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RESUMO

Neste trabalho, o perfil fenotipico e de sintese de citocinas pré-inflamatorias (IFN-y,
TNF-a e IL-12) e reguladoras (IL-4, IL-5 e IL-10) em células da imunidade inata
(neutrdfilos, mondcitos e células NK) e adaptativa (linfocitos CD4", linfécitos CD8" e
linfécitos CD19%) do sangue periférico de individuos primo e/ou revacinados com a
vacina antiamarilica 17DD, bem como um caso de reacdo adversa a vacinacao
foram investigados por citometria de fluxo apos cultura rapida in vitro na auséncia e
presenca da estimulagdo antigeno-especifica. Foram avaliados 10 adultos
saudaveis, com idade entre 21 e 51 anos, em 4 tempos distintos: antes da
vacinacao, 7, 15 e 30 dias apos primovacinacao. Apés cultura in vitro foi observado
um perfil global de citocinas pré-inflamatorias, transiente no 7° dia, principalmente
devido as células da imunidade inata, seguido por perfil misto de citocinas
inflamatdrias e reguladoras nos 15° e 30° dias ap6s a vacinacdo antiamarilica 17DD.
Em um 2° estudo, foi observada uma resposta imune adaptativa robusta,
acompanhada por anormalidades na resposta do sistema imune inato em um caso
de evento adverso grave, seguido a vacinacdo 17D. Em adicdo, em um 3° estudo,
foram incluidas 60 criancas com idade entre 9 e 47 meses, um ano ap0s a primo
e/ou revacinacado antiamarilica 17DD, classificadas de acordo com os niveis de
anticorpos neutralizantes antiamarilicos apresentados ap0s a vacinagcdo em:
respondedoras (meédios ou altos titulos de anticorpos neutralizantes), nao
respondedoras, respondedoras apo0s revacinagdo e um grupo de criangcas nao
vacinadas. Os dados da avaliacdo do impacto dos antigenos vacinais 17DD no perfil
das citocinas dos leucécitos periféricos destas criancas demonstraram que, na
presenca de titulos médios de anticorpos neutralizantes apds a primovacinacao, o
estimulo por antigenos vacinais 17DD in vitro foi capaz de induzir um perfil
balanceado de citocinas pré-inflamatérias e reguladoras, envolvendo células da
imunidade inata e adaptativa, enquanto que uma assinatura polarizada reguladora
foi observada no grupo de criancas primovacinadas ndo respondedoras e uma
assinatura proeminente pré-inflamatéria no grupo de criancas que apresentaram
titulos altos de anticorpos neutralizantes apdés a primovacinacdo. Em conjunto os
dados sugerem que uma resposta imune predominantemente do tipo balanceada,
com sintese de citocinas pro-inflamatérias e reguladoras, envolvendo tanto células
da imunidade inata quanto da imunidade adaptativa parece ser essencial para a
inducdo de uma resposta imune efetiva e segura apés a vacinacdo antiamarilica.
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ABSTRACT

In this study, phenotypic analysis and intracytoplasmic pro-inflammatory (IFN-y, TNF-
o and IL-12) and regulatory (IL-4, IL-5 and IL-10) cytokines synthesis by innate
(neutrophils, monocytes and NK cells) and adaptive (CD4" and CD8" T subsets, and
CD19") immunity cells of peripheral leucocytes of 17DD yellow fever (YF) prime or
revaccinated volunteers, as well as a case of serious adverse events (YF-SAE)
temporally associated with 17D YF vaccination were performed using short-term
cultures, in absence or presence of YF-17DD-antigens, and single-cell flow
cytometry. Ten healthy non-vaccinated volunteers, aged 21 to 51 years were
evaluated at four consecutive periods including: before vaccination, 7, 15 and 30
days after vaccination. After whole blood cells culture, the overall cytokine signature
showed a transient pro-inflammatory profile at day 7, mainly due to the innate
immunity cells, which draws back toward a mixed or modulated pattern at day 15 and
day 30 in most vaccines. In another study a robust adaptive response and
abnormalities in the innate immune system were observed in one severe adverse
event following primary YF-17D vaccination. In addition it was evaluated sixty healthy
children with age raging from 9 to 47 months, one year after 17DD yellow fever prime
or revaccination, classified according to anti-YF neutralizing antibodies results after
vaccination as seroconverters (medium or high neutralizing antibodies levels), non-
seroconverters, seroconverters after revaccination, and a unvaccinated group. The
impact of YF-17DD-antigens recall on cytokine profiles of YF-17DD primo-vaccinated
children characterized by single-cell flow cytometry after short-term cultures of whole
blood samples demonstrate that the overall signature of high cytokine producers
triggered by YF-Ag recall is associated with the levels of anti-YF neutralizing
antibodies, with a balanced pro-inflammatory and regulatory profile of innate and
adaptive immunity being the hallmark of seroconverters who presented medium
neutralizing antibodies levels, whereas a polarized regulatory signature is observed
in non-seroconverters and a prominent pro-inflammatory signature is characteristic of
seroconverters who presented high neutralizing antibodies levels. Taken together,
the results suggest that mixed type immune response, pro and anti-inflammatory,
involving both innate immunity cells and adaptive immunity cells, it may play a pivotal
role in the establishment of effective and safe immunization by yellow fever vaccine.
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1 INTRODUCAO

A febre amarela (FA) continua sendo um dos grandes problemas de
saude publica mundial. Atualmente, quarenta e dois paises estdo situados em area
endémica na Africa e Américas do Sul e uma populacéo de mais de 900 milhdes de
pessoas estdo em risco de contrair a doenca. A Organizacdo Mundial da Saude
(OMS) estima que ocorra cerca de 200.000 casos da doenca e 30.000 mortes a
cada ano em todo mundo (1). Nas duas Ultimas décadas, tem sido observado um
aumento do numero de casos da doenca e, fatores tais como a diminuicdo da
imunidade da populacdo a infeccdo, o desmatamento, a urbanizacdo, o0s
movimentos populacionais e as mudancas climaticas tém sido apontados como
responsaveis por este aumento (1-3). No Brasil, 0 aumento do risco de ocorréncia de
febre amarela, em centros urbanos, decorrente do aumento da densidade e
distribuicdo urbana do Aedes aegypti, nos ultimos anos, tem levado os 6rgaos de
saude publica a realizarem extensas campanhas de vacinagdo (4-8). A vacina
correntemente em uso, de virus vivo atenuado, da subamostra 17DD, induz
soroconversdao em mais de 95% dos individuos adultos vacinados (3). Apesar de
tratar-se de uma das mais seguras e eficazes vacinas em uso, relatos recentes
descrevem a ocorréncia de reacfes adversas graves, até fatais, em individuos
previamente sadios, requerendo uma revisao critica dos efeitos da vacinacéo e dos
fatores de risco envolvidos. Apesar da relevancia dos estudos poés-vacinacéo
antiamarilica 17D no contexto de sua ampla utilizacdo no Brasil e no mundo, poucos
dados na literatura abordam o perfil de resposta imune celular de pacientes que
receberam a vacina antiamarilica 17DD. Neste contexto, o presente estudo tem por
objetivo ampliar os conhecimentos acerca da imunidade contra a febre amarela

induzida pela vacina 17DD.

1.1 A estrutura do virus

O virus da febre amarela € o protétipo do género Flavivirus da familia
Flaviviridae que inclui aproximadamente 70 espécies de virus, muitos dos quais,
transmitidos por artropodes (9). S&o virus esféricos, envelopados, com projecdes na
superficie, medindo de 40-60 nm de diametro (Figura 1). Apresentam um capsideo
ecosaédrico, contendo uma molécula de RNA fita simples com polaridade positiva,
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cujo genoma de 10.862 nucleotideos (NT) codifica o precursor de uma Unica
poliproteina. Este genoma é organizado em uma regido codificante Unica (open
reading frame - ORF - fase aberta de leitura), com 10.233 nucleotideos, na ordem 5'-
C-prM-E-NS1-Ns2a-Ns2b-NS3-Ns4a-Ns4b-NS5-3' (Figura  2) (10,11). @)
processamento da poliproteina resultante da traducdo da ORF ocorre no reticulo
endoplasmatico rugoso (12,13) e libera, apos clivagem, trés proteinas estruturais (C,
pré-M e E) e sete ndo estruturais (NS1, NS2a e NS2b, NS3, NS4a e NS4b, e NS5).
A regido codificante € flanqueada por duas regides nado codificantes (NCR) de
tamanho variavel, a 3'NCR com cerca de 511 NT e outra menor, 5'NCR, com 118
NT, ambas importantes para a regulacdo e expressao do virus (10,11). As proteinas
estruturais codificam a formacédo da estrutura basica da particula viral; a proteina C,
forma, juntamente com o RNA, o capsideo viral, a glicoproteina pré-M é precursora
da proteina estrutural M, produzida durante o processo de maturacao viral e a
proteina E da origem ao envelope. Por outro lado, as proteinas ndo estruturais séo
responsaveis pelas atividades reguladoras e de expressdo do virus incluindo

replicacéo, viruléncia e patogenicidade (10-15).

A Virion imaturo = Virion maduro
Intracelular o u extracelular
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Figura 1: Flavivirus. A) Particula viral esquematizada mostrando a estrutura bésica do virus.
Fonte: Gardner & Ryman, 2010 (adaptado). B) Genoma viral. Fonte: Center For Disease

Control and Prevention - CDC (adaptado) www.cdc.gov/.../vol7no4/images/petersenlb.gif.
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Embora apenas um sorotipo do virus amarilico seja reconhecido, h&
pequenas diferencas genéticas entre as amostras da América e da Africa que

permitem atualmente caracterizar dois e cinco genétipos, respectivamente (16).

1.2 Ciclo de Transmissao e aspectos epidemioldgicos

De acordo com a localizacdo geografica, espécie vetorial e tipo de
hospedeiros, trés possiveis formas de transmissédo séo evidenciadas: febre amarela
silvestre (FAS), febre amarela intermediaria e febre amarela urbana (FAU) (1). A
febre amarela silvestre ocorre em florestas tropicais, onde o virus é mantido em
primatas ndo humanos que sao os principais hospedeiros do virus amarilico.
Diversos mamiferos, também, sdo suscetiveis a doenca, destacando-se como
possiveis reservatorios, os marsupiais e alguns roedores (17). A infeccdo humana
ocorre quando uma pessoa nao imunizada penetra no ciclo enzootico natural por
motivos ocupacionais ou de lazer. A maioria das infec¢bes ocorre em homens jovens
gue trabalham na floresta e a transmissao é feita por intermédio de mosquitos dos
géneros Haemagogus e Sabethes na América (1,17) e Aedes na Africa, onde em
areas secas, 0 virus também pode ser isolado a partir de carrapatos Amblyoma
variegatumo, indicando eventual papel desses artropodes na cadeia de transmisséo
da virose (16,17). O virus pode, também, ser mantido durante as estacdes secas
através da transmissao vertical nos mosquitos (18,19). A febre amarela intermediaria
ocorre em algumas regibes rurais e periurbanas da Africa, em epidemias de
pequena escala, sendo transmitida pelo vetor de ligacdo entre os ciclos, urbano e
silvestre, 0 mosquito Ae. simpsoni. O contato maior entre as pessoas e mosquitos
infectados leva a transmisséo. Muitas aldeias localizadas em uma mesma area, mas
separadas entre si geograficamente, podem sofrer processos simultaneamente. Este
é o tipo mais comum de surto na Africa (1,20,21). A febre amarela urbana ocorre
guando as pessoas infectadas introduzem o virus em areas densamente povoadas,
com um elevado numero de individuos ndo imunes e mosquitos Aedes, favorecendo
a transmissao do virus de pessoa para pessoa. Uma vez infectada, no ciclo silvestre,
a pessoa pode, ao retornar aos centros urbanos, servir como fonte de infeccéo para
0 Ae aegypti desde 24 a 48 horas antes de surgirem 0s sintomas até o quinto dia da
infecc@o e este se torna capaz de transmitir o virus da febre amarela, de 9 a 12 dias
apos ter picado uma pessoa infectada (3,22). Em areas urbanas, o Aedes albopictus
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€ um transmissor potencial, embora ainda n&do tenha sido definitivamente
incriminado como vetor da febre amarela; e presume-se que possa servir de ponte
entre os ciclos silvestre e urbano da doenca devido a sua grande facilidade de
adaptacdo aos ambientes rural, urbano e periurbano (23).

A Ultima epidemia de febre amarela urbana transmitida em territério
brasileiro ocorreu, em 1929, na cidade do Rio de Janeiro e os Ultimos casos urbanos
reconhecidos foram descritos ho municipio de Sena Madureira, no Estado do Acre,
em 1942 (24). Nas Américas, o ultimo registro oficial da doenca foi em 1954 em
Trindad e Tobago. Porém, ha relatos da doenca em area urbana, na Bolivia, em
1997 (25) e, mais recentemente, em 2008, no Paraguai, em uma area urbana do
municipio de San Lorenzo, cerca 15 km de Assuncido (8,26). Na Africa, ainda
ocorrem epidemias de febre amarela urbana em regides contiguas a areas de
floresta chuvosa, onde a febre amarela silvestre é enzodtica (16,17).

Na populagcdo humana geralmente o aparecimento de casos é precedido
de epizootias em primatas ndo humanos que geram, em intervalos ciclicos, de cinco
a sete anos, surtos de febre amarela silvestre. Nestes animais, a doenca manifesta-
se periodicamente num intervalo suficiente para o surgimento de novas populacfes
susceptiveis apdés cada grande epizootia (27). Ao mesmo tempo, ndo havendo
populacdo simia disponivel, o virus movimenta-se para encontrar novos hospedeiros
viaveis visando a manutencdo natural. A forma silvestre da doenca € endémica em
29 paises da Africa, onde ocorre maior disseminacéo da doenca (90% dos casos
anualmente notificados a OMS) e nas Américas, onde, nos ultimos 20 anos, sua
ocorréncia tem sido registrada em 13 paises: Argentina, Bolivia, Brasil, Colémbia,
Equador, Guiana, Guiana Francesa, Panama, Paraguai, Peru, Suriname, Trinidad e

Tobago e Venezuela. (21) (Figura 2).
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Figura 2: Areas com recomendacdo da vacina antiamarilica. Atualizado em 6 de maio de
2011.

Fonte: CDC (adaptado) http://wwwnc.cdc.gov/travel/yellowbook/2010/chapter-2/yellow-
fever.htm.

No Brasil, a partir do desaparecimento da forma urbana em 1942, s6 ha
ocorréncia de casos de febre amarela silvestre e os focos endémicos até 1999
estavam situados nos estados das regibes Norte, Centro-oeste e area pré-
amazonica do Maranhdo, além de registros esporadicos na parte oeste de Minas
Gerais (28). Nos surtos ocorridos no periodo de 2000 a 2008, observou-se uma
expansdo da circulacdo viral no sentido leste e sul do pais, detectando-se sua
presenca em areas silenciosas ha varias décadas. A partir de 2008, com a re-
emergéncia do virus da febre amarela na regido Centro-Oeste, Sudeste e Sul (e com
surtos em Sao Paulo e Rio Grande do Sul), a area geografica considerada de risco
para febre amarela silvestre foi ampliada (Figura 3) (29). Esse caréater dinamico da
epidemiologia da doenca tem exigido avaliacbes periddicas das areas de risco para
melhor direcionamento dos recursos e aplicacdo das medidas de prevencdo e
controle (3,29).
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Figura 3: Expansdo das areas epidemiologicas para febre amarela no Brasil de 1997 a
2011.
Fonte: adaptado de CNEPI/FUNASA/MS e apresentagdo da SVS-MS.

by 7z

A suscetibilidade a infeccdo € universal. A infec¢cdo confere imunidade
permanente. Os filhos de maes imunes podem apresentar imunidade passiva e
transitoria durante 6 meses. Nas zonas endémicas, sdo comuns as infeccdes leves e
inaparentes (3). Acredita-se que a incidéncia real da doenca seja 10 a 50 vezes
maior do que é descrito. A mortalidade global da febre amarela situa-se entre 5-10%,
percentual elevado quando comparado a outras viroses, inclusive a dengue. Mas
guando se consideram apenas 0S casos graves, a letalidade revela-se maior e, no
Brasil, oscila entre 40 a 60% (16,17).
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1.3 Tratamento e prevencao

N&o existe tratamento especifico para a doenca. O tratamento é apenas
sintomatico, com cuidadosa assisténcia ao paciente que, sob hospitalizacao, deve
permanecer em repouso, com reposicdo de liquidos e das perdas sanguineas,
guando indicado. Nas formas graves, o paciente deve ser atendido em uma unidade
de terapia intensiva, o que reduz as complicacoes e a letalidade (17,30). A vacina
contra febre amarela € a medida mais importante para prevencdo e controle da
doenca. A OMS recomenda atualmente duas vacinas antiamarilicas originarias da
amostra 17D, as subamostras 17D-204 e 17DD, consideradas seguras e altamente
imunogénicas (31).

No Brasil, o Ministério da Saude, através do Programa Nacional de
Imunizacdes (PNI), recomenda que a vacina seja aplicada por via subcutanea e em
dose unica de 0,5 mL, a partir de 9 meses, sem limite de idade, sendo importante o
reforco de, no minimo, de dez em dez anos, especialmente para quem vive ou vai
vigjar para regides nas quais ha risco de transmissao (3,32,33), e a partir de 6
meses de idade em situacfes de epidemias.

A vacina é contraindicada em: criancas com menos de 6 meses de idade;
em situacfes de imunodepressao transitéria ou permanente induzida por doencas
(neoplasias, AIDS e infeccéo pelo HIV com comprometimento da imunidade) ou pelo
tratamento (drogas imunossupressoras acima de 2mg/kg/dia por mais de duas
semanas, quimioterapia, radioterapia etc.); gestante, salvo situacfes de alto risco de
exposicao; reacdes anafilaticas relacionadas a ovo de galinha e seus derivados ou a
outras substancias presentes na vacina; individuos com doencas autoimunes,
doencas neurologicas ou outros problemas de saude cronicos deverao ser avaliados
caso a caso; e recomenda-se 0 adiamento da vacinacao para as maes que estao
amamentando bebés até 6 meses de idade (3,33,34).

Em populacbes em que a cobertura vacinal € baixa, uma vigilancia
epidemioldgica eficiente é critica para o rapido reconhecimento e controle dos surtos
(3). Dentre as medidas utilizadas para manter erradicada a febre amarela urbana no
Brasil e evitar surtos de febre amarela silvestre estdo, além da vacinacdo, a
notificacdo imediata de casos humanos, casos de epizootias (principalmente morte
de primatas ndo humanos), achado do virus em vetor silvestre, a vigilancia
entomoldgica e a realizagdo de agbes de educacdo em saude (3). A doenca é de
notificacdo compulsoria, portanto todo caso suspeito deve ser prontamente
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comunicado por telefone, fax ou e-mail as autoridades, por se tratar de doenca
grave. A obrigatoriedade da notificacdo imediata a Organizacdo Pan americana da
Saude (OPAS) sofreu alteracdo com o Regulamento Sanitario Internacional, 2005
(RSI) que passou a vigorar em todo o mundo em 15 de junho de 2007. Nesse novo
contexto, a notificacdo de caso suspeito as autoridades internacionais ocorre a partir
de uma avaliacdo realizada por meio de um algoritmo de decisdes que permite
classificar o evento em emergéncia de salde publica de importancia nacional ou
internacional, e que vai determinar a necessidade, ou nao, da notificacdo aos 6rgdos

internacionais (3,35).

