific CD8+ T-cells from
HCV-SN are able to cross-recognize multiple other peptides and thus might possibly be
generated due to cross-reactivity towards these tested peptide candidates or towards other

unknown epitopes derived from heterologous pathogens.

Cross-reactive T-cell responses influence responses to vaccination

The presence of memory T-cells that are potentially cross-reactive to other pathogenic
epitopes might have an important impact on other infections or vaccines. We had the unique
opportunity to analyze the NS3-1073 specific CD8+ T-cell responses in six healthy HCV-
seronegative individuals who received an experimental HCV peptide vaccine which also
includes the NS3-1073 epitope. The magnitude of NS3-1073 specific responses and the time
of their emergence were analyzed, considering that T-cells cross-reactive to NS3-1073 might
alter the vaccine response. The ex vivo frequency of HCV NS3-1073 specific CD8+ T-cells
was determined and cells were expanded in vitro.

Three individuals analyzed already showed a growth of NS3-1073 specific CD8+ T-
cells in vitro before first administration of the vaccine (see individuals RF22, RF24 and RF25,
Figure 6a). Here, the vaccine response and proliferation of cells in vitro occurred earlier
already being detectable and strong at visit 08 and with a higher frequency as compared to
two other individuals where no in vitro proliferation of NS3-1073 specific before vaccination
could be observed (see individuals RF23, RF26 and RF27, Figure 6a). However, as these are
in vitro responses which might be affected by the cell culture, we also wanted to know
whether the actual vaccine response differed between these individuals. Thus, the ex vivo
frequencies of NS3-1073 specific CD8+ T-cells and their dynamics in the vaccinated
individuals was analyzed and individuals were grouped according to whether a NS3-1073
responsiveness was visible in vitro already before vaccination (visit 00, Figure 6b). Similarly,
the in vivo response to the vaccine also showed clear differences between these individuals, as
the increase of NS3-1073 specific CD8+ T-cells seen by ex vivo staining was stronger for

those subjects who responded to the NS3-1073 peptide in vitro at the time point before first
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vaccination. Those three individuals that were in vitro non-responder to NS3-1073 before
vaccination did also mount NS3-1073 specific CD8+ T-cells, but the ex vivo frequencies did
not show significant increases during the early time points and also responses occurring later
during vaccination did not reach the same magnitudes in comparison.

For those three individuals being in vitro responder to NS3-1073 before vaccination
we also investigated the functionality of the cell lines. In two of the individuals a moderate
cross-reactivity to the EBV LMP2-329 peptide could be observed (compare Figure 5¢, RF22
and RF25). In case of RF22 also a low cross-reactivity towards the other peptide candidate
derived from IAV NA-231 was visible. Overall, these data suggest that pre-existing HCV-
specific CD8+ T-cells may influence the strength and time of appearance of vaccine responses.
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Discussion

The natural course of viral infections is often surprisingly diverse and varies between
individuals. One possible reason might be that pre-existing T-cells specific for these viruses
are involved in the immune response thereby altering the outcome of infection. Here we
demonstrate that HCV-specific CD8+ T-cells are present in unexposed individuals and that
these T-cells partially display a memory phenotype. We observed a high variability of HCV-
specific T-cell repertoires in unexposed individuals and a partial cross-reactivity towards
unrelated peptides. In addition and importantly, we show that HCV-specific CD8+ T-cell
responses in HCV seronegatives may impact the response to vaccination with a peptide-based
vaccine.