1.4 Breve histérico da vacina antiamarilica amostra 17D

Duas vacinas antiamarilicas de virus vivos atenuados foram
desenvolvidas na década de 1930: a Vacina Neurotropica Francesa (FNV) através
de 128 passagens de virus viscerotropico humano (também conhecido como virus
Dakar) em cérebro de camundongo e que teve sua producdo descontinuada, em
1980, devido a sua associacdo a alta incidéncia de casos de encefalites em
criancas; e a amostra 17D original (Asibi), desenvolvida por Theiler e Smith em 1937
(36), através da atenuacdo do virus selvagem isolado, em 1927, de um paciente
africano (Asibi) através de 53 passagens em macacos, com passagens intermitentes
em Ae. aegypti, 18 passagens em tecidos de embrido de camundongos, 58
passagens em cultura de tecidos de embrido de galinha e passagens adicionais em
cultura de tecidos de embrido de galinha desnervado (36,37). Apés um total de 180
passagens, a amostra 17D foi isolada e, a partir desta, duas subamostras foram
isoladas independentemente: a 17DD na passagem 195 passada mais 48 vezes em
cultura de tecidos e mais 41 vezes em ovos embrionados e a subamostra 17D-204,
derivada da passagem 204 da 17D original (38-41). Atualmente as vacinas sao
produzidas em ovos embrionados de galinha, usando a tecnologia que mudou pouco
desde 1945 e as duas subamostras utilizadas mundialmente, a 17D-204 e a 17DD,
estdo nas passagens 235-240 e 287-289, respectivamente (31,42).

A vacina antiamarilica foi a primeira vacina de virus vivo atenuado a ser
empregada em humanos em 1937 (36-37) e a primeira no mundo a usar o sistema
de lotes-sementes, isto &, os lotes originais do virus atenuado sao submetidos a uma
nova passagem em ovos embrionados, dando origem a lotes secundarios que

26



servirdo de fonte para a producdo do imunizante. Este sistema visa a manutencao
do virus na mesma passagem com o intuito de diminuir alteragfes indesejadas
quanto as propriedades biolégicas do virus vacinal (31,40,43). Além das
subamostras 17D-204 e 17DD, em 1977, o Instituto Robert Koch (Berlin) preparou
para a OMS, a subamostra 17D-213/77, uma semente primaria, livre de virus da
leucose aviaria, originaria da subamostra 17D-204 que € mantida como estoque
referéncia, disponivel para novos fabricantes (44). Existem atualmente seis
fabricantes de vacinas subamostras da 17D original, produzindo uma combinacéo de
aproximadamente 30-60 milhdes de doses por ano. Estima-se, que a vacina ja tenha
sido administrada a mais de 500 milhdes de pessoas (42,45). A concentracao viral
por dose da vacina para aplicacdo subcutanea néo deve ser inferior a 1.000 MLDsg
(“Medium Mouse Lethal Dose” - quantidade de virus capaz de matar 50% dos
camundongos injetados) segundo os padrdes bioldégicos da OMS (46). A MLDsp em
geral € expressa em escala logaritmica, logip MLDso. A dose minima é de 3 logio
MLDso. Atualmente, a concentracdo de particulas virais na vacina € expressa em
PFU (unidades formadoras de placas). Embora ndo exista uma relacao linear entre
as metodologias de PFU e MLDsp, ha quase um paralelismo entre esses valores.
Para compensar as perdas de virus na estocagem, os fabricantes colocam um
excedente de virus em cada frasco (47). Uma dose de vacina contém entre 10* e 10°
PFU de uma mistura heterogénea de mdultiplas subpopulacdes de virions, ja que

estas vacinas ndo sao biologicamente clonadas (42,48).

1.5 Bases moleculares da atenuacéo da vacina 17D

O desenvolvimento da vacina contra febre amarela por passagens
empiricas, principalmente em tecidos embrionarios de galinha, resultou em multiplas
mutacdes nos genes estruturais e nao estruturais do virus (49), embora tenha sido
demonstrado alto grau de similaridade genética entre diversas vacinas produzidas
por varios fabricantes (50). Hahn e colaboradores (51) compararam e deduziram a
sequéncia de aminoacidos da amostra Asibi, da virus selvagem e da vacina 17D-204
e, identificaram 68 trocas de nucleotideos, codificando 32 substituicbes de
aminodcidos, incluindo 12 no gene da proteina E do envelope. Duarte dos Santos e
colaboradores (38) e Galler e colaboradores (39) descreveram 48 alteragOes
nucleotidicas entre as subamostras 17D-213/77 e 17DD quando comparadas a
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amostra parental virulenta Asibi e 21 alteracfes com relacdo a Asibi e 17D-204, que
sdo especificas da 17DD. Em um trabalho desenvolvido para investigar o
envolvimento da proteina E como base molecular da atenuagdo do virus amarilico,
utiizando painéis de anticorpos monoclonais (MmAbs) especificos para virus
selvagem e amostra vacinal 17D, foi observado que o ganho de epitopos na proteina
do envelope vacinal e a perda de outros no virus selvagem estdo diretamente
envolvidos no processo de atenuacdo do virus da febre amarela e sugere que os
genes que codificam a proteina do envelope estdo envolvidos na patogenicidade do
virus (52). Entretanto, ainda ndo foi possivel identificar quais alteracbes de
nucleotideos e/ou aminoacidos sé@o responsaveis pela atenuagcdo do virus vacinal
(51,52).

Existem numerosos trabalhos, sendo alguns contraditérios, nos quais se
utilizam anticorpos monoclonais que reconhecem epitopos de proteinas do envelope
viral. Barrett e colaboradores (53), Leder e colaboradores (54) observaram
diferengas antigénicas em vacinas fabricadas em diferentes centros. Por outro lado,
Jennings e colaboradores (55), comparando a vacina febre amarela amostra 17DD
produzida em Senegal e outras vacinas produzidas por outros centros, 17D-204 da
“American Type Culture Collection” (ATCC), 17D-204 da OMS, 17DD do Brasil, FNV
e a amostra Asibi selvagem, encontraram um alto grau de homologia (99,5 % e
99,5% para nucleotideos e aminoacidos, respectivamente) a nivel molecular da
porcdo do genoma que codifica proteinas estruturais, apesar de diferentes
passagens em laboratérios distintos (55). Em adicdo, um trabalho recente
demonstrou altos niveis de estabilidade genética, com minima variabilidade
interlotes em vacinas disponiveis comercialmente, quando produzidas em escala
industrial (56).

1.6 Aimunidade induzida pela vacina 17D

1.6.1 A resposta humoral

Diferentes  estudos demonstraram que anticorpos protetores,
correlacionados experimentalmente com resisténcia a infecgcdo, podem ser
detectados no 7° dia apOs a vacinacdo por testes de neutralizacdo e, no 12° dia, em
titulos menores, por teste de inibicdo de hemaglutinacdo. ApGs a primovacinacao,
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uma viremia transiente (2 a 3 dias) e em niveis baixos (ndo excedendo 2 log;o PFU
ou <200 PFU/mL) é detectada em aproximadamente 50% dos individuos vacinados,
com picos entre o terceiro e sétimo dias, com resolugédo precedendo o aparecimento
de anticorpos anti-IgM e anticorpos neutralizantes em niveis protetores (57-61). Os
anticorpos do tipo IgM podem ser detectados no 8° ou 9° dia, aumentando até 14-17
dias ap6s a infeccdo, diminuindo em seguida e permanecendo detectaveis por 2 a 3
meses. Nas primeiras 4 a 6 semanas, os titulos de anticorpos IgM sdo, em média, 16
a 256 vezes mais altos do que os titulos de anticorpos IgG. Estes e IgA surgem na
segunda ou terceira semana ap6s a vacinacao e persistem por tempo prolongado
(31,57-59).

O virus da febre amarela possui determinantes antigénicos comuns a
outros membros da familia Flaviridae. H& evidéncias experimentais de que a
resposta imunoldgica aos virus da vacina contra febre amarela pode ser modificada
pela infeccdo por outros virus da mesma familia (62,63) e de que os testes
sorologicos para estas arboviroses estejam sujeitos a reacdes cruzadas (64-66).
Todavia, estudos sobre a interferéncia dos virus da dengue e o virus da amostra
17D em humanos sao controversos. Em um estudo realizado em 1962 foi observado
um aumento da intensidade na resposta com anticorpos neutralizantes apos a
injecdo subcutanea de vacina 17D, maior entre os individuos que ndo tinham
anticorpos heterdlogos (67). Resultados diferentes foram observados em outro
trabalho, no qual a presenca de anticorpos fixadores de complemento contra virus
sorologicamente relacionados a febre amarela interferiam na resposta imunolégica a
vacina 17D (68).

1.6.2 A resposta celular

Embora a imunidade conferida pela vacinacdo, baseada no
estabelecimento de resposta humoral protetora, possua carater inquestionavel (69),
somente nos Ultimos anos 0s mecanismos da resposta imune-celular relacionados
ao estabelecimento da protecdo tém sido mais investigados. Paralelamente a
viremia, o nimero percentual de células CD8" aumenta significantemente com pico
no 5° dia apOs a primovacinagéo, sugerindo a capacidade do processo vacinal de
promover, paralelo a imunidade humoral, uma resposta imune celular importante
(58). Parametros iniciais da ativacdo imune, tais como aumento seérico de
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neopterina, B2-microglobulina, proteina C reativa, IL-6, TNF-a e IL-1Ra tém sido
descritos entre 2° e 7° dia apds a vacinacao (58,59,70,71). A inducao de interferons
é indicada pelo aumento da atividade da enzima 2',5'-oligoadenilato sintetase em
linfécitos T e B com pico no 9° dia apds a primovacinacdo (72). Células TCD8"
citotoxicas especificas contra epitopos de proteina ndo estrutural NS3 foram
inicialmente demonstradas em camundongos (73,74). Em seres humanos, células
TCD8" citotoxicas especificas contra epitopos de proteinas ndo estruturais NS1,
NS2b, NS3 e estruturais E do virus vacinal 17D foram identificadas e demonstradas
através da sintese de IFN-y por ensaio ELISPOT 14 dias apés a vacinacao, podendo
ser detectada até apos 19 meses (75). Uma resposta de célula TCD8" de memoria
ampla e polifuncional também tem sido descrita (76-78).

Estudos recentes tém demonstrado o papel crucial do sistema imune
inato na extenséo e qualidade da resposta imune adaptativa (79,80). O virus vacinal
17D e o virus selvagem sao capazes de replicar em mondécitos e macrofagos
humanos, incluindo células de Kupffer (81-83). Em células dendriticas humanas, o
virus 17D é capaz de replicar, embora minimamente, sem causar morte por
apoptose (84). Esta replicacéo € suficiente a apresentacéo de epitopos enddgenos e
recombinantes as células T (84,85) e estimula os receptores “Toll-like” (TLR) 2, 7, 8,
e 9 (86,87) resultando na producao de quimiocinas e citocinas pré-inflamatoérias IP-
10 (CXCL10), interleucina (IL)-1c, IL-1B e TNF-a induz uma resposta de interferon
do tipo | (IFN-a/B), com maturacdo e ativacdo de células dendriticas no sangue
periférico. Acredita-se que essas células dendriticas ativadas provavelmente migram
para os linfonodos regionais onde estimulam a resposta imune mediada por células
e a humoral (78,84-90). A interacdo do virus com diferentes TLRs modificariam o
balanco de citocinas Thl e Th2 produzido pelas células ativadas e € possivel que os
componentes ndo virais da vacina, também, possam influenciar neste equilibrio
(88,89). Esta imunidade induzida pela vacina 17D, envolvendo ambas as respostas
imune, inata e adaptativa, as quais sao orquestradas por fatores de transcricao
importantes, dentre os quais STATL, IRF7 e ETS2 tem sido demonstrada, mais
recentemente, por meio do emprego da biologia de sistemas (89,91) sendo possivel
até identificar genes, que quando ativados, se mostram preditores de resposta de
células TCD8" (C1gB e ETIF2ak4 ) ou de resposta com producdo de anticorpos
neutralizantes (TNFRSF17) (92).

Apesar das importantes descobertas empregando a vacina antiamarilica

17D-204, somente na ultima década, estudos tém focalizado a resposta celular a
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vacinacgdo induzida pela vacina antiamarilica 17DD. Santos e colaboradores (93)
demonstraram um aumento da populacdo de células T CD3" circulantes, e
subpopulacées TCD3'CD4" (43% CD45R0O") e TCD3'CD8" (70% CD45R0O") apds a
primovacinagdo com a vacina 17DD. Uma ativacdo dos linfocitos TCD8", também,
pode ser caracterizada por um aumento de células TCD8'CD38". Martins e
colaboradores (94) demonstraram, em estudo imunofenotipico de leucdcitos
circulantes de adultos primovacinados, eventos ativadores e moduladores da
resposta imune, iniciando precocemente e mantendo-se pelo menos por 30 dias.
Esta resposta foi caracterizada por um aumento significativo de células T ativadas
(CD4"HLA-DR" e CD8"CD69"), paralelamente a diminuicdo na frequéncia de células
T reguladoras (CD4*CD25"™) e células CD8+CD62L" observadas no 7° dia pés-
vacinacao. Por outro lado, no 15° dia, observou-se um aumento da expressdo da
molécula imunorreguladora IL-10R em linfocitos TCD4" e CD8*. O aumento da
frequéncia de linfécitos T CD8'HLA-DR™ no dia 30 pos-vacinagdo sugere uma
cinética distinta na ativagdo de células T, com células T CD4" sendo ativadas
precocemente, enquanto células T CD8" representariam um evento mais tardio da
resposta seguida vacinacdo antiamarilica 17DD (95). Em relacédo as células B, foi
observado um decréscimo na frequéncia de linfocitos B no 7° dia com mudancas
fenotipicas importantes no 15° dia, caracterizadas por aumento de linfécitos B
ativados (CD69") paralelamente ao aumento da expressio do receptor para IL-10 e
da molécula reguladora CD32 nestas células. Em relacdo a imunidade inata, foi
demonstrado que a ativacdo celular na populacdo de neutrofilos ocorre mais
precocemente no 7° e 15° dias com aumento da frequéncia de neutréfilos CD28"
(95). Resultados similares foram observados na populacdo de mondcitos, com
expansdo de uma populacdo celular com caracteristicas fenotipicas similares a
macrofagos, mondcitos ativados e pro-inflamatérios ocorrendo no 7° dia pos-
vacinacdo. Simultaneamente aos eventos de ativacdo, o aparecimento de fendtipos
celulares associados a eventos imunorreguladores, como elevada expressdo de
CD16 em neutroéfilos, CD32 e CD64 em mondcitos, aparecem como caracteristicas
marcantes no 7° dia pés-vacinacdo. Além disso, o aumento na expressao de
receptor de interleucina 10 (IL-10R) por neutréfilos, mondcitos e células NK no 15°
dia, acompanhados pela elevada expressao de CD16 em mondcitos também no 15°
dia, representam eventos imunorreguladores adicionais. Estes dados demonstram a
coexisténcia de aspectos fenotipicos associados a eventos de ativagdo e vias
imunorreguladoras que parecem ser relevantes para a prevencao de eventos
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adversos graves associados a vacinacdo antiamarilica, os quais, muitas vezes
fatais, tém sido relatados na literatura cientifica (96).

A andlise de citocinas intracitoplasmaticas demonstrou uma resposta
imune com perfil misto de producao de citocinas inflamatorias (IFN-y, TNF-a e 1L-12)
e moduladoras (IL-5 e IL-10) por células da imunidade inata e adaptativa apés a
vacinagado (97). Santos e colaboradores (98) também demonstraram resposta mista
de citocinas (aumento de IFN-y e IL-4) 15 dias apds imunizacéo (98). O status das
células NK na resposta imune a vacinacdo antiamarilica 17DD foi investigado,
recentemente, por Neves e colaboradores, e foi demonstrado um aumento da
expressdo de TLR3 e TLR9 paralelamente a uma ativagdo precoce destas células,
precocemente no dia 2 (embora nao significativo) e significativos nos dias 4 e 7 ap6s
a vacinacao (87).

1.7 Eficacia vacinal

A vacina contra febre amarela 17D tem-se mostrado imunogénica desde
0s primeiros estudos de campo e sua eficacia comprovada através da interrupcéo de
epidemias de febre amarela e pela presenca de anticorpos neutralizantes em 90% e
99% das pessoas adultas 10 e 30 dias ap0s a vacinacao, respectivamente. As taxas
de soroconversao sao semelhantes para as vacinas 17DD e 17D-204 (36,99,100). A
resposta primaria a vacina 17D com anticorpos neutralizantes é rapida (detectavel 7
dias apo0s a vacinacao) e altamente especifica. A soroprotecédo € definida como a
presencga de anticorpos neutralizantes em titulos > 1:10 ou “Log Neutralization Index”
(LNI) > 0,7 (101,102). A eficacia da vacina tem sido atribuida ao desenvolvimento e
fixacdo de anticorpos a proteina estrutural E, induzindo a neutralizacéo de atividades
biolégicas, hemaglutinacdo passiva e protecdo (103). Embora alguns estudos
tenham demonstrado a presenca de anticorpos neutralizantes por até 35 anos apos
a vacinacdo (104), a OMS preconiza revacinacdo a cada dez anos (1,3,21).
Entretanto, as taxas de soroconversao em criangas menores de 2 anos sdo mais
baixas e a evidéncia de que possa ser administrada simultaneamente com outras
vacinas do PNI ainda é controversa (105-111). As causas para a baixa taxa de
soroconversao em criangas precisam ser investigadas. A recomendagcao da OMS
para vacinacdo de criancas aos nove meses de idade, concomitantemente a

vacinacdo antissarampo, € embasada pelo custo-efetividade maior desta estratégia
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de que as campanhas de vacinacdo para controle de surtos (46). Em estudo de
campo recente de carater multicéntrico, a vacina da subamostra 17DD alcangou
niveis de soroconversdo de 97% em individuos com idades de 10 anos ou mais,
94% nas criangas de 2 a 9 anos, 88% nas criangas de 12 a 23 meses, 72% nas de
9-11 meses e 82% nas de 6-8 meses (111). Em outro estudo, envolvendo lactentes
de 9 a 11 meses no estado de S&o Paulo, a soroconversao foi de 77,5% (110), com
indicacdo da associacdo da baixa soroconversdo e menor intensidade da resposta

imunolégica com a aplicacdo simultdnea da vacina de sarampo.

1.8 Segurancga vacinal

Embora a vacina antiamarilica, amostra 17D, constitui-se em uma das
mais seguras e eficazes vacinas de virus vivo atenuados existentes e seja bem
tolerada, eventos adversos associados a sua aplicacdo podem ocorrer, sendo as
manifestagbes mais comuns: dor local, mal-estar, cefaléia, dores musculares e febre
baixa, o que ocorre em 2% a 5% dos vacinados, por volta do 5° ao 10° dia vacinacao
(1,3,21). Essas reacdes duram de 1 a 2 dias e sdo, na maioria das vezes, brandas e
com evolucao favoravel espontanea. Reacdes de hipersensibilidade imediata, como
erupcao, urticéria, angioedema e choque anafilatico, podem ocorrer de 30 minutos
até 2 horas apds a administracdo da vacina, porém sdo incomuns (incidéncia <1/1
milhdo) sendo mais frequentes em pessoas com historico de alergia a proteinas do
ovo (113). Porém, a partir de 1996, eventos adversos graves (EAG) e até mesmo
fatais vém sendo relatados em individuos previamente sadios, fato que reivindica
uma revisao critica dos efeitos da primovacinacéo e dos fatores de risco envolvidos
na revacinacdo (114-130). Considera-se como eventos adversos graves pos-
vacinacdo contra febre amarela as reac6es de hipersensibilidade imediata (RH), a
doenca viscerotropica (DV), a doenca neurologica (DN) e qualquer morte subita
inesperada, ocorrendo até 30 dias apos o término de campanhas de vacinacao
contra febre amarela em que as circunstancias e dados clinicos sugerem uma
reacdo adversa a vacina. A doenca neuroldgica € um evento grave, mas raramente
fatal, que manifesta como sindromes clinicas distintas decorrentes da acao direta do
virus vacinal no sistema nervoso central (meningoencefalite) ou manifestacdes
autoimunes em que anticorpos e/ou células T ativadas induzidos pela vacina reagem
com epitopos neuronais, ocasionando lesdes no sistema nervoso central ou
periférico, dentre as quais podem ser citadas a sindrome de Guillain-Barré (SGB); a
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encefalomielite disseminada aguda (EMDA); a paralisia bulbar e a paralisia de Bell
(1,3,21). Historicamente a doenca neuroldgica esteve associada a vacinacao de
criangcas. Dados da OMS (1994) apresentam mais de 200 milhdes de vacinas
aplicadas com a descri¢cdo de 17 casos de encefalites temporalmente associados a
vacina (4 casos em criancas menores de 4 meses). Porém, relatos mais recentes da
doenca foram descritos em pessoas de todas as idades. O aparecimento da doenca
varia, nos casos documentados, entre 3-28 dias ap0s a vacinacao, e quase todos 0s
casos foram em individuos primovacinados e raramente fatais (<5%) (1,3,21,113). A
incidéncia de doencga neurolégica associada a vacina antiamarilica nos Estados
Unidos é de 0,8/100.000 doses administradas. A taxa & maior em pessoas = 60 anos
de idade, com uma taxa de 1,6/100.000 doses em pessoas entre 60-69 anos de
idade e 2,3/100.000 doses em pessoas = 70 anos de idade (1,21). No entanto o
evento adverso, temporalmente associado a vacinagao antiamarilica, considerado
mais grave e com maior letalidade é a doenca viscerotropica (DV). Trata-se de
doenca grave, similar a doenca de tipo selvagem, na qual ocorre a disseminacao do
virus vacinal para diversos orgaos e, muitas vezes, levando a faléncia de multiplos
orgaos e morte. O inicio dos sintomas varia em media de 35 dias (1 a 8 dias) apos a
vacinagao e apresenta uma taxa de letalidade de 53%. Nos Estados Unidos, a taxa
de incidéncia € de 0,4 casos por 100.000 doses da vacina aplicada. A taxa € maior
em pessoas = 60 anos de idade, com taxa de 1/100.000 doses em pessoas de 60-69
anos de idade e 2,3/100.000 doses em idosos = 70 anos de idade (1,21). Desde que
foram publicados os primeiros casos de EAG em 1996, até fevereiro de 2010, foram
notificados ao CDC, 57 casos de 14 paises: Australia, Bélgica, Brasil, China,
Colémbia, Equador, Franca, Alemanha, Japao, Peru, Espanha, Suica, Reino Unido e
Estados Unidos (131), incluindo os cinco casos ocorridos no Peru em 2008
(124,125). A doenca viscerotropica associada a vacina antiamarilica era considerada
um fenémeno recente até que Engel (120) e colaboradores relataram um caso
ocorrido em uma mulher brasileira vacinada em 1975. Em 2010 mais 2 casos
ocorridos em 1973 e 1978 foram descritos (128).

No Brasil, tem sido observado maior risco de ocorréncia de evento
adverso grave em areas onde ndo ha recomendacédo de vacina na rotina. Pelos
registros do Sistema Nacional de Vigilancia de Eventos Adversos Pds-Vacinais do
Ministério da Saude, de 2000 a 2008, foram aplicadas 101.564.083 doses da vacina
antiamarilica, tendo sido registradas reacdes de hipersensibilidade com uma
frequéncia de 0,9/100.000 doses, das quais 0,023/100.000 doses representaram
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choque anafilatico. A frequéncia de doenca neurologica associada a vacinacéo
antiamarilica (DN) no mesmo periodo foi 0,084/100.000 doses. De 1999 a 2009, a
frequéncia de doenca Vviscerotropica (DV) por doses administradas foi
0,019/100.000. Dentre os 26 casos de DV notificados (21 do Brasil e 5 de outros
paises), 19 foram classificados como casos confirmados, 4 como casos provaveis e
3 como casos suspeitos, envolvendo 10 pacientes do sexo masculino, 15 do sexo
feminino e um com sexo desconhecido - um caso de 1975. A taxa de letalidade foi
de 92.3% (127). Dos casos anteriores ocorridos no Brasil, 4 foram associados a
lotes diferentes da vacina antiamarilica 17DD (114,132) que foram administrados
durante um periodo de imunizagcdo em massa, no qual 22 milhdes de pessoas foram
vacinadas. Com o aumento do uso da vacina na reemergéncia do virus da febre
amarela nos estados de S&o Paulo e Rio Grande do Sul foram registrados, no
estado de Séo Paulo, em 2009, 3 casos confirmados e 2 casos provaveis de DV
para 1.600.000 doses administradas (0,31/100.000 doses). No estado do Rio
Grande do Sul, na mesma data, foram notificados 2 casos confirmados e 2 casos
provaveis de DV em 3.600.000 de doses aplicadas (0,11/100.000 doses) e 35 casos
confirmados de meningite asséptica (0,97/100.000 doses) e 2 casos de SGB
(0,06/100.000 doses). A incidéncia total de casos neuroldgicos foi, entretanto, de
1,1/100.000 doses. No Rio Grande do Sul foi notificado, também, um caso de
doenca desmielinizante com neurite Optica confirmada e 2 casos de encefalite
devido a transmissédo do virus vacinal pelo aleitamento materno em recém nascidos
de amamentacdo exclusiva, apés a administracdo da vacina em suas maes
(127,133).

Muitos dos eventos relatados apds a vacinacdo contra febre amarela
constituem-se em sinais e/ou sintomas de diversas doencas frequentes na
populacédo, assim nem sempre € possivel distinguir os que sao causados pela vacina
e aqueles causados por outros problemas coincidentes temporalmente. Algumas
situacles tém sido identificadas como de maior risco para eventos adversos graves
apos a vacinacao contra FA, tais como, pessoas portadoras de doencas autoimunes,
como lUpus eritematoso sistémico, e primovacinacdo em idosos com mais de 70
anos de idade. Acredita-se que fatores de predisposicdo individual, embora
desconhecidos, sejam importantes, pois hdo se encontraram mutacdes nos virus
(134-136) ou problemas relacionados a qualidade das vacinas (1,3,113). Resposta
adaptativa antigeno-especifica robusta, envolvendo células T e B, anormalidades na
resposta inata, principalmente com ruptura do eixo de ativacdo de mondcitos,
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aumento quimiocinas e citocinas pré-inflamatérias (IL-6, IL-8, MCP-1, MIG/CXCL e
GRO) e polimorfismo nos genes do CCR5 e RANTES sao algumas alteracdes
descritas em casos de DV (137-139).

Apesar de muitos estudos, a compreensdo dos fatores envolvidos na
geracao de uma resposta imunolégica eficaz e os mecanismos responséaveis pelos
eventos adversos graves ainda nao foram elucidados. E, considerando a escassez
de estudos que abordam aspectos detalhados da resposta imune em criancas,
aliado ao fato de que a vacina contra febre amarela foi incluida no Calendério Basico
de Vacinacdo do PNI do ministério da salude, chama a atencao para a necessidade
de uma revisao critica dos efeitos da vacinacao e realizacdo de estudos adicionais
para avaliar os aspectos da resposta imune no ambito da meméria imunolégica pés-
vacinal.

Desta forma, considerando a necessidade de ampliar a compreensao dos
fendbmenos da resposta imune induzida pela vacinacdo antiamarilica, este projeto
propbe avaliar o panorama da resposta imune vacinal, utilizando uma nova
estratégia proposta por Vitelli-Avelar e colaboradores (140), a partir de um conceito
de baixa e alta producdo de citocinas criado por Bahia-Oliveira (141). Esse modelo
permite avaliar de forma mais completa o perfil dominante de citocinas produzidas
por populacbes e subpopulacdes de leucdcitos circulantes, tanto individualmente
guanto no ambito de grupos previamente selecionados. A analise do perfil de
citocinas, tanto no contexto ex vivo como apos estimulacao in vitro com antigenos da
vacina antiamarilica, oferecera evidéncias adicionais sobre 0s eventos imunoldgicos
pos-vacinacdo relevantes para a caracterizacdo e entendimento dos mecanismos
imunoldgicos envolvidos na imunidade antiamarilica, de criancas e adultos
primovacinados/revacinados, proporcionando, assim, uma melhor compreenséo da
resposta imune celular ao virus vacinal e contribuindo para estudos futuros acerca

da protecédo desencadeada por vacinas.
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2 OBJETIVOS

2.1.0Dbjetivo geral

Atualizar o conhecimento cientifico acerca da imunidade vacinal ativa

contra a febre amarela (17DD), através da investigacdo minuciosa de parametros

fenotipicos celulares e moleculares dos eventos pos-vacinais.

2.2 Objetivos especificos

Avaliar o impacto do antigeno amarilico 17DD no panorama de citocinas em

leucadcitos circulantes, na cinética da resposta imune em adultos primovacinados;

Avaliar as alteracbes no padrédo fenotipico de leucadcitos circulantes e no perfil de
guimiocinas/citocinas plasmaticas em casos de eventos adversos graves pos-

vacinacao antiamarilica;
Caracterizar o indice de impacto do antigeno amarilico 17DD no panorama de

citocinas em leucocitos circulantes, associado aos diferentes padrbes de

soroconversao em crian(;as.
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3 METODOS

3.1 Grupos de estudo e amostras bioldgicas

3.1.1 Estudo em adultos

Para a realizacédo do estudo longitudinal dos estagios iniciais da resposta
vacinal em adultos foram inicialmente avaliados 50 individuos adultos com idade
variando entre 21 e 51 anos, residentes na regido metropolitana de Belo Horizonte
MG, que se apresentaram voluntariamente ao chamado colocado em alguns meios
de comunicacdo de massa, onde eram convocados individuos adultos saudaveis,
sem histéria prévia de vacinacdo antiamarilica que desejassem participar da
presente pesquisa. Os voluntarios que apresentaram resultado negativo ao teste de
guantificacdo de anticorpos neutralizantes pelo teste de reducdo de placas de lise
em células VERO (PRNT) foram selecionados para este estudo, sendo um total de
10 individuos, 6 do sexo masculino e 4 do sexo feminino, com idade variando entre
21 e 51 anos. Os voluntarios selecionados foram submetidos a vacinagéao
antiamarilica em Centros de Saude da Rede Publica de Belo Horizonte, sob a
supervisao do Dr. José Geraldo Leite Ribeiro, da Secretaria Estadual de Saude de
Minas Gerais (SESMG). Nenhum dos voluntarios apresentou qualquer manifestacéo
sugestiva de reacdo adversa temporalmente associada a vacinagdo antiamarilica
17DD. As amostras de sangue foram coletadas por profissionais qualificados do
Laboratério de Biomarcadores de Diagndéstico e Monitoracdo do Centro de Pesquisa
René Rachou (CPgRR/Fiocruz), em quatro tempos distintos, pré-vacinal, 7, 15 e 30
dias ap0s a vacinacdo, por puncao venosa através do sistema de coleta a vacuo
(Vacutainer, Becton Dickinson - BD) em trés frascos separados, sendo um frasco de
5 mL contendo o anticoagulante acido etilenodiaminotetracético (EDTA), um frasco
de 10 mL contendo heparina sodica e um frasco de 10 mL sem anticoagulante. O
sangue coletado em EDTA foi utilizado para a realizacdo de hemograma e estudo do
perfil imunofenotipico de leucécitos periféricos. O sangue coletado em heparina foi
utilizado nos ensaios de deteccdo de citocinas intracitoplasmaticas e o material
coletado sem anticoagulante foi destinado a realizacdo dos testes de

soroneutralizacao.

38



3.1.2 Estudo em casos de reagOes adversas

Seguindo o fluxograma proposto no protocolo de orientagdo frente a
eventos adversos graves associados temporalmente a vacina 17DD contra febre
amarela, do Ministério da Saude (113), foi colhida por puncdo venosa através do
sistema de coleta a vacuo (Vacutainer, BD) uma amostra de 7 mL de sangue
periférico em heparina, de uma paciente estadunidense, de 23 anos de idade, que
recebeu a vacina 17D-204, em Chicago nos Estados Unidos, como preparacao para
sua viagem ao Brasil e que apresentou quadro clinico com caracteristicas sugestivas
de evento adverso a vacinacao antiamarilica (129). A amostra de sangue periférico
foi colhida 15 dias ap6s a vacinacao, quando a paciente ja se encontrava na cidade
do Rio de Janeiro, RJ, Brasil e foi encaminhada ao Laboratério de Biomarcadores de
Diagnastico e Monitoragcédo do Centro de Pesquisas René Rachou.

3.1.3 Estudo em criancas

Para o estudo do impacto do antigeno amarilico 17DD no panorama de
citocinas em leucécitos circulantes associado aos diferentes padrdes de
soroconversao em criancas foram selecionados voluntarios de ambos os sexos, com
idade entre 9 e 47 meses, 0s quais participavam de estudo multicéntrico envolvendo
o Estado de Minas Gerais e o Distrito Federal (142). As amostras de sangue
periférico (4 mL) foram coletadas por punc¢éo venosa através do sistema de coleta a
vacuo (Vacutainer, BD) em 3 tempos distintos: 30 dias apds a primovacinacédo, para
guantificacdo dos anticorpos antiamarilicos e 1 ano apds a primo e/ou revacinagao
para o estudo do impacto do antigeno amarilico 17DD no panorama de citocinas em
leucdcitos circulantes associado aos diferentes padrbées de soroconversdo. A
soroconversao, aparecimento de anticorpos séricos induzidos pelo contato com o
antigeno vacinal antiamarilico, foi o desfecho primario de interesse para o estudo.
Inicialmente, estas criancas foram classificadas de acordo com os niveis de
anticorpos neutralizantes antiamarilicos apés a vacinacdo em: primovacinadas (PV)
nao respondedoras (PV-PRNT)(PRNT <2.5 Log;o mUl/mL, n=10) e primovacinadas
respondedoras (PV-PRNT")(PRNT>2.5 Logio mUl/mL, n=30). O grupo respondedor
PV-PRNT" foi subdividido em PV-PRNTMEP'"M* (2 5<PRNT<3,5 Logio mUI/mL, n=20)
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e PV-PRNT"®" (PRNT >3,5 Logio mUI/mL, n=10). Dez criancas seletivamente néo
respondedoras apos a primovacinacdo foram submetidas a revacinacdo um ano
apds a primovacinagdo sendo denominadas (RV-PRNTY) (PRNT>2.5 Logio mUl/mL,
n=10). E, um grupo de criangas inicialmente ndo vacinadas (soronegativas) foi
denominado como n&o vacinado (NV-PRNT)(PRNT<2.5 Logl0 muUlIl/ML, n=10).
Todas as criancas se encaixaram nos critérios de elegibilidade e seus responsaveis
legais permitiram a participagédo no estudo. Todo procedimento de identificagdo dos
voluntarios, vacinacdo e colheita das amostras sanguineas, foi conduzido pela
Assessoria Clinica de Bio-Manguinhos (ASCLIN) sob a coordenacédo do Dr. Reinaldo
Menezes (médico chefe), da Dra. Maria de Lourdes Maia (médica supervisora de
estudos clinicos), do Dr. Luiz Camacho da Escola Nacional de Saude Publica da
Fiocruz, do Dr. José Geraldo Leite Ribeiro (Setor de Imunizacbes) da Secretaria
Estadual de Saude de Minas Gerais e da Dra. Ivone Perez da Secretaria de Saude
do Distrito Federal.

3.1.4 Lote da vacina antiamatrilica

Os lotes da vacina antiamarilica 17DD utilizados, no estudo longitudinal
em adultos foi o 055VFA054P e no estudo da resposta vacinal em criancas foi 0
007VFA010Z. Ambos derivados do lote semente de trabalho 993FB013Z (passagem
n° 287) da subamostra 17DD produzido em 1999 e utilizado na producédo de todos
os lotes de vacina desde 2002. A vacina antiamarilica 17DD é produzida por Bio-
Manguinhos a partir da amostra de virus atenuados, cultivados em embribes de
galinha, livres de agentes patogénicos SPF (Specific Pathogenic Free), de acordo
com as normas estabelecidas pela OMS e séo utilizadas em campanhas e na rotina
de vacinacao da rede publica de servicos de saude. Cada dose de 0,5 mL da vacina
€ composta dos seguintes constituintes: Virus 17DD febre amarela - 1.000 DLsy,
sacarose, glutamato de sodio, sorbitol, gelatina bovina hidrolisada, eritromicina e
canamicina (119).

A participacéo de todos os individuos nos estudos foi voluntaria. Todos os
participantes e/ou seus representantes legais assinaram o termo de consentimento
livre e esclarecido, anteriormente & sua inclusdo no trabalho. E importante salientar
gue todo o estudo foi submetido e aprovado pelos comités de ética da
CPgRR/Fiocruz (protocolo 03/2002) e da Fundagcdo Osvaldo Cruz (protocolo
236A/03.
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3.2 Metodologias empregadas

3.2.1 Teste de soroneutralizacéo

A quantificacdo de anticorpos neutralizantes pelo teste de reducao de
placas de lise em células VERO (PRNT) (144), do estudo longitudinal em adultos, foi
realizada no Laboratério de Virologia do Departamento de Microbiologia do Instituto
de Ciéncias Bioldgicas da Universidade Federal de Minas Gerais, por Juliana Prado
sob a supervisédo da Dra. Erna Geessien Kroon.

A quantificacdo de anticorpos neutralizantes (PRNT) do estudo das
criancas foi realizada no Laboratorio de Virus de Bio-Manguinhos (LATEV/Fiocruz do
Rio de Janeiro) sob a coordenacdo do Dr. Luis Antdnio Camacho, segundo a
metodologia descrita por Stefano e colaboradores modificada (110). O PRNT é
considerado o teste mais sensivel e mais especifico para febre amarela (102,145)
produzindo resultados quantitativos (em Unidades Internacionais) que se

correlacionam com protecao.