The presence of HCV-specific T-cells in both uninfected and in unexposed HCV-
seronegative individuals has been described previously [8,9,22-24]. Different reasons for the
existence of these cells are under debate including low-level exposure to HCV without
seroconversion [25], loss of HCV-antibodies after infection [26], presence of naive precursor
T-cells [27] and T-cell cross-reactivity. Of note, our data show that a large fraction of the
NS3-1073 specific CD8+ T-cells displayed a memory-like phenotype in some individuals as
judged by the expression of CD45RA and CCR7. On the other hand, in other individuals the
frequency of naive cells was prevailing. However, expression of CCR7 and CD45RA might
not always indicate bona-fide naive T-cells [15]. Thus, we included the additional memory
marker CD11a and found high CD11a expression in some individuals with a predominant
CCR7+ CD45RA+ T-cell population. CD11a is highly expressed on memory T-cells and low
or absent on naive T-cells [28]. Thus, we suggest that a large portion of HCV NS3-1073
specific cells display a phenotype of previously activated memory T-cells. Supporting these
findings, we could expand HCV NS3-1073-specific CD8+ T-cells in vitro in about one third
of HCV seronegative individuals. The presence of memory cells ex vivo and the variability of
the in vitro response argues against the exclusive involvement of naive precursor cells as
suggested previously [27]. Moreover, we could not find a significant impact of the risk factors
for HCV exposure on the frequency or magnitude of in vitro HCV-specific CD8+ T-cell
responses. Importantly, those individuals showing the highest response were primarily risk-
free individuals and three individuals shortly after acute EBV infection. This finding might
argue against an impact of low-level exposure and also discourages the idea of a potential loss
of anti-HCV antibodies after infection, especially as the risk-free individual with the strongest
response is aged below 30 years and a loss of HCV-antibodies was shown to occur after

decades only [26]. Further and importantly, we had the opportunity to test cord blood cells
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from newborns for their in vitro responsiveness to the NS3-1073 peptide. Here, we were not
able to see any expansion of cells using our cell culture method, a finding that also suggest
that naive precursor cells are not the main reason for the presence of HCV-specific CD8+ T-
cells in HCV-SN.

The in vitro proliferation of HCV-specific memory CD8+ T-cells was further
supported by the T cell receptor repertoire (TCR) data. High purity cell sorting of NS3-1073
specific CD8+ T-cells after in vitro expansion and subsequent sequencing of the TCR 3 and o
chains revealed a frequent strong skewing and clonal focussing of the TCR repertoire with a
single T-cell clone clearly dominating the response. This finding is intriguing, as a normal
naive T-cell response usually comprises multiple clones with a fractal distribution and no
clear shift of clonality or a single clone dominating [29]. Arguably, this might be an effect of
the in vitro stimulation of cells for three weeks. However, a previous report shows that no
skewing of the TCR repertoire occurs through in vitro stimulation of T-cells under optimized
conditions [30]. However, it needs to be considered that the NS3-1073 peptide is not the
cognate peptide for these responses and thus, the optimal concentration cannot be determined.
Thus, a limitation of our studies is that the NS3-1073 peptide concentration used here for
establishing T-cell lines was originally determined using T-cells isolated from HCV-infected
patients, which might not represent the optimal concentration in HCV-SN. The optimal
condition for cross-reactive responses in seronegatives is not known and difficult to explore.
However, cell lines derived from several HCV-SN in our cohort also showed polyclonal TCR
repertoires after our in vitro culture.

The restricted TCR clonality of CD8+ T-cells in response to NS3-1073 in vitro and the
high level of private specificity of the TCR suggest that only few T-cells are selectively
expanding. This lead us to investigate whether the mechanism of cross-reactivity might be the
rationale for the existence of HCV-specific CD8+ T-cells in HCV-SNs. Opposing to the
initial dogma that one T-cell has only one specificity, several reports of the last years clearly
indicate that the TCR-peptide recognition is highly promiscuous and flexible and that one T-
cell can recognize multiple peptides sharing certain biochemical properties in amino acid
composition and thus are cross-reactive [31]. Recent research using a monoclonal T-cell
expressing the 1E6 TCR isolated from a patient with autoimmune type 1 diabetes showed that
this single TCR can potentially react to more than one million different peptides [32]. The fact
of T-cells being cross-reactive to a number of different peptides [33] forms the basis for the
concept of heterologous immunity. Memory T-cells being present due to previously