3.2.2 Analise imunofenotipica

Os ensaios de imunofenotipagem dos leucdcitos do sangue periférico
foram realizados segundo o protocolo proposto pelo fabricante, com pequenas
modificacdes conforme descrito a seguir: em tubos de poliestireno 12x75 mm foram
adicionados 5 ul do anticorpo monoclonal especifico para o marcador de superficie
celular de interesse, marcado com fluorocromo (Tabela 1). Combinac¢des especificas
de anticorpos monoclonais marcados com fluorocromos distintos foram utilizadas
para a analise simultdnea de marcadores de superficie celular necessarios para a
caracterizacao de subpopulagcdes celulares de interesse. Para cada combinacao de
anticorpos monoclonais foram adicionadas aliquotas 100 ul de sangue periférico
total coletado em EDTA. Apdés homogeneizacdo em vortex, as preparacdes foram
incubadas por 30 minutos, a temperatura ambiente e ao abrigo da luz. ApGs o
periodo de incubacéo, procedeu-se a lise dos eritrocitos, utilizando 2 mL de solucéo
de lise comercial (FACS™ Lysing Solution - BD Biosciences, San Jose, Califérnia,
USA) diluida 10 vezes em agua destilada. Ap6s nova homogeneizacdo em vortex,

as preparagdes foram incubadas por 10 minutos a temperatura ambiente e entao
41



submetidas a centrifugagdo (400g, 10 minutos a 18°C). O sobrenadante foi
descartado e os leucdcitos lavados com 2 mL de “phosphate-buffered saline’-PBS
(0,015M pH 7,4), empregando as mesmas condi¢des de centrifugacéo anteriormente
citadas. Numa etapa final, os leucdcitos foram fixados com 300 ul de solucdo
fixadora — MFF (10g/l de paraformaldeido, 1% de cacodilato de sodio, 6,67g/l de
cloreto de sodio, pH 7,2). A aquisicao dos dados (10.000 eventos) e a analise dos
resultados foram realizadas em citdbmetro de fluxo BD FACSCalibur™, utilizando o
“software” CellQuest™. Os dados obtidos através da imunofenotipagem dos
leucécitos do sangue periférico foram analisados segundo descrito por Martins em
2004 (94), utilizando-se estratégias diferentes com o uso dos recursos multiplos do
programa CELLQuest™, denominadas como anélise convencional, andlise do
marcador CD56 em subpopulagbes de células CD3'CD16%, andlise de
subpopulactes de células CD3'CD56", andlise de células NKT (CD3'CD56"), andlise
de monacitos pro-inflamatorios, analise de células T reguladoras, analise combinada
‘gated”, analise semiquantitativa da expresséo de FcyR em mondcitos, analise da
expressdo de FcyRIl em linfécitos B e analise da expressdo de receptores de

guimiocinas em leucacitos.

TABELA 1. Anticorpos monoclonais, marcados com fluorocromos, utilizados para

analise de populacdes, subpopulacdes celulares e moléculas de superficie.

Anticorpos Fluoro-

! Clones Células identificadas
anti cromos
CcD3 E'ETC oU  ycHT1 Linfocitos T
CD4 FITC, PE RPA-T4 Linfécitos T auxiliares
ouTC
CD5 FITC L17F12 Linfécitos B1
CDS8 FITC/ITC RPA-TS Linfécitos T citotoxicos
CD14 TC TuK4 Mondécitos
CD16 FITC/ITC 3GS8 Células NK, “Macréfagos-like”
CD18 FITC YF118.3 Molécula de adesao de Linfocitos
CD19 TC 4G7, SJ25-C1  Linfécitos B
CD23 PE M-L233 Molécula de ativacao celular, receptor de baixa

afinidade de IgE (FceRIl)
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CD25 PE 3G10 Linfécitos T reguladores

CD28 FITC 15E8(CLB402) Coreceptor de ativacdo de Linfocitos T

CD32 FITC FLI8.26 Receptor de IgG em Linfocitos B e Monécitos
CD38 PE AT13/5 Linfécitos T ativados

CD54 PE 15.2 Molécula de adesao de Linfocitos T

CD56 PE B159 Células NK

CD62L FITC DREG-56 Molécula de adesao de Linfocitos T

CD64 FITC 10.1 Receptor de IgG em Mondcitos

CD69 FITC H1.2F3 Linfécitos T e B ativados

Linfécitos T ativados e Mondcitos pro-

HLA-DR PE Tu36 . L
inflamatérios
IL-10R PE 3E9 Receptor de IL-10 em Linfocitos T, B, NK e
Mondcitos
CCR2 BIOTINA 48607 Receptor de quimiocina em Linfécitos T (Tipo 0)
CCR3 FITC 61828.111 Receptor de quimiocina em Linfécitos T (Tipo 2)
CXCR3 EITC 49801 Recep'EOf de quimiocina em Linfocitos T (Tipo 1)
e Monacitos
CXCR4 FITC 1265 Receptor de quimiocina em Linfécitos T (Tipo 0)
CCR5 EITC 45531 Receptor de quimiocina em Linfécitos T (Tipo 1)

e Monécitos

3.2.3 Microcultura de células de sangue periférico e marcacao de superficie e de

citocinas intracitoplasmaticas

Para avaliar a producdo de citocinas por leucdcitos circulantes, foi
realizada microcultura de curta duracdo, na auséncia de estimulacdo antigénica
(cultura controle) e na presenca de antigenos vacinais 17DD (cultura estimulada). A
metodologia foi realizada como descrito por Peruhype-Magalhdes e colaboradores
(146) com modificagBes descritas a seguir: aliquotas de 500 ul de sangue periférico
coletado a vacuo em tubos de 10 mL contendo heparina sodica foram adicionadas,
em triplicata, em tubos de polipropileno de 14 mL, contendo 500 ul de RPMI-1640 e
50 pl de diluente de vacina, os quais foram identificados como cultura controle (nao

estimulada) e em triplicata, em tubos de polipropileno de 14 mL, contendo 500 ul de
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RPMI-1640 e 50 ul de vacina 17DD (cultura estimulada); na concentracao final de
10° particulas virais/mL, no estudo longitudinal em adultos e 2,5 x 10° particulas
virais/mL, no estudo em criangas. As culturas foram incubadas em estufa de CO-
com 5% de umidade, a 37°C (Forma Scientific), por 6 horas. Este tempo de
incubacao foi previamente determinado por estudos comparativos com diferentes
tempos de incubacdo. Apés o periodo de incubacédo, 10 ul de Brefeldina A (SIGMA
1mg/mL concentragéo final de 10 mg/mL) foram adicionados a todos os tubos de
cultura. A utilizacdo da Brefeldina A promove a retencao da citocina no complexo de
Golgi, permitindo sua detecc¢do no interior celular. As amostras foram submetidas a
uma segunda incubacgéo por 4 horas, em estufa de CO, com 5% de umidade, a
37°C. Apés esta Ultima incubagdo, 110 uL de EDTA (SIGMA) 20 mM, obtidos de
uma solucéo estoque de 200 mM, diluida 1/10 (concentracéo final de 2 mM), foram
adicionados diretamente as culturas. Este procedimento bloqueia eventual processo
posterior de ativacdo das células e garante a obtencdo de resultados padronizados.
Os tubos contendo as amostras foram incubados por 15 minutos a temperatura
ambiente. Para a realizacdo da marcacdo imunofenotipica e das citocinas
intracitoplasmaticas, as amostras de sangue cultivadas, em triplicata, foram vertidas
em um so tubo, no qual foi acrescentado 4 mL de PBS Wash (PBS 0,015M, pH 7,4
contendo 0,5% de albumina bovina sérica — BSA e 0,1% de azida sbdica —
reagentes SIGMA). As amostras foram centrifugadas a 400g, por 10 minutos, a
18°C. Apo6s a centrifugacdo a suspensdo de células foi distribuida em tubos de
poliestireno 22x75mm previamente rotulados como tubo 1 (CD4 e CDB8), tubo 2
(CD14), tubo 3 (CD16) e tubo 4 (CD19) contendo 20 ul anticorpos monoclonais
marcados com fluorocromos, conforme citado na Tabela 2, nos respectivos volumes
de amostras: 200 pl, 100 pl, 100 pl e 100 ul. Apés homogeneizacdo em vortex, as
amostras foram incubadas por 30 minutos a temperatura ambiente e ao abrigo da
luz. Em seguida, as amostras foram submetidas a etapa de lise dos eritrocitos,
utilizando 3 mL de solucdo de lise comercial (BD FACS™ Lysing Solution) por 10
minutos, a temperatura ambiente. Posteriormente, as preparacfes celulares foram
centrifugadas empregando as mesmas condicfes de centrifugacdo supracitadas,
apos a qual, as amostras foram permeabilizadas com 1 mL de PBS-W e 3 mL de
PBS-permeabilizante (P) (PBS 0,015M, pH 7,4 contendo 0,5% de BSA, 0,1% de
azida sodica e 0,5% de saponina - reagentes SIGMA) por 10 minutos, a temperatura
ambiente. A suspensdo celular foi centrifugada a 400g, por 10 minutos, a 18°C,

qgquando foi novamente lavada com PBS-W. Posteriormente, 30 ul das células
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permeabilizadas foram incubadas em microplacas de 96 pocos, de fundo em “U”,
contendo 20 pl da respectiva solugdo de anticorpos anticitocinas marcados com
Ficoeritrina (PE), a uma diluicdo de 1:100 em PBS-P (Tabela 3). As amostras foram
novamente incubadas durante 30 minutos, a temperatura ambiente e ao abrigo da
luz. Apés a incubagéo, as células foram primeiramente lavadas com 150 ul de PBS-
P e, em seguida, com 200 pul de PBS-W. Ao final, foram adicionados 200 pl de
solucéo fixadora (10g/l de paraformaldeido, 1% de cacodilato de sodio e 6,67 g/l de
cloreto de sédio, pH 7,2). As amostras contendo a suspensao celular a ser analisada
foram transferidas para tubos de 500 ul (Thomas Laboratory Specialities) e,
posteriormente, submetidas ao procedimento de aquisicdo de dados em citdmetro
de fluxo. A aquisicdo dos dados (30.000 eventos) e a andlise dos resultados foram
realizadas em citbmetro de fluxo - BD FACScalibur™, utilizando o software do

equipamento denominado CellQuest™.

TABELA 2. Anticorpos monoclonais, marcados com fluorocromos, utilizados para

analise de populacdes e subpopulacbes celulares da microcultura de sangue

periférico.
Anticorpos _ -
_ _ Fluorocromos Clones Células identificadas
monoclonais anti
CD4 TC RPA-T4 Linfocitos T auxiliares
CD8 FITC RPA-T8 Linfocitos T supressores
CD14 TC TUK4 Monécitos
CD16 FITC 3G8 Células NK, granulécitos
CD19 FITC/TC 4G7/SJ25-C1 Linfécitos B
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TABELA 3. Anticorpos monoclonais, marcados com fluorocromos, utilizados para

identificacdo de citocinas intracitoplasmaticas em microcultura de sangue periférico.

Anticorpos anti Fluorocromos Clones
IFN-y PE B27
TNF-a PE Mab1l1l
IL-4 PE MP4-25D2
IL-5 PE TRFK5
IL-10 PE JES3-9D7
IL-12 PE Cl115.14

3.2.4 Analise dos niveis plasmaticos de citocinas e quimiocinas

A avaliacao niveis plasmaticos das citocinas (IL-2, IL-4, IL-5, IL-10, TNF-a, IFN-y, IL-
17, IL-23 e TGF-B) e das quimiocinas (CXCL8, CXCL24, CCL2, CCL3, CCL5) nos
individuos adultos e no caso de reacdo adversa foi realizada utlizando-se kits
comerciais de ELISA para IL-17 (Biosource, Nivelles, Belgium), IL-23 e TGF-§
(Bender Medsystems, Vienna, Austria) e para as demais citocinas/quimiocinas foi
utilizado o ensaio com microesferas fluorescentes “Cytometric Bead Array” (CBA) -
BD. A metodologia CBA — BD permite a avaliacdo simultdnea de diversas
citocinas/quimiocinas no mesmo ensaio, empregando pequenos volumes de
amostra. Assim, aliquotas de 25 ul de plasma teste diluido 1:5 com diluente G
(reagente presente no kit CBA), aliquotas de 25 ul dos padrbes de
citocinas/quimiocinas, submetidos a diluicao seriada com diluente G (“Top Standart”
- 5000 pg/mL, 1:2 - 2500 pg/mL, 1:4 - 1250 pg/mL, 1:8 - 625 pg/mL, 1:16 - 312,5
pg/mL, 1:32 - 156 pg/mL, 1:64 - 80 pg/mL, 1:128 - 40 pg/mL e 1:256 - 20 pg/mL) e
25 mL de diluente G apenas (Controle Negativo), foram transferidas para tubos de
poliestireno de 5 mL. Em seguida, a cada tubo foram adicionados 15 mL da mistura
de esferas de captura, conjugadas com anticorpos monoclonais anti-IL-2, IFN-y,
TNF- a, IL-4, IL-5 e IL-10 (Human Th1/Th2 Cytokine CBA Kit), ou anti-IL-12, TNF-a.,

IL-10, IL-6 e IL-18 (Human Inflammation CBA Kit) ou anti-CCL2/MCP-1, CCL-
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5/RANTES, CXCL-8/IL-8 e CXCL-10/IP-10 (Human Chemokine CBA Kit) com
subsequente incubacao por 90 minutos, a T.A., ao abrigo da luz. Apés a incubacéo,
as esferas de captura foram lavadas com 500 ulL da solugdo F (“Wash buffer”,
reagente presente no kit CBA) e, o sobrenadante, cuidadosamente aspirado e
descartado. As esferas foram entdo reincubadas na presenca de 20 pl do reagente
B, que corresponde a um coquetel de anticorpos anticitocinas ou quimiocinas
humanas marcadas com PE, por 90 minutos, T.A., ao abrigo da luz. Apés incubacéo,
as esferas de captura foram novamente lavadas com 500 ul da solucdo F e, o
sobrenadante, cuidadosamente aspirado e descartado. As esferas foram
ressuspendidas em 250 pl de reagente F e um total de 1.800 eventos/regido (R1)
foram analisados no BD FACSCalibur™.

3.3 Estratégias de analises

3.3.1 Andlise da populacao de neutrofilos

Como mostrado na Figura 4, o estudo da populacdo de neutréfilos
consistiu na identificacdo da populacao celular de interesse, neste caso a populagao
de neutrdfilos, através da construcdo de graficos de anti-CD16 FITC e/ou anti-
CD14/TC versus granulosidade, onde essa populacao celular apresenta distribuicao
caracteristica (Figuras 4A e C). Apoés a selecao da regido (R) de interesse, a mesma
foi analisada utilizando-se a frequéncia de fluorescéncia (FL) apresentada pelas
células presentes na regido selecionada através de uma janela (R1), em graficos
puntuais de FL1/FITC versus FL2/PE (Figura 4B) e de FL3/TC versus FL2/PE
(Figura 4D). Para andlise das citocinas IFN-y, IL-4 e TNF-a, os neutrofilos foram
selecionados por suas caracteristicas morfométricas e imunofenotipicas, através de
graficos de distribuicdo puntual de FL1/CD16 versus granulosidade celular - SSC
(Figura 4A). Ja para analise das citocinas TNF-a, IL-10 e IL-12, utilizando graficos de
FL3/CD14 versus granulosidade celular (SSC); sendo que para a citocina TNF-a, a

média das frequéncias obtidas nas duas estratégias de andlise.
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Figura 4: Perfil de andlise de neutrdfilos. A) Perfil de distribuicdo celular considerando o
marcador fenotipico CD16/FITC versus granulosidade celular. B) Perfil de distribuicdo
celular considerando a fluorescéncia 1 (CD16/FITC) versus fluorescéncia 2 (IL-4/PE) da
populacdo selecionada na janela R1 do gréfico A. C) Perfil de distribuicdo celular
considerando o marcador fenotipico CD14/TC versus granulosidade celular. D) Perfil de
distribuicdo celular considerando a fluorescéncia 3 (CD14/TC) versus fluorescéncia 2 (IL-

10/PE) da populagéo selecionada na janela R1 do gréfico C.
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3.3.2 Analise da populagdo de mondcitos

Para andlise de mondcitos, foi construido um gréfico de fluorescéncia 3
(TC) para o marcador fenotipico CD14 versus a granulosidade celular. A populacéo
analisada foi aquela fortemente positiva para esse fenotipo celular, sendo delimitada
por meio de uma janela no gréafico. No exemplo, a janela foi posicionada nas células
que apresentaram alta expressdo do marcador CD14 (Figura 5A). Através dessa
abordagem, pode-se obter uma populacdo homogénea e bem diferenciada das
demais, ndo s facilitando a selecdo da populacdo de interesse, como também
garantindo a sua identificacdo de forma segura e padronizada. No exemplo
apresentado na Figura 5B temos a avaliacdo da citocina TNF-a produzida por esta
populacdo em um grafico de fluorescéncia 3 (anti-CD14/TC) versus fluorescéncia 2
(anti-TNF-o/PE).
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Figura 5: Perfil de analise de mondcitos. A) Perfil de distribuicdo celular considerando o
marcador fenotipico CD14/TC versus granulosidade celular - uma abordagem especifica
utiizada para analise da populagdo monocitaria. B) Perfil de distribuicdo celular
considerando a fluorescéncia 3 (CD14/TC) versus fluorescéncia 2 (TNF-o/PE) da populag&o
selecionada na janela R1 do gréafico A.

3.3.3 Analise da populacgéo de linfocitos

A Figura 6 mostra de forma esquematica a sequéncia de procedimentos

necessarios para a analise dos dados do fendtipo celular e perfil de citocinas
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intracelulares. O primeiro passo consistiu na identificacdo, através das
caracteristicas morfométricas, das trés diferentes populacdes de leucdcitos em
estudo: linfécitos, mondcitos e neutréfilos. Para andalise de linfécitos e células NK,
foram utilizados gréficos de distribuicdo puntual de tamanho (FSC) versus a
granulosidade celular (SSC). ApoOs a selecdo da regido de interesse por meio de
uma janela no gréfico (R1), a frequéncia de fluorescéncia das células presentes
nesta regido foi analisada em graficos puntuais de fluorescéncia 1 (FITC) versus
fluorescéncia 2 (PE) e/ou de fluorescéncia 2 (PE) versus fluorescéncia 3 (TC). No
exemplo apresentado na Figura 6B temos anti-CD8 FITC versus anti-I1L-10 PE.
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Figura 6: llustracdo da andlise convencional de linfocitos do sangue periférico por citometria
de fluxo. A) Perfil de distribuicdo celular considerando o tamanho versus granulosidade
celular. B) Perfil de distribuicdo celular considerando a fluorescéncia 1 (CD8/FITC) versus
florescéncia 2 (IL-10/PE), da populacéo selecionada na janela R1 do gréfico.

3.3.4 Analise do perfil panoramico

3.3.4.1 Estudo em adultos

Segundo protocolo proposto por Vitelli-Avelar e colaboradores (140), a
analise dos dados foi realizada utilizando-se o modelo panoramico de analise
imunofenotipica por citometria de fluxo. Para tanto, inicialmente o percentual de
células citocinas® para uma dada populagdo celular foi empregado numa estratégia

de andlise que consiste de 5 etapas: 12 - Célculo da mediana global para cada
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subpopulacdo de células citocinas® foi considerado todo o conjunto de valores
obtidos para os grupos inseridos no estudo; 22 - Categorizacdo de baixo e alto-

produtores de citocinas para cada subpopulagéo celular a mediana global de células

citocinas™ foi utilizada como o ponto de corte para identificar individuos baixo (<

mediana global) e alto (>mediana global) produtores de citocinas; 32 - Compilacdo

dos dados em diagramas, os dados referentes as categorias supracitadas foram

compilados em diagramas, empregando cores especificas para designar baixo-
produtores (), alto-produtores de citocinas inflamatérias (mm) e alto-produtores de
citocinas reguladoras (=) para cada subpopulacao leucocitéaria avaliada; 43- Calculo
do balanco de citocinas para cada subpopulacdo de leucdcitos, os dados obtidos

nos diagramas da etapa anterior foram empregados para definir o balanco de
citocinas para cada populagao celular, definindo quatro categorias, de acordo com o
predominio de baixo-produtores, alto-produtores de citocinas inflamatoérias, alto-
produtores de citocinas reguladoras e perfil misto (mm) que representa situacdes de
equivaléncia entre alto-produtores de citocinas inflamatorias e reguladoras; 52 -

Estabelecimento do panorama de citocinas dos leucodcitos circulantes foi calculado

para a populacéo total de leucdcitos, o perfil global de citocinas representado pelo
balanco de citocinas predominantes, compilando os perfis individuais inflamatorios,

reguladores ou mistos de todas as subpopulacdes avaliadas.
3.3.4.2 Estudo em criancas
Para a andlise dos dados do estudo em criancgas, utilizando o modelo

panoramico de andlise imunofenotipica, foi empregada a estratégia de analise em 6

etapas descritas a seguir: 12 - Quantificacdo do percentual de células citocinas” para

cada populacdo celular estudada, foi obtida por meio das analises dos dados

adquiridos no citometro de fluxo; 22 - Calculo do indice de impacto da estimulacéo

antigéncia 17DD in vitro, obtido por meio do célculo da raz&o do valor percentual de

células citocinas® (etapa anterior) para uma dada populagdo celular na cultura
estimulada, pelo percentual de células citocinas™ para a mesma populacédo celular na

cultura controle (17DD/Controle); 32 - Célculo da mediana global do indice de

impacto para cada populacdo celular estudada, por meio do qual foi obtido o ponto

de corte para segregar baixo e alto-produtores de citocinas; 42 - Cateqorizacdo de

baixo-produtores e alto-produtores de citocinas utilizando a mediana global do indice

de impacto obtida na etapa anterior; 52 Compilacdo dos dados em diagramas com

51



todas as populacdes de leucécitos analisadas de cada individuo e célculo da

frequéncia de alto-produtores em cada grupo de estudo; 62 - Determinacdo da

assinatura de citocinas do grupo de criancas primovacinadas respondedoras (PV-

PRNT") que foi utilizada como curva de referéncia_para analise comparativa entre

grupos. A curva foi obtida organizando o perfil de citocinas em curva ascendente de
alto-produtores;

3.4 Andlise estatistica dos dados

A andlise estatistica da cinética dos diferentes tempos apds vacinacéo
antiamarilica 17DD dos voluntérios adultos foi realizada utilizando-se o software
Graph Pad Prism 5.0 (San Diego, California). As analises foram feitas através do
teste t pareado, comparando os dados de cada tempo entre si. Para os dados nao
paramétricos foi utilizado o teste de Wilcoxon. Independente da avaliacéo estatistica
empregada, os dados obtidos foram considerados estatisticamente significativos
guando o valor de p foi menor ou igual a 0,05 (p<0,05). As diferengas significativas
estdo identificadas pelas letras “a”’, “b”, “c” e “d” para os dias 0, 7, 15 e 30,
respectivamente.

Para avaliacdo do evento adverso apOs vacinacdo antiamarilica, os
resultados foram comparados a média dos valores obtidos do grupo de estudo em
voluntarios adultos, 15 dias ap0s a vacinacdo 17DD, na auséncia de reacdes
adversas (valor de referéncia). Os dados foram considerados estatisticamente
significativos quando os valores do evento adverso estavam fora dos valores de
referéncia em + 2 desvios padrbes, identificado por (*). Além disso, foram
considerados estatisticamente significativos os valores do evento adverso que era a
metade ou o dobro do valor médio de referéncia, identificado por (**).

A andlise estatistica no estudo da resposta vacinal em criancas foi
realizada através da andlise de variancia (ANOVA) para dados ndo paramétricos,
Kruskal-Wallis, seguido pelo teste de Dunn’s de comparagdes multiplas. O teste de
Spearman (rs) foi utilizado para avaliar as correlacdes entre os grupos estudados e o
teste Qui-quadrado foi utilizado para comparacdes das frequéncias de altos indexes
de citocinas entre 0os grupos NV-PRNT, PV-PRNT, PV-PRNT® e RV-PRNT".
Independente da avaliacdo estatistica empregada, os dados obtidos foram
considerados estatisticamente significativos quando o valor de p foi menor ou igual a
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0,05. Diferencas significativas sdo identificadas, nas figuras, pelas letras “a”, “b”, “c
e “d” para comparacdes entre NV-PRNT’, PV-PRNT’, PV-PRNT" e RV- PRNT",

respectivamente.
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4 RESULTADOS

4.1 Artigo 1

O artigo cientifico apresentado a seguir corresponde ao objetivo especifico: Avaliar o
impacto do antigeno amarilico 17DD no panorama de citocinas em leucdcitos
circulantes, na cinética da resposta imune em adultos primovacinados.

Titulo: Characterization of main cytokine sources from the innate and adaptive
immune responses following primary 17DD yellow fever vaccination in adults.
Autores: Silva ML, Martins MA, Espirito-Santo LR, Campi-Azevedo AC, Silveira-
Lemos D, Ribeiro JGL, Homma A, Kroon EG, Teixeira-Carvalho A, El6i-Santos SM,
Martins-Filho AO.
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The mechanisms of immune response following yellow fever (YF-17DD) vaccination are still poorly
understood. In this study, we have performed a longitudinal investigation (days 0, 7, 15 and 30) to char-
acterize the cytokine profile of innate and adaptive immunity following YF-17DD first-time vaccination.
Data from non-stimulated cultures demonstrated a prominent participation of the innate immunity with
increased frequency of TNF-a* neutrophils and IFN-y* NK-cells at day 7 besides TNF-a* monocytes at day
7, day 15 and day 30. Increased frequency of IL-10* monocytes was observed at day 15 and day 30, and

lf%v[;o::.:;cme decreased percentage of IL-4* NK-cells were detected at day 7, day 15 and day 30. Time-dependent and
Yellow fever oscillating cytokine pattern was observed in CD4* T-cells, with low percentage of IL-127, IL-4" and IL-10*
Cytokines cells at day 7 and increased frequency of TNF-a* cells at day 15 besides IFN-y* and IL-5* cells at day 15

and day 30. Later changes with increased percentage of IL-12* and IL-5*CD8* T-cells were observed at day
30. Increased frequency of IL-10" B-cells was observed at day 15, when seroconversion was detected inall
vaccinees. The overall cytokine analysis of non-stimulated leukocytes showed a transient shift towards
a pro-inflammatory profile at day 7, mainly due to changes in the innate immunity, which draws back
toward a mixed/regulatory pattern at day 15 and day 30. The changes induced by the in vitro YF-17DD
vaccine-stimulation were mainly observed at day 0 and day 7 (before seroconversion) with minor changes
at day 15 and day 30 (after seroconversion). These data support the hypothesis that a complex network
with mixed pro/anti-inflammatory cytokine profile is associated with the establishment of the protective
immunity following YF-17DD primo-vaccination, free of adverse events.

© 2010 Elsevier Ltd. All rights reserved.

Innate and adaptive immunity

1. Introduction

Yellow fever (YF) is a severe viral disease of humans caused
by YF virus, a mosquito-transmitted member of the Flaviviridae
family with clinical spectrum ranging from subclinical infection to
overwhelming pansystemic disease [1,2]. The disease is endemic

* Corresponding author at: Laboratério de Biomarcadores de Diagnéstico e
Monitoragdo - Centro de Pesquisas René Rachou, Fundagao Oswaldo Cruz, Avenida
Augusto de Lima, 1715 - Barro Preto - Belo Horizonte — Minas Gerais - 30 190 002,
Brazil. Tel.: +55 31 3349 7764; fax: +55 31 3295 3115,

E-mail address: oamfilho@cpqrr.fiocruz.br (0O.A. Martins-Filho).

0264-410X/$S - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2010.08.046

in sub-Saharan Africa and tropical regions of South America and
also in several Caribbean islands. In the past 20 years, the global
epidemic arboviral activity has dramatically increased with more
than 200,000 cases and 30,000 deaths registered a year [3,4]. The
disease can be prevented by a live attenuated vaccine, originally
prepared from the 17D strain, and developed following successive
passages of wild-type YF strain Asibi in mouse and chicken tissue.
Two substrains are currently used worldwide, 17D-204 and 17DD,
which are at passages 235-240 and 287-289, respectively, from
wild-type Asibi virus [5,6].

Asingle immunization induces seroconversion in more than 95%
of recipients with long-lasting neutralizing antibody levels besides
YF-specific T-cell responses with minimal incident of severe side
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effects [5,7-9]. Since 1937, this vaccine has protected more than
400 million humans from YF and it is considered as one of the most
successful live attenuated vaccines available [10-12]. Despite this
outstanding efficacy, the mechanisms underlying the robust immu-
nity triggered by the 17D-204 and 17DD YF vaccines are still poorly
understood.

Although, the humoral immune response induced by the YF vac-
cine is generally considered as the main mediator of protection
against infection with wild-type YF virus, the cellular immunity,
both innate and adaptive, has been pointed out as an important
event playing pivotal role to generate an effective protection fol-
lowing YF vaccination with YF-17DD (FIOCRUZ), YF-VAX (Aventis
Pasteur) and YF-VAX (Connaught Laboratories) [9,13-18].

Recently, a novel proposal has been raised by the scientific
community, suggesting that the induction of complex immune
response, including activation/modulation events as well as a
mixed cytokine profile, is in fact triggered by the YF-17D vaccina-
tion, which seems to play a pivotal role in inducing a protective
immunity and in avoiding adverse reactions in primo-vaccinees
[13-17,19,20].

In the current report, we have performed a detailed investi-
gation of intracytoplasmic cytokine pattern of peripheral blood
innate and adaptive leukocytes aiming to characterize the kinetics
and the major sources of cytokines following first-time vaccina-
tion with YF-17DD. Our findings confirmed the existence of mixed
pattern of cytokines following YF vaccination, highlighting in the
innate immunity compartment the relevance of neutrophils and
monocytes as an early source of TNF-a and NK-cells supplying IFN-
v, both counterbalanced by enhanced levels of IL-10* monocytes.
In the adaptive immunity environment the early and transient
downregulation of cytokine synthesis by CD4* T-cells were prompt
changed toward a mixed profile characterized by enhanced fre-
quency of IFN-y*, TNF-a* and IL-5* CD4"* T-cells with CD8* T-cells
pointed as a late source of IL-12 and IL-5. B-cells were identi-
fied as the source of IL-10 at day 15, when seroconversion was
observed in all vaccinees. The overall cytokine signature showed
that the transient pro-inflammatory profile observed at day 7,
mainly due to the innate immunity cells, draws back toward a
mixed or modulated pattern at day 15 and day 30 in most vac-
cinees.

2. Patients, material and methods
2.1. Study population

This longitudinal investigation consisted of four consecutive
analysis of 10 healthy volunteers, aged 21-51 years with no his-
tory of previous YF vaccination or infection with the wild-type
YF virus, confirmed by negative plaque reduction neutralization
test (PRNT), carried out at Laboratério de Virologia, Departamento
de Microbiologia, Instituto de Ciéncias Biolégicas, Universidade
Federal de Minas Gerais under supervision of Dra. Erna Geessien
Kroon.

Each volunteer was vaccinated subcutaneously with a single
0.5mL dose of YF-17DD vaccine (Batch# 007VFA 010Z) as rec-
ommended by the manufacturer (Bio-Manguinhos, Oswaldo Cruz
Foundation, Brazil). Following vaccination, all volunteers were
questioned about clinical signs and symptoms, and none adverse
events were reported.

Peripheral blood samples (10mL) were collected into
Vacutainer™ tubes containing sodium heparin (Becton Dick-
inson, San Jose, CA, USA) at four consecutive periods including:
before vaccination (day 0) and seven (day 7), fifteen (day 15) and
thirty (day 30) days after YF-17DD primo-vaccination.

All subjects signed an informed consent, approved by the
Ethical Committee of the Centro de Pesquisas René Rachou
(CPqRR/FIOCRUZ - protocol # 03/2002), Belo Horizonte, Minas
Gerais, Brazil.

2.2. In vitro short-term whole blood culture

The short-term whole blood cultures were performed as
described by Peruhype-Magalhdes et al. [21], modified as fol-
lows: 500 L aliquots of heparinized peripheral blood were
dispensed into triplicates of 14 mL polypropylene tubes (Falcon®,
B.D. Pharmingen, San Diego, CA) and incubated for 6h at 37°C
in a 5% CO, humidified atmosphere in the presence of 500 pL of
RPMI 1640 (GIBCO - Grand Island, NY) plus 50 pL vaccine dilu-
ent (non-stimulated culture) or in the presence of 500 wL of RPMI
1640 (GIBCO - Grand Island, NY) plus 50 pL of live attenuated
YF-17DD vaccine (lot# 02UVFB005Z - BioManguinhos — FIOCRUZ)
at final concentration of 10° viral particles/mL (YF-17DD stimu-
lated culture). After priming, 10 pg/mL of Brefeldin A-BFA (Sigma
— Chemical Company - St Louis, MO) were added and the sam-
ples were re-incubated for an additional 4h at 37°C in a 5%
CO; humidified atmosphere. Following incubation, the cultures
were treated with 2 mM ethylenediamine tetraacetic acid—EDTA,
(Sigma - Chemical Company - St Louis, MO) and maintained at
room temperature for 15 min. Following EDTA treatment, the trip-
licates were pooled together into one 14 mL polypropylene tubes
and then washed once with 6 mL of FACS buffer (0.015M phos-
phate buffered saline—PBS, supplemented with 0.5% bovine serum
albumin—BSA and 0.1% sodium azide) by centrifugation at 600 x g
for 7min at room temperature. After centrifugation, the super-
natant was discarded and the cell pellet was resuspended in 1mL
of FACS buffer. The cell suspension was immediately submitted
to immunophenotyping and intracytoplasmic cytokine analysis by
flow cytometry.

Positive control cultures were performed in order to evaluate
the sample viability. For this purpose, 500 L aliquots of whole
blood were incubated in the presence of 500 L of RPMI 1640
plus Phorbol 12-Myristate 13-Acetate-PMA, ionomycin and BFA at
final concentration of 25ng/mL, 1 pg/mL and 10 pg/mL, respec-
tively. Positive control cultures were incubated for 4h at 37°C
in a 5% CO, humidified incubator. Positive control (PMA stimu-
lated culture) characterized by high levels of IFN-y* and TNF-a*
cells were used in all immunophenotyping and intracytoplasmic
cytokine analysis to confirm cell viability of all blood samples (data
not shown).

2.3. Immunophenotyping and intracytoplasmic cytokines
analysis by flow cytometry

The analysis of intracytoplasmic cytokines in peripheral blood
leukocyte subsets was performed as described by Peruhype-
Magalhdes et al. [21]. Briefly, 200 pL aliquots of EDTA-treated
cultures were dispensed into five 12 x 75 mm polystyrene tubes
and individually stained with anti-human cell surface mark-
ers monoclonal antibodies (mAbs), including anti-CD4 (clone
RPA-T4), CD8 (clones RPA-T8), CD14 (clone TiiK4), CD16 (clone
3G8) and CD19 (clones 4G7 or SJ25-C1) labeled with fluores-
cein isothiocyanate (FITC) or TRI-COLOR (TC), purchased from
BD Pharmingen (San Diego, CA, USA) or Caltag (Burlingame, CA,
USA). Following incubation for 30min at room temperature in
the dark, stained samples were gently treated while vortexing
with 2mL of FACS erythrocyte lysing solution (Becton Dickin-
son Biosciences) and re-incubating for an additional 10min at
room temperature in the dark. After erythrocyte lysis, the sam-
ples were centrifuged at 600 x g for 7min at room temperature,
the supernatant discarded and the cell pellet resuspended and
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incubated with 2 mL of FACS permeabilizing solution (FACS buffer
supplemented with 0.5% of saponin) for 10 min at room tem-
perature in the dark. Following incubation the samples were
centrifuged at 600 x g for 7 min at room temperature, the super-
natant decanted gently and the cell pellet was washed with 3 mL
of FACS buffer. After centrifugation, the cells were resuspended
in 200 pL of FACS buffer and distributed in 30 uL aliquots over
96-well U-bottomed microplates. Cells were then stained with
20 pL of phycoerythrin (PE)-labeled anti-cytokine mAbs, includ-
ing anti-IFN-y (clone B27), TNF-a (clone Mab11), IL-12 (clone
C11.5.14), IL-10 (clone JES3-9D7), IL-4 (clone MP4-25D2) and IL-
5 (clone TRFK5), all purchased from BD Pharmingen (San Diego,
CA, USA), previously diluted 1:50 in sterile FACS permeabiliz-
ing solution. After incubation for 30 min at room temperature
in the dark, the cells were washed twice with 200 puL of FACS
permeabilizing solution and FACS buffer, respectively, fixed with
200 p.L of FACS fixing solution (10g/L paraformaldehyde, 10.2 g/L
sodium cacodylate and 6.63 g/L sodium chloride, pH 7.2) and
stored at 4 °C in the dark prior flow cytometry acquisition within
24h.

2.4. Flow cytometry acquisition and analysis

Flow cytometry acquisition and analysis were performed in a
FACScalibur™ flow cytometer equipped with four colors detec-
tion system (Becton Dickinson, San Jose, CA, USA), using the
CELLQUEST software (Franklin Lakes, NJ, USA). After acquir-
ing 30,000 events/tube, distinct gating strategies were used
to analyze the different cytokine-expressing leukocytes sub-
sets, including innate (neutrophils, monocytes and NK cells)
and adaptive immunity cells (CD4*, CD8" T-cell subsets and B-
cell).

Selective analysis of neutrophils was performed by establishing
a specific scatter gate using the dot plot distribution of anti-CD16-
FITC and laser side scatter (SSC) to discriminate the neutrophils
as SSChishCD16Msh*. Analysis of monocytes was performed using
the dot plot distribution of anti-CD14-TC and SSC to discriminate
the monocytes as SSC"CD14Msh* cells. The selection of NK cells,
T-cell subsets and B-cells was performed by initially gating the
lymphocytes on forward scatter (FSC) versus SSC dot plot distri-
bution, followed by analysis on anti-CD16-FITC, anti-CD19-FITC,
anti-CD8-FITC or anti-CD4-TC. Following the selection of leuco-
cytes subset, the frequency of cytokine® cells was determined
using quadrant statistics over FL-1/anti-cell surface marker-FITC
or FL-3/anti-cell surface marker-TC versus FL-2/anti-cytokine-PE
dot plot distribution. The results were expressed as percentages of
cytokine® cells for different gated leucocytes subpopulations ana-
lyzed.

2.5. Analysis of overall cytokine profile

The analysis of overall cytokine profile was assessed to charac-
terize the general cytokine pattern of each vaccinee as previously
suggested by Vitelli-Avelar et al. [22], modified as follows: the
percentages of cytokine* cells were compiled using a five step plat-
form, as follows: (i) establishment of the global median of cytokine*
cell for each leukocyte subset, taking all values from day 0, day
7, day 15 and day 30 as illustrated for monocytes in Fig. 5 - top
graphs; (ii) classification of each leukocyte subsets as low (O for
all cytokines) and high cytokine-producers (® for inflammatory
cytokines: IFN-y, TNF-aand IL-12; o for regulatory cytokines: IL-10,
IL-4 and IL-5), using the global median values as the cut-off edge,
as illustrated for monocytes in Fig. 5 - top graphs; (iii) creation
of gray-scale diagrams for each leukocyte subset, representing for
each volunteer (V1-V10) the low cytokine-producers (=3 ), high
cytokine-producers (m for predominant inflammatory profile; =

for predominant regulatory profile) and mixed cytokine-producers
(#& for simultaneous high inflammatory and regulatory profile)
(Fig. 5); (iv) classification of the overall leukocyte cytokine pro-
file predominant for each volunteer (Fig. 5 - column chart); and (v)
definition of the final frequency of each cytokine pattern at day 0,
day 7, day 15 and day 30 (Fig. 5 - pie chart).