encountered infections become reactivated upon a secondary infection with an unrelated
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heterologous pathogen as some memory T-cells are cross-reactive to epitopes encoded by the
second pathogen. The identification of potentially cross-reactive peptide candidates is difficult,
because comparison of the mere amino acid sequence is not sufficient and cross-reactivity can
exist despite little sequence similarities. We therefore employed an in silico approach using
bioinformatic tools to model the three-dimensional structures and charge distribution of the
peptide: HLA-A0201 complexes. This approach has previously been used to successfully
predict cross-reactivity among various genotype variants of the HCV NS3-1073 peptide [19],
and has also suggested structural similarity between the HCV NS3-1073  variant
CVNGVCWTYV and two unrelated targets. The first is derived from the Epstein-Barr-Virus
(EBV) LMP2 protein (LMP2-329), and the second is derived from the human
immunodeficiency virus (HIV)-Gag protein (Gag-77). Intriguingly, the EBV-LMP2 epitope
has no similarities in amino acids sequence with the here studied HCV NS3-1073 epitope
(CINGVCWTYV), and share only 33% identity if biochemical properties are considered. The
real similarity between them only arises in a higher level of complexity, when presented in the
context of HLA-A*02:01. This is possible because not all amino acids will be exposed and
because the charges and the properties of the MHC cleft will interact with the properties of
the epitope providing a new combined surface that, in this case, presents a similar structural
pattern for both complexes. The Influenza-A virus (IAV) NA-231 epitope, which has been
previously described as cross-reactive to HCV NS3-1073 [11,35] presented much smaller
structural similarity to the HCV-derived complex despite a sequence similarity of 66%-
Testing these peptide candidates in a cytokine assay revealed that indeed in some but not all
cases NS3-1073 specific CD8+ T-cells indeed were able to cross-react towards the LMP2
peptide. This is surprising, as even epitopes with no sequence similarity can trigger cross-
reactive responses, thus highlighting the prospective potential of structure-based cross-
reactivity prediction approaches. However, only a fraction of the NS3-1073 specific cells
appeared to be able to respond with IFNy production towards the LMP2 epitope. Additionally,
cross-recognition of IAV NA-231 and HIV Gag-77 was observed, though with lesser extents.
The finding that IAV NA-231 with a high amino acid sequence similarity presents low cross-
reactivity to NS3-1073 match to the predictions seen in the HCA and might also explain, why
other reports described a limited cross-recognition of the NA-231 peptide by NS3-1073
specific CD8+ T-cells in HCV patients [34].

Overall our observations suggest that cross-reactivity seems to be quite a frequent
phenomenon. Likewise, a recent report by Su and colleagues [4] showed the presence of

CD4+ T-cells specific for pathogen-derived antigens in unexposed individuals. Similar to our
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observations, cross-reactivity of HIV-1 and IAV specific CD4+ T-cells towards other epitopes
from unrelated pathogens was described. The hypothesis of induction of HCV-specific T-cells
in seronegative individuals through cross-reactivity could be further supported by analyses of
the TCR repertoires. The skewed and oligoclonal repertoires suggest a selective expansion of
single T-cell clones caused by cross-reactivity has been shown before in mice [17]. The
CDR3p regions of NS3-1073 specific CD8+ T-cells showed that the repertoire is rather
heterogeneous with no single clone or amino acid motif dominating. This is not unexpected,
as the TCR usage is known to be unique to every individual and multiple cross-reactive
epitopes might exist [17]. Interestingly, among different individuals we found several clones
which had multiple glycines in the CDR3, such TCRs are assumed to be more flexible in the
binding to the peptide:MHC complex and exert high a high degree of cross-reactivity [35].
However, public CDR3 amino acid motifs and dominant usage of certain V3 and Vo gene
families indicate preferred TCR structures for targeting a specific peptide.

Overall, cross-reactivity in humans is not a new phenomenon, it has been described
beforehand between two epitopes derived from EBV and IAV [36] and has also been
documented for HCV and IAV [11]. Likewise, our data suggest that a cross-reactive relation
exists also between HCV and EBYV as suggested by the response in three acute EBV patients.
Here, we found a uniform in vitro responsiveness to NS3-1073 which declined during the
years after acute EBV infection with a changing of the TCR repertoire. These data suggests
that cross-reactive responses are very dynamic and are underlying many fluctuations and that
the responses in seronegative individuals observed at a given time point might just be snap-
shots underestimating the real extent of cross-reactivity. Individual differences in the memory
T-cell pool and exposure to varying pathogens might explain the vast heterogeneity in the
natural course of diseases as it is also seen for HCV. Cross-reactivity of T-cells seems to be a
common phenomenon and is discussed to be even a necessary phenomenon due to the
vastness of pathogenic epitopes and the comparably limited T-cell pool present in humans
[37].

Considering the concept of Heterologous Immunity, we finally aimed to directly
investigate a possible clinical impact of pre-existing HCV-specific CD8+ T-cells in
unexposed individuals. We therefore used samples from healthy individuals which have been
vaccinated with a HCV peptide vaccine candidate, a formulation which also comprises the
NS3-1073