2.6. Statistical analysis

Statistical analysis was performed by paired Wilcoxon's T test
for comparisons between day 0, day 7, day 15 and day 30, using the
GraphPad Prism 4.03 software package (USA). Significant differ-
ences are identified in the figures by the letters ‘a’, ‘b’, ‘c’ and ‘d’ for
comparisons between day 0, day 7, day 15 and day 30, respectively.
Significant differences between non-stimulated and YF-17DD stim-
ulated cultures are highlighted by asterisks. Inall cases, significance
was considered at p <0.05.

3. Results

3.1. Prominent participation of innate immunity is observed in
healthy adults after YF-17DD primo-vaccination

Aiming to characterize the pro- and anti-inflammatory cytokine
profiles of innate immunity cells following YF-17DD vaccination,
we have analyzed the ex vivo intracytoplasmic cytokine pattern
of peripheral blood leukocytes after short-term culture of whole
blood samples, particularly in the absence of exogenous stimuli,
here referred as non-stimulated culture (Fig. 1). Our data showed a
prominent involvement of innate immunity cells, as demonstrated
by increased frequency of TNF-a* neutrophils at day 7 as com-
pared to day 0. Moreover, analysis of monocytes demonstrated
increased percentage of TNF-a* cell at day 7, day 15 and day 30
as compared to day 0 and increase of IL-10* cells at day 15 as com-
pared to day 0 and day 7, and at day 30 as compared to day 0.
Furthermore, our data showed increased frequency of IFN-y* NK-
cells at day 7 as compared to day 0, and decreased percentage of
IL-4% NK-cells at day 7, day 15 and day 30 as compared to day
0.

The analysis of the cytokine patterns of innate immunity
leukocytes in the YF-17DD stimulated culture also demonstrated
significant differences on the cytokine profile of neutrophils,
monocytes and NK-cells (Fig. 1). Significant decrease of IL-10* neu-
trophils was observed at day 30 as compared to day 7. Moreover,
significant increase of IL-10* monocytes was found at day 30 as
compared to day 7. Analysis of NK-cells showed decreased levels
of IL-4* cells at day 7 as compared to day 0.

Comparative analysis of non-stimulated and YF-17DD stimu-
lated cultures pointed out a prominent and selective increase of
TNF-a* monocytes at all times evaluated and an increase of [FN-y*
NK-cell at day O (Fig. 1 - asterisks).

Taken together, these findings emphasize that the YF-17DD
vaccination comprises a complex cytokine network at the
innate immunity compartment, involving both pro- and anti-
inflammatory cytokines produced by neutrophils, monocytes and
NK cells. The major changes in the innate immunity compartment
are summarized in Fig. 4.

3.2. Time-dependent and oscillating changes in the cytokine
profile of CD4* T-cells with late involvement of CD8* T-cells is the
hallmark of adaptive cellular immune response following
YF-17DD primo-vaccination

In order to evaluate the dynamic of events in the cytokines

network concerning the adaptive cellular immune response, we
have characterized the cytokine profile of circulating CD4" and
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Fig. 1. Intracellular cytokine profile of innate immunity leukocytes in peripheral blood of healthy adults at day 0, day 7, day 15 and day 30 following YF-17DD primo-
vaccination, Phenotypic and intracytoplasmic cytokine studies were performed after in vitro short-term incubation in the absence (non-stimulated culture [J - left axis for
TNF-o monocytes) or in the presence of specific antigen stimuli (YF-17DD stimulated culture B - right axis for TNF-a* monocytes), using anti-CD16-FITC mAbs to identify
neutrophils (SSCME"CD16"=" ) and NK-cells (CD16* lymphocytes) or anti-CD14-FITC for monocytes (SSC™CD14"=) together with anti-cytokines-PE mAbs to determine
inflammatory (top panels) and regulatory (bottom panels) cytokines™ cells, The results are expressed in box plot format, with boxes stretching from the 25th percentile to
the 75th percentile and the line across the box representing the median values. Significant differences at p < 0.05 are identified by the letters “a” and “b” for comparison with
day 0 and day 7, respectively. Differences between non-stimulated and YF-17DD stimulated cultures at p<0.05 are identified by *.

CD8* T-cells after short-term incubation in vitro either in the
absence or presence of YF-17DD stimuli (Fig. 2). Data analysis of
non-stimulated culture demonstrated a time-related change in the
cytokine profile of CD4" T-cells, with decreased frequency of IL-
12* and IL-4" cells at day 7 as compared to day 0 and day 30 and
decreased percentage of IL-10" cells as compared to day 0 and day
15. On the other hand, increased frequency of TNF-a* CD4* T-cells
was observed at day 15 as compared to day 7. Moreover, increased
frequency of IFN-y" and IL-5" CD4" T-cells was observed at day 15
and day 30 as compared to day 0 and day 7.

Differently, the CD8" T-cells exhibited later changes in the
cytokine pattern, as demonstrated by enhanced frequency of IL-
12" and IL-5* CD8* T-cells at day 30 as compared to day 0, day 7,
and day 15, respectively.

The analyses of YF-17DD stimulated culture demonstrated
similar time-dependent and oscillating changes in the cytokine
profile of CD4" and CD8* T-cells. Data analysis pointed towards
decreased frequency of IL-12%, IL-4* and IL-10* CD4* T-cells at
day 7. On the other hand, increased percentage of IL-5 CD4*
T-cells was observed at day 7, day 15 and day 30 and IFN-y*
CD4* T-cells at day 30. Similarly, increased frequency of IL-12*
CD8* T-cells was observed late at day 30 as compared to day
7.

The comparison between non-stimulated and YF-17DD stimu-
lated culture also demonstrated a time-dependent impact on CD4"
T-cells with decreased frequency of IL-10* cells observed at day 0
and increased percentage of IL-4%, IL-10" and IFN-y* cells observed
at day 7, day 15 and day 30, respectively (Fig. 2 — asterisks).

Together these data also highlights that the YF-17DD vaccina-
tion comprises a complex and time-dependent cytokine network at
the adaptive cellular immunity compartment involving both pro-
and anti-inflammatory cytokines produced by CD4* and CD8" T-

cells. The major changes in the adaptive immunity compartment
are summarized in Fig. 4.

3.3. The increased frequency of IL-10" B-cell is observed at day 15
when seroconversion was already observed in all YF-17DD adult
primo-vaccinees

Aiming to characterize the phenotypic features of the humoral
immune response, we have analyzed the ex vivo levels of seric neu-
tralizing antibodies and also characterized the in vitro cytokine
profile of circulating B-cells after short-term incubation in the
absence or in the presence of YF-17DD stimuli (Fig. 3). Data analysis
demonstrated that despite three out of ten vaccinees seroconverted
at day 7, at day 15 all vaccinees already presented seroconver-
sion pattern as demonstrated by PRNT titer above the cut-off
line (200 mUI/mL). Analysis of intracytoplasmic profile in the non-
stimulated cultures demonstrated increased frequency of IL-10*
B-cells at day 15 concomitant with the seroconversion of all vac-
cinees. Despite no changes observed in the cytokine profile of
B-cells upon YF-17DD stimuli, the comparative analysis of non-
stimulated and YF-17DD stimulated cultures revealed an increase
in the percentage of TNF-o™ B-cells at day 30 (Fig. 3 - aster-
isk). The change in the B-cell compartment is summarized in
Fig. 4.

3.4, The analysis of the overall cytokine profile of circulating
leukocytes further emphasize the complex cytokine network
triggered by the YF-17DD adult primo-vaccination

Aiming to further characterize the cytokine profile of periph-

eral blood leukocytes following the YF-17DD primo-vaccination,
we have used a novel strategy to access the overall cytokine profile
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Fig. 2. Intracellular cytokine profile of adaptive cellular immunity lymphocytes in peripheral blood of healthy adults at day 0, day 7, day 15 and day 30 following YF-17DD
primo-vaccination. Phenotypic and intracytoplasmic cytokine studies were performed after in vitro short-term incubation in the absence (non-stimulated culture ) or in the
presence of specific antigen stimuli (YF-17DD stimulated culture B) using anti-CD4-FITC mAbs to identify T-helper cells (CD4* lymphocytes) and anti-CD8-TC mAbs to label
cytotoxic T-cells (CD8" lymphocytes) together with anti-cytokines-PE mAbs to determine inflammatory (top panels) and regulatory (bottom panels) cytokines® lymphocytes.
The results are expressed in box plot format, with boxes stretching from the 25th percentile to the 75th percentile and the line across the box representing the median
values. Significant differences at p <0.05 are identified by letters “a”, “b”, “c” and “d” for comparison with day 0, day 7, day 15 and day 30, respectively. Differences between

non-stimulated and YF-17DD stimulated cultures at p <0.05 are identified by *.

proposed by Vitelli-Avelar et al. [22] to determine the kinetic fre-
quency of cytokine producers (1 for low, m for high-inflammatory,
= for high-regulatory and E& for mixed cytokines producers) at day
0, day 7, day 15 and day 30 following YF-17DD primo-vaccination.
(Fig. 5 - gray-scale diagrams, columns and pie charts).

The overall cytokine analysis of non-stimulated leukocytes
showed a transient shift from a predominant mixed pattern at day
0 (observed in 60% of the subjects) towards a pro-inflammatory
profile at day 7 (observed in 60% of primo-vaccinees), mainly due
to changes in the innate immunity compartment. This inflam-
matory profile draws back toward a mixed/regulatory pattern at
day 15 and day 30 with most vaccinees (80%) tending to restore

the mixed or regulatory overall cytokine profile observed at day
0.

Upon YF-17DD stimuli, the major changes were observed at day
0 and day 7 (before seroconversion) with minor changes at day 15
and day 30 (after seroconversion). At day 0 the antigen stimula-
tion shifted the cytokine profile toward an inflammatory pattern
in 2 out of 10 volunteers. On the other hand, at day 7 the antigen
stimulation was able to completely abolish the inflammatory pro-
file previously observed in the non-stimulated culture. At day 15,
when seroconversion is already observed in all vaccinees, no evi-
dent change in the overall cytokine profile was observed between
non-stimulated and YF-17DD stimulated cultures, highlighting the
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Fig. 3. Phenotypic features of adaptive humoral immunity in peripheral blood of healthy adults at day 0, day 7, day 15 and day 30 following YF-17DD primo-vaccination,
YF-17DD specific seric antibody levels (left panel) were quantified by plaque reducing neutralizing test (PRNT (3 ) and the results expressed as mlU/mL. The dashed line
represents the cut-off line used to segregate negative and positive results (200 mIU/mL). Phenotypic and intracytoplasmic cytokine data (right panels) were obtained after
in vitro short-term incubation in the absence (non-stimulated culture [J) or in the presence of specific antigen stimuli (YF-17DD stimulated culture W), using anti-CD19-FITC
mADbs to identify B-cells (CD19* lymphocytes) together with anti-cytokines-PE mAbs to determine inflammatory (top panels) and regulatory (bottom panels) cytokines*
lymphocytes. All results are expressed in box plot format, with boxes stretching from the 25th percentile to the 75th percentile and the line across the box representing
the median values. Significant difference at p<0.05 is identified by the letter “b" for comparison with day 7. Difference between non-stimulated and YF-17DD stimulated

cultures at p<0.05 is identified by *.
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Fig.4. Major changes in the cytokine profile of innate and adaptive immunity leuko-
cytes in peripheral blood samples from healthy vaccinees at day 7, day 15 and day
30 following YF-17DD primo-vaccination. Increased (1) and decreased () levels of
inflammatory (in black) and regulatory (in gray) cytokines highlight the complex
cytokine network triggered by the YF-17DD primo-vaccination. Letters “a”, “b", “c"
and “d" represent significant differences at p < 0.05 for comparisons with day 0,day 7,
day 15 and day 30, respectively. Rectangles emphasize persistent changes observed
during the kinetic follow-up study.

ability of PRNT antibodies to minimize the impact of YF antigen on
the immune system. At day 30, the YF-17DD antigenic stimulation
was accompanied by similar frequency of vaccinees with mixed
cytokine profiles and induced a slight shift towards an inflamma-
tory pattern (20-40%) reflecting the increased levels of TNF-a*
monocytes and B-cells and IFN-y* CD4* T-cells observed at day 30
following in vitro stimulation of YF-17DD antigens (Figs. 1-3).

4. Discussion

The major goal of this study was to identify the major sources of
pro- and anti-inflammatory cytokines, aiming to add new elements
to the complex cytokine network triggered by the YF-17DD primo-
vaccination. These findings may help not only for the understanding
of the immunological mechanism underlying the establishment of
protective immunity but also supply new insights to support the
investigation of severe adverse diseases following YF-17D vaccina-
tion. Moreover, considering the outstanding performance of the YF
vaccine, the detailed identification of each cell source of cytokine
may also help the rational development of new vaccines.

For several decades, it has been postulated that a potent pro-
inflammatory immune response, mediated by Type-1-cytokines,
such as IFN-y and TNF-a, was crucial to the development of anti-YF
protective immunity [23-26]. The pioneer investigation of Whee-
lock and Sibley have demonstrated that YF 17D-204 vaccinees
displayed increased plasmatic levels of IFN-y (measured by a bioas-
say), peaked at 24 h after viremia, which declined rapidly thereafter
[23].Inaddition, elevated levels of the IFN-dependent enzyme 2',5'-
oligoadenylate synthase have been demonstrated in T and B-cells
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Fig. 5. Overall cytokine profile of peripheral blood leukocytes from healthy adults at day 0, day 7, day 15 and day 30 following YF-17DD primo-vaccination. Cytokine studies
were performed after in vitro short-term incubation in the absence (non-stimulated culture) or in the presence of specific antigen stimuli (YF-17DD stimulated culture), as
previously reported by Vitelli-Avelar et al. [22], consisting of a five step platform: (i) establishment of the global median of cytokine* cells; (ii) classification low (O for all
cytokines) and high cytokine-producers (® - inflammatory and © - regulatory), using the global median values as the cut-off edge (doted lines), as illustrated for monocytes
in the top panels; (iii) creation of gray-scale diagrams (bottom panels) for each leukocyte subset, representing for each volunteer (V1-V10) the low cytokine-producers
(3 ), high cytokine-producers (ll for predominant inflammatory profile; 3 for predominant regulatory profile) and mixed cytokine-producers (B8 for simultaneous high

inflammatory and regulatory profile); (iv) classification of the overall leukocyte cytokine profile predominant for each volunteer (column chart) and (v) definition of the final
frequency of each cytokine pattern at day 0, day 7, day 15 and day 30 (pie chart).
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early after the immunization with the YF 17D-204 vaccine [24].
Reinhardt et al. have observed an increased level of neopterin, a
protein induced by INF-v, following primary YF-17D-204 immu-
nization [25]. Moreover, increased plasmatic levels of TNF-a have
also been reported at day 2 and day 7 after primo-vaccination with
YF-17D-204 [26].

Martins et al. have hypothesized that a controlled microenviron-
ment including mechanism of activation/modulation of both innate
and adaptive immunity seems to be the key to the development
of protective immunity triggered by the YF-17DD vaccine [14,15].
Moreover, Gauche et al. have suggested that a mixed Th1/Th2
cytokine response that appears early and is persistent after primo-
vaccination, characterized by increased levels of IL-2, [FN-y and
TNF-« besides IL-4 and IL-10 profiles. These findings are observed
following in vitro stimulation of peripheral blood mononuclear cells
(PBMC) isolated from YF-17D-204 vaccinees [16]. Santos et al. have
recently reported that a mixed cytokine profile is observed in YF-
17-DD primo-vaccinees [17]. Despite these new insights toward the
novel concept of mixed cytokine signature following the YF vacci-
nation, the cell sources of specific cytokines triggered after 17DD
vaccination are still unknown.

The current study have added new elements to the complex
cytokine network triggered by the YF-17DD vaccination, demon-
strating that the transient inflammatory profile observed at day
7 was mainly due to increased frequency of TNF-o* neutrophils
and monocytes and IFN-y* NK-cells triggered after vaccination
suggesting an effective role of innate immune cells to the estab-
lishment of this microenvironment. TNF-« is the major component
of the immune system involved in the control of virus infec-
tion through direct antiviral activity, usually in association with
interferons and the induction of apoptosis [27]. Hacker et al.
have previously reported an increase in the seric levels of TNF-
a early after the YF-17D-204 vaccination [26]. Our findings add
new elements to this observation, suggesting that monocyte and
neutrophils might represent the major sources of TNF-« at day
7 after YF-17D vaccination. The increased frequency of TNF-a*
cells neutrophils and monocytes as well as the increased percent-
age of IFN-y* NK-cells may reflect the establishment of anti-viral
immune response triggered by the viremia typically reported
from days 3 to 7 post-vaccination following 17D vaccination
[25,28]. Corroborating this data, Martins et al. have demonstrated
that increased frequency of macrophage-like (CD14*CD16%), acti-
vated monocytes (CD14*CD16Migh*) pro-inflammatory monocytes
(CD14*CD16*HLA-DR™)as well as increased frequency of activated
neutrophils (CD28*, CD16Hi* and CXCR4*) can be observed at
day 7 after YF-17DD vaccination [15]. Moreover, Neves et al. have
described an increased expression of activation markers in circu-
lating NK-cells [18].

Our data demonstrated that the increased frequency of TNF-
o monocytes can be observed throughout the post-vaccination
period up to day 30. We believe that this phenomenon may be
important to control the occurrence of the severe adverse dis-
ease after YF-17D vaccination (YEL-AVD), since we have previously
reported that YEL-AVD is associated with impaired TNF-a synthesis
by monocytes at day 15 after vaccination [20].

It was interesting to notice that the early and persistent increase
in the percentage of TNF-a* monocytes observed throughout the
post-vaccination period was counterbalanced after day 15 by an
increased frequency of monocytes IL-10" cells, electing the mono-
cytes as an important cell-type involved in modulatory event
triggered by the YF-17DD vaccination. These data are consistent
with those previously reported by Martins et al., demonstrating
a significant increase of IL-10R* on monocytes at day 15 after
YF-17DD vaccination [15]. It has been demonstrated that endoge-
nous IL-10 produced by human monocytes/macrophages is able
to inhibit the production of pro-inflammatory cytokines by mono-

cytes/macrophages, such as IL-1, IL-6, IL-8 and TNF-a, and also
inhibit the synthesis of IL-1, IL-8 and TNF-a by neutrophils. This
may represent an important mechanism controlling the transient
pro-inflammatory response observed at day 7 after YF vaccination.
Moreover, it has been demonstrated that IL-10 also regulates the
growth and/or differentiation of NK-cells, T-cell subsets and B-cells
[29,30].

In the context of adaptive immune system, our results show an
early and transient downregulation of cytokine synthesis by CD4*
T-cells (IL-12, IL-4 and IL-10). We believe that the impairment of
cytokine synthesis by CD4* T-cells observed at day 7 after YF-17DD
vaccination may be due in part to the direct impact of peak of
viremia temporally observed at this time after primo-vaccination.
This may also represent a modulatory mechanism to counter bal-
ance the intense activation of the innate immunity observed not
only in neutrophils, monocytes and natural killer cells but probably
also in DCs, representing an important cross-talk between innate
and adaptive immunity that re-enforces the hypothesis of simulta-
neous activation/modulation following YF-17DD vaccination.

In agreement with the hypothesis that a mixed cytokine
signature is triggered by the YF-17D vaccine [13-17], our
data demonstrated a simultaneous increase in pro- and anti-
inflammatory cytokines in T-cell subsets at day 15 and day 30.
Specifically, increased levels of IFN-y*, TNF-a™ and IL-5* CD4" T-
cells observed at day 15 followed by persistent increase in the
percentage of IFN-y* and IL-5* CD4" T-cells concomitant with late
increase IL-12* and IL-5* CD8* T-cells at day 30. The late recruit-
ment of CD8'T-cells following YF-17DD vaccination has been
already reported by Martins et al., as demonstrated by increased
frequency of CD8*HLA-DR™ at day 30 after 17DD vaccination [14].

Santos etal. have also presented data that support the existence
of mixed cytokine signature at day 15 after vaccination, as demon-
strated by increased levels of IFN-y and IL-4 following in vitro
stimulation of PBMC from YF-17DD vaccinees [17]. In our study, we
did not detect any major source of IL-4* cells throughout the post-
vaccination periods analyzed. In fact, we have observed a decrease
in the frequency of IL-4" cells, mainly in NK-cells (day 7, day 15
and day 30) and CD4" T-cells (day 7). We believe that method-
ological particularities, such as the use of long-term incubation of
isolated PBMCs in the absence of autologous plasma [17] instead
the use of short-term incubation of whole blood samples may be
related to these apparently distinct data. In our model, the presence
of autologous plasma, rich on YF-neutralizing antibodies probably
had a strong impact in the microenvironment that does not turn out
in expressive IL-4 synthesis. Further analyses are currently under
evaluation to investigate this hypothesis.

The increased frequency of IL-5* T-cells at day 15 and day 30 may
represent an important mechanism linked to the B-cell activation
process, Some studies had demonstrated levels of interleukin IL-
5 in culture supernatant following 17D-YF vaccination [16,31]. In
mouse, IL-5 has been showed to be essential for the differentiation
of antibody-secreted B-cells [32,33], whereas in human this still
remain controversial [34-36]. Our results demonstrated a signifi-
cant increased frequency of IL-10" B-cells at day 15 concomitant
with the seroconversion of all vaccinees. Interestingly, Martins et
al. have already reported that at day 15 post-vaccination a signifi-
cant increase in the expression of IL-10R can be observed in parallel
with enhanced frequency of activated B-cells [14]. In humans, IL-
10 potentiates DNA replication on B-cells and is also a very potent
factor to induce B-cell differentiation and secretion of immunoglob-
ulins [37-40]. The IL-10/IL-10R interaction has been pointed out as
an important event to prevent apoptosis and enhances the prolif-
eration and differentiation of B-cells towards plasma cells [41,42].

In attempt to characterize the overall cytokine profile of periph-
eral blood leukocytes following the YF-17DD primo-vaccination,
we have used a novel strategy to access the overall cytokine profile
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proposed by Vitelli-Avelar et al. [22]. Our results demonstrated that
the mixed cytokine pattern of whole blood cells before YF-17DD
vaccination (day 0) was transitorily shifted toward an inflamma-
tory profile at day 7, mainly due to changes in the innate immunity
cells, with the most relevant finding being the enhanced frequency
of TNF-o* monocytes. This transient inflammatory cytokine pattern
shifted toward a mixed/regulatory profile in 80% of the vacci-
nees remaining with this feature at day 30 in most vaccinees.
This mixed/regulatory pattern could be in part supported by the
increase of TNF-a*/IL-10* monocytes as well as IFN-y* [TNF-a* [IL-
5% CD4* T-cells, IL-12*/IL-5* CD8" T-cells and IL-10* B-cells.

Additional analysis revealed that the 17DD stimulation in vitro
was able to induce even before vaccination (day 0) an inflammatory
profile in 20% of the volunteers, probably due to the direct action
of the viral antigen on the innate immunity cells, since these sub-
Jjects were not previously primed by YF antigens. Moreover, at day
7 the overall inflammatory profile observed in the non-stimulated
culture was overturned toward a mixed/regulatory pattern proba-
bly due to an over stimulation of the innate immunity cells by the
antigenic booster in vitro. The massive antigenic stimulation, rep-
resented by the in vivo viremia plus the exogenous antigen stimuli
in vitro led to changes in the cytokine profile of leukocyte subsets
of both innate and adaptive compartments with a general impact
in the overall frequency of cytokine profile. Interestingly, at day 15
and day 30, when all primo-vaccinees already presented YF neu-
tralizing antibodies, the in vitro 17DD antigen stimulation induced
minor changes in the overall cytokine profile.

In conclusion, our findings confirmed previous reports, suggest-
ing that a parallel activation/modulation microenvironment with a
mixed cytokine signature is the key to the establishment of protec-
tive immunity mechanisms triggered by the YF-17D vaccine. The
novel contribution of this work was the possibility to identify the
major sources of pro- and anti-inflammatory cytokines that con-
tribute to this complex microenvironment, highlighting the role of
the innate immunity (TNF-a* neutrophils, TNF-a* monocytes and
IFN-v* NK-cells, counterbalanced by IL-10" monocytes) as well as
the adaptive immunity (IFN-y* and TNF-a* CD4* T-cells and IL-12*
CD8" T-cells modulated by IL-5" CD4" T-cells, IL-5" CD8" T-cells
and IL-10" B-cells).
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Yellow fever (YF) vaccines (17D-204 and 17DD) are well tolerated and cause very low rates of severe adverse

events (YEL-SAE), such as serious allergic reactions, neurotropic adverse diseases (YEL-AND), and viscero-
tropic diseases (YEL-AVD). Viral and host factors have been postulated to explain the basis of YEL-SAE.
However, the mechanisms underlying the occurrence of YEL-SAE remain unknown. The present report
provides a detailed immunological analysis of a 23-year-old female patient. The patient developed a suspected
case of severe YEL-AVD with encephalitis, as well as with pancreatitis and myositis, following receipt of a
17D-204 YF vaccination. The patient exhibited a decreased level of expression of Fe-yR in monocytes (CD16,
CD32, and CD64), along with increased levels of NK T cells (an increased CD3* CD16*~ CD56*'~/CD3"
ratio), activated T cells (CD4™* and CD8" cells), and B lymphocytes. Enhanced levels of pl tic cytokines
(interleukin-6 [IL-6], IL-17, IL-4, IL-5, and IL-10) as well as an exacerbated ex vivo intracytoplasmic cytokine
pattern, mainly observed within NK cells (zamma interferon positive [IFN-y*], tumor necrosis factor alpha
positive [TNF-a*], and IL-4 positive [IL-4*]), CD8* T cells (IL-4* and IL-5%), and B lymphocytes (TNF-a™*,
IL-4", and IL-10"). The analysis of CD4™ T cells revealed a complex profile that consisted of an increased
frequency of IL-12* and IFN-y™ cells and a decreased percentage of TNF-a™, IL-4*, and IL-5% cells.
Depressed cytokine synthesis was observed in monocytes (TNF-a*) following the provision of antigenic stimuli
in vitro. These results support the hypothesis that a strong adaptive response and abnormalities in the innate

immune system may be involved in the establishment of YEL-AND and YEL-AVD.

Yellow fever (YF) is a mosquito-borne viral hemorrhagic
fever and is one of the most lethal viral diseases that re-
mains an important public health problem in the regions of
Africa and South America where it remains endemic (17).
The easiness of international travel also makes YF a serious
health threat to millions of travelers to areas where YF is
endemic (8).

Highly effective, live attenuated 17D YF vaccines have been

* Corresponding author. Mailing address: Laboratério de Biomar-
cadores de Diagnostico ¢ Monitoragiao, Centro de Pesquisas René
Rachou, FIOCRUZ/Minas, Avenida Augusto de Lima 1715, Barro
Preto, Belo Horizonte, Minas Gerais 30190-002, Brazil. Phone: 55 31
33497764. Fax: 55 31 32953115. E-mail: andreat@cpqrr.fiocruz.br.

F These authors contributed equally to this work.

Y Published ahead of print on 11 November 2009.

118

available for decades and are considered to be among the
safest vaccines worldwide (24). YF vaccines are produced by
inoculation of embryonated chicken eggs with stock virus, har-
vesting, and freeze-drying with thermostabilizing components
(1). The YF vaccines are delivered as a single subcutaneous
dose and induce neutralizing antibodies in 90 to 99% of recip-
ients after inoculation (4).

The 17D YF vaccines are well tolerated and cause a very low
rate of adverse events postvaccination (21). Less than 25% of
vaccinees develop mild systemic symptoms, which may include
headache, myalgia, discomfort at the site of vaccination, or
low-grade fever, 2 to 6 days after vaccination (17). Despite the
strong safety profile of the 17D YF vaccines, reports of rare
yellow fever vaccine-associated serious adverse events (YEL-
SAEs) have been described in the literature, including severe
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allergic reactions, neurotropic adverse disease (YEL-AND),
and viscerotropic disease (YEL-AVD) (5, 12, 13, 16, 22).

The mechanisms underlying the development of these ad-
verse events remain unknown. Distinct hypotheses have been
postulated to explain the basis of YEL-SAE, which includes
viral and host features (1, 2, 7, 9, 10, 11). The reversion of the
17D YF vaccine virus into a more virulent form and other
genetic mutations do not seem to be probable causes of the
adverse events, since the YF virus isolated from patients with
YEL-SAEs have rarely shown a nucleotide sequence different
from that of the original 17D YF vaccine strain (7, 9). It is
considered that host factors, mainly host immune responses to
the 17D YF vaccine, may represent the major causes of YEL-
SAEs (1, 2,9, 10, 11).

Increasing age, a history of thymus disorder, and immuno-
compromise are considered risk factors for the development of
YEL-SAEs (2, 10, 13). However, several cases with unknown
risk factors have been reported, suggesting the involvement of
other host immunological features. A recent study with Euro-
pean patients with YEL-SAEs following 17D YF vaccination
illustrated the release of sets of proinflammatory cytokines and
chemokines different from the sets of cytokines released from
vaccinees who did not experience side effects (1). Nevertheless,
the specific role of distinct immunological events in the patho-
genesis of YEL-SAEs still needs to be clarified.

This report provides a detailed immunological analysis of a
23-year-old female patient who developed combined suspected
neurotropic and viscerotropic severe adverse events following
17D-204 YF vaccination.

CASE REPORT

On 4 February 2006, a 23-year-old female patient presented
to an emergency room with 4 days of fever (temperature, up to
102.5°F), chills, nausea, vomiting, fatigue, myalgias, and ar-
thralgia and one episode of loose bowel movements. She took
acetaminophen (Tylenol) pro re nata for fever. On the morning
of presentation, her symptoms had improved, but she noticed
a pruritic rash on her trunk and extremities. She reported
feeling itchy the night before the onset of the rash. She was
given acetaminophen and diphenhydramine (Benadryl), result-
ing in improvement of the fever and the rash. Her medical
history revealed a diagnosis of a partial complement 4 (C4)
deficiency; cutancous lupus erythematous; and allergies to
penicillin, cephalosporin, and sulfa drugs.

On 27 January 2006, while she was in the United States, she
received 17D-204 vaccine (YF-Vax) in preparation for her
travel to Brazil. Upon admission on 4 February, the medical
examination revealed an intermittent tinnitus; black spots in
visual fields; multiple petechiae on the upper palate; and a
maculopapular rash on the trunk, extremities, and face in as-
sociation with a slightly tender mid-lower abdomen under pal-
pation of the abdomen without rebound or guarding. The
patient did not have blurry vision or eye irritation, a sore
throat, cough, shortness of breath, neurological deficits, bleed-
ing or bruising, oral ulcers, skin sloughing, lymphadenopathy,
or genitourinary complaints.

The physical examination demonstrated a temperature of
98.6°F, a pulse of 88 beats per minute, a blood pressure of
110/55 mm Hg, and a respiration rate of 16 breaths per minute.
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The patient was alert and was oriented in place, time, and
space. Laboratory records showed normal ranges for the white
blood cell count (3.5 x 10%/mm?) with normal differential
counts (neutrophils, 55%, or 1,925/mm?*; eosinophils, 6%, or
210/mm?; basophils, 1%, or 35/mm’; lymphocytes, 27%, or
945/mm?*; monocytes, 11%, or 385/mm?*), the hemoglobin con-
centration (13 mg/dl), hematocrit (37%), and platelet counts
(173,000/mm?); and normal electrolyte levels (sodium, 138
mEg/liter; potassium, 3.5 mEg/liter; chloride, 104 mEqg/liter;
bicarbonate, 26 mEg/liter); as well as a normal range of values
for biochemical parameters (glucose concentration, 104 mg/dl;
blood urea nitrogen concentration, 7 mg/dl; creatinine concen-
tration, 0.7 mg/dl; aspartate aminotransferase concentration,
25 Ufliter; alanine aminotransferase concentration, 25 Ulliter;
albumin concentration, 3.3 mg/dl). The patient was positive for
antinuclear antibody with a speckled pattern and anti-double-
stranded DNA negative. Her C3 concentration was 129 mg/dl,
her C4 concentration was <1 mg/dl, she was anti-cardiolipin
IgG and IgA negative, and her IgM level was 21 mg/dl (an IgM
level of 20 to 80 mg/dl is low to medium positive). Because of
a suspected allergic reaction, she was treated with acetamino-
phen and diphenhydramine. She was kept overnight for obser-
vation,

On 5 February 2006, she remained afebrile; however, a mac-
ulopapular rash was observed, predominantly on her chest and
arms. An allergist defined the rash as a likely case of viral
exanthema. The rash was noted to be 80% improved after
treatment with diphenhydramine. She was then discharged
with a prescription for diphenhydramine. Her laboratory data
were within the normal ranges.

On 10 February 2006, she traveled to Rio de Janeiro, Brazil,
and developed a headache on the overnight flight. On 12 Feb-
ruary 2006, which was day 16 following the 17D-204 YF vac-
cination, she woke up with an excruciating headache but no
fever. She went to the Universidade Federal do Rio de Janeiro
Hospital for a medical consultation, where she presented with
a generalized tonic-clonic seizure. Upon admission she was
alert; however, she developed aphasia. Her body temperature
was 97.5°F, her pulse was 99 beats per minute, and her respi-
ratory rate was 20 breaths per minute. The patient’s blood
pressure was 90/60 mm Hg. At first, the patient appeared to be
only slightly ill. No rash, petechiae, or lymphadenopathy was
detected; and her mouth and oropharynx were normal. The
neck was not rigid, and Kernig’s sign was absent. The lungs,
heart, abdomen, arms, and legs were normal. A neurological
examination revealed no abnormalities. Her urine was normal.
Hematological laboratory values showed leukocytosis with a
normal differential count, and the other values and electrolyte
values were normal. Lumbar puncture revealed a protein con-
centration of 40 mg/dl and a glucose concentration of 49 mg/dl,
and staining of a specimen of cerebrospinal fluid (CSF) dis-
closed a leukocyte count of 150/mm® with 77% neutrophils
(concentration, 11.5/mm’). A computed tomographic (CT)
scan of the brain with the intravenous injection of contrast
material showed brain edema. An electroencephalographic ex-
amination revealed generalized low-amplitude slowing; no ep-
ileptiform activity or organized electroencephalographic sei-
zures were seen. Specimens of blood were obtained for culture;
and the administration of meropenem, acyclovir, steroids, phe-
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nytoin, and acetaminophen was initiated. Shortly after admis-
sion, the fever subsided.

On the morning of the second day after admission, no rash
or lymphadenopathy was detected. Her speech had returned
but remained poor. Laboratory values were normal, despite C4
levels close to the lower limit of the normal range. A magnetic
resonance imaging (MRI) study of the brain, performed before
and after the intravenous administration of contrast, showed a
subtle hyperintensity on fluid-attenuated inversion-recovery
images in the head of the left corpus caudatus and the frontal
cortex. The sizes of the ventricles, sulci, and cisterns were
appropriate for the patient’s age. There was no abnormal fluid
collection, intracranial bleeding, midline shift, mass effect, or
focal infarction; and the flow voids of the major vessels were
patent. Subsequently, the treatments with meropenem and ste-
roids were discontinued.

On the third day of admission, her condition evolved with a
fever (maximal axillary temperature, 99.7°F), headache, agita-
tion, mental confusion, poor speech, and no motor deficits
associated with the muscle ache and abdominal pain. The
laboratory results, however, showed increased levels of amy-
lase (1,231 Ulliter), lipase (8,633 Ulliter), lactate dehydroge-
nase (LDH: 1,006 Ulliter), creatine phosphokinase (CPK;
6,437 U/liter), and myoglobin (707 mg/dl). An abdominal CT
scan (without contrast) showed a sizeable increase in the size
of the pancreas, mainly the body and tail, with discrete tissue
infiltration and free fluid in the abdominal cavity that could not
be ascribed to fluid overload. The results of laboratory studies
of the patient’s serum showed nonreactive IgM antibodies to
dengue virus and leptospires (as determined by enzyme-linked
immunosorbent assay [ELISA]); nonreactive IgM antibodies
but reactive IgG antibodies to Epstein-Barr virus, rubella virus,
and hepatitis A virus and nonreactive I1gG antibodies to hep-
atitis B virus and hepatitis C virus (as determined by micro-
particle enzyme immunoassay; Abbott); a reactive Monotest
result (as determined by agglutination); nonreactive IgM an-
tibodies to cytomegalovirus (as determined by ELISA); and
negative PCR and nested PCR results by the use of oligonu-
cleotides specific for the genomic LA and MIE regions of
members of the Herpesviridae family. In light of the clinical
signs and symptoms, the MRI and CT images, and serological
findings, acyclovir was discontinued.

On the fourth day after admission, her body temperature
became normal and the patient was still complaining of muscle
pain, headache, and abdominal pain. There was mental con-
fusion that alternated with drowsiness, accompanied by a new
focal neurological manifestation characterized by discrete cen-
tral facial and upper limb paresis. MRI revealed no abnormal-
ities except a mild contrast enhancement in the meninges. The
laboratory tests showed that the pancreatic enzyme, CPK, and
LDH levels had further increased; and there was a mild in-
crease in the aminotransferase levels dissociated from the lev-
els of the other liver enzymes.

On the fifth day after admission, the patient became more
responsive to commands, although she could not distinguish
her right hand from her left hand. Motor deficits were no
longer evident. She reported improvement in her headache
and epigastric pain, and she recognized her location. All lab-
oratory tests demonstrated a decrease in the levels of the
enzymes mentioned above. Serum serology showed negative
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results for neurotropic viruses, including eastern equine en-
cephalitis virus, western equine encephalitis virus, Venezuelan
equine encephalitis virus, St. Louis encephalitis virus, and Ro-
cio virus. The patient was negative for mumps virus neutraliz-
ing antibodies (as determined by the plaque reduction neutral-
ization test [PRNT] titer, <1:5). Serology for yellow fever virus
showed a negative CSF IgM result but a positive serum IgM
result (as determined by M antibody capture ELISA). Yellow
fever virus neutralizing antibodies in serum (PRNT) were pos-
itive at 3,335 mIU/ml. The yellow fever virus genome was not
detected in CSF or serum samples (by reverse transcription-
PCR [RT-PCRY]). Yellow fever virus was not isolated following
the inoculation of serum into Vero cell cultures, C6/36 cell
cultures, or suckling mice.

On the sixth day after admission, the patient improved clin-
ically, was fully oriented, and talked normally; but she still
complained of headache and muscle aches but not epigastric
pain. The clinical examination was completely normal. The
pancreatic enzyme levels were very close to the upper limit of
the normal range, and a liquid diet was started. An MRI study
of the abdomen performed before and after intravenous ad-
ministration of contrast material showed a mild increase in the
size of the pancreas, mainly in the body and the tail, without
necrosis or other abnormalities. There was a slight fluctuation
in the serum lipase levels.

On the seventh day after admission, she continued to im-
prove clinically. She tolerated the liquid diet without nausea or
pain. However, the discrete increase in the serum lipase level
remained. An MRI study of the abdomen performed before
and after the intravenous administration of contrast material
showed a mild increase in the size of the pancreas, mainly in
the body and the tail, without necrosis or other abnormalities.

On the eighth day after admission, the patient was fully
oriented and continued to be asymptomatic, showing normal
serum amylase levels and only a slight increase in serum lipase
levels. Cultured specimens of blood and cerebrospinal fluid
were sterile.

On the ninth day after admission, the patient was alert and
lucid. A new neurological sign was observed and consisted of a
prominent action and postural tremor in the tongue and pal-
ate; this was more evident when the tongue was stretched out.

On the tenth hospital day the patient ate well and no longer
requested acetaminophen for headache. The tongue action
tremor persisted but was better than it was on the day before.
She was discharged on the following day.

Tentative diagnosis. Considering the combined clinical and
laboratory data, the diagnosis for this patient was YEL-SAEs
with prominent encephalitis and a residual tongue tremor as-
sociated with an important case of pancreatitis and rhabdomy-
olysis.

MATERIALS AND METHODS

With the objective of characterizing the immune events underlying the unusual
presentation of a combined neurotropic and viscerotropic adverse event follow-
ing 17D-204 YF vaccination, the immunological status of the patient described
here was investigated by detailed immunophenotypic analysis by flow cytometry
with a blood sample collected on day 16 following the 17D YF vaccination. The
immunological parameters were compared with the reference values (RVs) for
peripheral blood leukocyte subsets taken at day 15 after 17DD vaccination from
healthy volunteers without adverse events that presented with mean positive
PRNT values of 3,699 = 400 mIU/ml.

68

0102 ‘1 Aienuer uo Aq 610 WSE’IAD WOl papeojUMO(



VoL. 17, 2010

Biological samples. A 10-ml blood sample was collected from the patient and
placed into Vacutainer tubes containing sodium heparin (Becton Dickinson, San
Jose, CA) 16 days after YF 17D vaccination.

Peripheral blood samples (10 ml each) from 10 healthy volunteers were col-
lected and placed into Vacutainer tubes containing sodium heparin (Becton
Dickinson) 15 days after YF 17DD vaccination, and the values for these blood
samples were considered the RVs.

Fresh whole-blood aliquots were used for the ex vivo analysis of leukocyte
subsets and activation status, as well as the analysis of the intracytoplasmic
cytokine pattern following short-term whole-blood culture in vitro. Plasma sam-
ples were obtained by centrifugation of fresh whole-blood aliquots at 900 X g for
10 min at 4°C, and the samples were stored at —70°C for analysis of plasmatic
chemokines and cytokines.

Ex vivo analysis of leukocyte subsets: frequency, activation status, and che-
mokine receptor expression. Immunophenotypic analysis of peripheral blood
leukocytes was performed by flow cytometry, as described previously (14, 15, 23).
Briefly, 100-ul aliquots of heparin-anticoagulated blood were dispensed into
5-ml polystyrene tubes (Falcon: BD Pharmingen, San Diego, CA) and stained
with 5 pl of undiluted monoclonal antibodies (MAbs) conjugated with fluores-
cein isothiocyanate (FITC), phycoerythrin (PE). or tricolor (TC) specific for cell
surface markers, including CD3, CD4, CD5, CDS, CD14, CD16, CDI8, CD19,
CD23, CD25, CD28, CD32, CD38, CD54, CD62L, CD64, and CD6Y and HLA-
DR, CXCR3, CXCR4, CCR2, CCR3, and CCRS, all of which were from BD
Pharmingen or Caltag (Burlingame, CA). The samples were treated by gentle
vortexing and they were incubated in the dark for 30 min at room temperature.
Following incubation, the samples were treated by gentle vortexing with 2 ml of
fluorescence-activated cell sorting (FACS) lysing solution (BD Pharmingen) and
were reincubated for an additional 10 min at room temperature in the dark.
After erythrocyte lysis was completed, the samples were centrifuged at 600 X g
for 7 min at room temperature, the supernatant was discarded, and the cell pellet
was washed twice with 2 ml of phosphate-buffered saline (PBS) containing 0.01%
sodium azide. Cell preparations were fixed in 200 pl of FACS fix solution (10
glliter paraformaldehyde, 1% sodium cacodylate, 6.65 g/liter sodium chloride,
0.01% sodium azide) and stored at 4°C in the dark prior to flow cytometry
analysis, which was performed within 24 h. For data acquisition and analyses, a
total of 10,000 events per tube were acquired with a FACSCalibur flow cytometer
and CELLQuest software (Becton Dickinson) properly set up to measure for-
ward light scatter (FSC) and side light scatter (SSC) as well as FITC (FL-1), PE
(FL-2), and TC (FL-3) fluorescence. Distinct gating strategics were used to
analyze the frequency of each leukocyte subset, as described elsewhere (14,
15, 23).

Analysis of pl ic chemokines and cy A cytometric beads array
(CBA) immunoassay kit (BD Biosciences) was used for the semiquantitative
analysis of plasmatic chemokines and cytokines, including CXCL-8, CCL-2,
CCL-5, CXCL-10, interleukin-13 (IL-1B), IL-6, IL-12, tumor necrosis factor
alpha (TNF-«), and IL-10, as recommended by the manufacturer and as de-
scribed previously (19). A sandwich ELISA was used for quantitative analysis of
plasmatic IL-17 (Biosource, Nivelles, Belgium) as well as IL-23 and transforming
growth factor B (TGF-B; Bender Medsystems, Vienna, Austria), as recom-
mended by the manufacturers.

Analysis of intracytoplasmic cytokine pattern following short-term whole-
blood culture in vitro. The analysis of intracytoplasmic cytokines in peripheral
blood leukocyte subsets was performed as described by Peruhype-Magalhaes et
al. (19). The cytokine profile was analyzed after short-term incubation in vitro in
the absence (control cultures) or the presence of the 17DD YF vaccine antigen
as an exogenous stimulus. Briefly, 500-pl aliquots of heparinized peripheral
blood were dispensed into individual 14-ml polypropylene tubes (Falcon; BD
Pharmingen) and incubated for 6 h at 37°C in a 5% CO, humidified atmosphere
in the presence of 550 ul of RPMI 1640 (Gibco, Grand Island, NY) as the control
culture or in the presence of 500 wl of RPMI 1640 (Gibco) plus 50 pl live
attenuated 17DD YF vaccine (lot 02UVFB005Z; BioManguinhos-FIOCRUZ)
at a final concentration of 10° viral particles/ml. Following incubation, 10 pg/ml
of brefeldin A (Sigma Chemical Company, St. Louis, MO) was added and the
samples were reincubated for 4 h at 37°C in a 5% CO, humidified atmosphere.
After incubation, the cultures were treated with 2 mM EDTA (Sigma) and were
kept at room temperature for 15 min. The culture samples were washed twice
with 6 ml of FACS buffer (0.015 M PBS, 0.5% bovine serum albumin, 0.1%
sodium azide) by centrifugation at 600 X g for 7 min at room temperature. After
resuspension in 1 ml of FACS buffer, 200-ul aliquots were dispensed into 5-ml
polystyrene tubes (Falcon: BD Pharmingen) and stained with anti-surface mol-
ecule MAbs, including antibodies to the surface molecules CD4, CDS, CD14,
CD16, and CD19. After 30 min of incubation in the dark at room temperature,
the samples were treated by gentle vortexing with 2 ml of FACS lysing solution
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(BD Pharmingen) and were reincubated for 10 min at room temperature in the
dark. After erythrocyte lysis was complete, the samples were centrifuged at 600 X
g for 7 min at room temperature, the supernatant was discarded, and the cell
pellet was resuspended and kept for 10 min at room temperature in the dark with
2 ml of FACS permeabilizing solution containing FACS buffer supplemented
with 0.5% saponin. Following incubation, the samples were centrifuged at 600 X
g for 7 min at room temperature, the supernatant was gently decanted, and the
cell pellet was washed with 3 ml of FACS buffer. After centrifugation, the cells
were resuspended in 200 pl of FACS buffer and were distributed in 30-pl
aliquots over 96-well U-bottom microtiter plates. The cells were then stained
with 20 pl of PE-labeled anti-cytokine MAbs, including MAbs to gamma inter-
feron (IFN-y), TNF-q, IL-4, IL-5, IL-10, and IL-12, at a final concentration of 25
pg/ml. The MADbs had previously been diluted in sterile FACS permeabilizing
solution by incubation for 30 min at room temperature in the dark. The cells
were then washed twice, first with 150 pl of FACS permeabilizing solution and
then with 200 ul of FACS buffer. The cell preparation was fixed in 200 pl of
FACS fix solution and stored at 4°C in the dark prior to flow cytometry analysis,
which was performed within 24 h. A total of 30,000 events per tube were acquired
with a FACSCalibur flow cytometer (Becton Dickinson) properly set up to detect
FSC and SSC as well as FITC (FL-1), PE (FL-2), and TC (FL-3) fluorescence.
The CELLQuest software provided by the manufacturer was used for data
acquisition and analysis. Distinct gating strategies were used to analyze the
cytokine profiles of the specific leukocyte subpopulations (19). Selective analysis
of neutrophils was performed by establishing a specific scatter gate by using the
combination of anti-cell surface antigens and laser SSC for discrimination of the
neutrophils, and the neutrophils were gated as SSC''" CD16* =" (high gran-
ularity and high CD16 expression). Analysis of the monocytes was performed by
staining immunophenotyping with SSC versus FL-1 and anti-CD14-TC dot plots
to select the monocytes as SSC CD14*HiEh cells, Identification of the natural
killer (NK) cells, T CD4" or T CD8" lymphocytes, and B cells was initially
performed by using a lymphocyte scatter gate setup and FSC versus SSC dot
plots, followed by a phenotype gating strategy with anti-CD16-FITC, anti-CD19-
TC. anti-CD4-TC, and anti-CD8-FITC MADbs to select a given cell subpopula-
tion. The frequency of cytokine-expressing cells was determined by using quad-
rant statistics over FL-2 and anti-cytokine-PE versus FL-1 and anti-cell surface
marker-FITC or FL-3/anti-cell surface marker-TC dot plots. All results for the
different gated leukocyte subpopulations were expressed as a percentage of the
cytokine-positive cells.

Statistical analysis. Data analysis was performed, and the data were consid-
ered to be statistically significant when the values for the patient were outside of
the mean * 2 standard deviations (SDs) of the RV range. Statistical significance
was also considered when the values for the patient were outside the range of 0.5
to 2.0 times the mean RV.

RESULTS

Ex vivo analysis of leukocyte subsets: frequency, activation
status, and chemokine receptor expression. The ex vivo anal-
ysis of the phenotypic features of the circulating leukocytes
demonstrated that the patient’s monocytes displayed lower
levels of expression of Fc-yR (CD16, CD32, and CD64) com-
pared to the RVs (Table 1). Additionally, a higher frequency of
NK T cells (CD3" CD16"/~ CD56"//CD3" ratio) was the
hallmark of the innate immunity of the patient.

An increased frequency of activated CD4 " T cells (CD69 "
and HLA-DR positive [HLA-DR *]), in addition to increased
levels of CD54 " and CD38™ cells, decreased levels of CD62L "
events within the CD4" T cells, as well as the lower levels of
expression of CD18 by CD4" T cells compared to the RVs,
was observed in the case patient. A reduced frequency of
regulatory T cells (CD4 ™ CD25"") along with a lower level of
expression of IL-10 receptor (IL-10R) by CD4" T cells, was
also observed (Table 1). Moreover, analysis of CD8" T cells
also demonstrated increased levels of activated cells and a high
percentage of CD54" cells, a lower frequency of CD62L"
cells, and a reduced level of expression of CD18 compared to
the RVs (Table 1).

An increased frequency of activated B cells (CD19"
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TABLE 1. Ex vivo analysis of peripheral blood leukocyte subsets
and activation status in the patient with combined neurotropic
and viscerotropic disease following 17D YF vaccination

CLIN. VACCINE IMMUNOL.

TABLE 2. Ex vivo expression of chemokine receptors by peripheral
blood leukocyte subsets in the patient with combined neurotropic
and viscerotropic disease following 17D YF vaccination

Value® : Value®
X ~ ¥ Chemokine
Cell type Cell phenotype Cell type
L R L RV Patient i Teceplor RV Patient
Monocytes CD14" CD16" DR"'/CD14"  71.0 + 14.8 54.0 Monocytes CXCR4 8.34 £233 8.7
CD16" CXCR3 10.70 * 2.54 9.25
CD16 (MFI) in CD14" 101.0 = 48.0 | 20.0* CCRS 8.91 + 3.17 9.80
CD32 (MFI) in CD14" 215.0 +47.0 | 39.0** CCR2 9.93 = 4.12 10.29
CD64 (MFI) in CD14" 91.0 £25.0 | 28.0**
) CD4" T cells CXCR4 4.50 = 1.02 4.70
NK cells CD3" CD16 " CD56 " 15075 12.0 CXCR3 26.68 * 4.67 | 4.33%*
CD3 CDI16" CD56 /NK 110+ 71 7.0 CCRS 334 = 1.71 345
cells CCR2 2.80 * 0.60 3.26
CD3 CDI16" CD56"'/NK 78.0 = 9.6 93.0 CCR3 2.89 = 0.81 3.46
cells
) CD8" T cells CXCR4 7.99 = 1.99 5.06
NK Tcells CD3* CD16"~ CD56"/ 120 =39 1 40.0** CXCR3 32.73 £ 6.50 J 5.59%*
CD3" CCRS 538 = 1.74 3.84
CCR2 4.65 = 1.71 3.53
T cells CD3" 67.0 7.2 66.0 CCR3 3.93 £ 0.73 3.93
CD4* 39.0 = 6.2 38.0 - - - -
CDI8 (MFI) in CD4* 40.0 = 9.9 19.0%* RV, RVs for ch_emukme receptor expression by Penphcral blood leukocyte
+ + s 3 o subsets observed 15 days after 17DD vaccination in the absence of adverse
CD4" CD547/CD4 40=x22 1240 lor ittt A ey et pils
CD4"CD62L"/CD4* 8.0 + 8.9 23.0** reactions (n = 10); Patient, values for chemokine receptor expression by periph-
0 6 7 / b 680 =8 12 'U** eral blood leukocyte subset frequencies observed in the patient with combined
CD4}C‘D(’9+ /CD4' 3018 1100 neurotropic and viscerotropic adverse events temporally associated with 17D
CD4"CD38"/CD4 41.0=98 | 10.0* vaccination YF. The results are expressed as the mean percentage = SD of
CD4"CD28"/CD4"* 96.0 = 1.8 95.0 positive cells unless MFI is indicated, in which case the results are expressed as
CD4"HLA-DR"/CD4" 40x20 1 11.0** the mean MFI = SD for the expression of a given cell surface marker within
CD4*+CD25!igh 19=*09 10.8* gated lymphocytes. *, statistical significance was considered when the values for
IL-10R (MFI) in CD4* 107 +55 13.0% the.p:_ttiem'wgr‘e outside of the' RV range (mean * 2 SDs); **, :‘lddilional
CD8* 28.0 + 5.8 28.0 statistical significance was considered when the values for the patient were
S POEREE e outside the range of 0.5 to 2.0 times the mean RVs. 1 and |, increase and
gg;ﬁ (CNliDFﬁ]‘i)» Jrcg)i)? 6::: f 3[2;4 Tl :23;; decrease in the values, respectively, in comparison to the RVs.
CD§* CD62L*/CD8* 480+64 160"
CD8" CD6Y*/CDS”* 11.0 =28 10.0
CD8" CD38"/CD8" 540+212 640 CXCR3 by both CD4 " and CD8" T cells in comparison with
(EDSi HLA-PR‘/qDS‘ _5.0 *24 6.0 the RVs (Tdble 2)
CD8" CD28"/ CDS W 59.0 £ 12.1 40.0 Analysis of plasmatic chemokines and cytokines. Semiquan-
IL-10R (MFI) in CD8 17.0 = 6.6 11.0 e % A, B
titative analysis demonstrated that the patient’s plasma exhib-
B cells CD19* 13.0 + 4.7 17.0 ited a chemokine profile with values comparable to the RVs:

CDI19* CD5*/CD19*
CDI19* CD5/CD19*
CDI19* CD23*/CD19*
CDI19* CD6Y*/CD19*
CD32 (MFI) in CD19*

240£55 220
75.0£8.2 78.0
49.0 £15.3 53.0
12036 1 54.0**
160.0 £32.0 | 11.0**

“ RV, RVs for peripheral blood leukocyte subset frequencies observed 15 days
after 17DD vaccination in the absence of adverse reactions (n = 10); Patient,
peripheral blood leukocyte subset frequencies observed in the patient with com-
bined neurotropic and viscerotropic disease following 17D YF vaccination. The
results are expressed as the mean percentage = SD of positive cells unless MFI
is indicated, in which case the results are expressed as the mean MFI = SD for
the expression of a given cell surface marker within gated lymphocytes. *, sta-
tistical significance was considered when the values for the patient were outside
of the RV range (mean * 2 SDs): **, additional statistical significance was
considered when the values for the patient were outside the range of 0.5 to 2.0
times the mean RVs. 1 and | . increase and decrease in the values, respectively,
in comparison to the RVs.

CD69"), in addition to a reduced level of expression of CD32
by B cells, was the major phenotypic feature suggesting the
high level of activation of B cells, as determined by comparison
of the levels of activation with the RVs (Table 1).

The results of the analysis of chemokine receptor expres-
sion by monocytes and T lymphocytes are presented in Ta-
ble 2. The data analysis demonstrated that the T cells from
the patient presented a decreased level of expression of

high levels of CXCL-8 (IL-8) and CCL-5 (RANTES) and low
levels of CCL-2 (monocyte chemoattractant protein 1 [MCP-
1]), and CXCL-10 (interferon-inducible protein 10) (Fig. 1A).
Additional analysis demonstrated that YEL-AND resulted in a
general exacerbated cytokine pattern, with higher levels of
plasmatic IL-6, IL-17, IL-4, IL-5, and IL-10, despite the lower
levels of TNF-q, in comparison to the RVs (Fig. 1B).

Analysis of intracytoplasmic cytokine pattern following
short-term whole-blood culture in vitro. Analysis of the ex vivo
leukocyte intracytoplasmic cytokine pattern of control cultures
revealed increased levels of IFN-y-positive (IFN-y "), TNF-a-
positive (TNF-a™), and IL-4-positive (IL-4") NK cells (Fig.
2A). On the other hand, in the presence of the 17DD YF
vaccine antigenic stimulus, the patient’s leukocytes exhibited
decreased levels of TNF-a™ monocytes compared to the RVs.
Additional analysis also revealed increased levels of IFN-y™ in
NK cells in comparison to the RVs (Fig. 2B).

Analysis of lymphocytes from the patient showed increased
levels of IL-12" CD4" and IFN-y* CD4" cells and lower
levels of TNF-a" CD4 ", IL-4" CD4 ", and IL-5" CD4" T cells
in comparison to the RVs. Analysis of CD8" T-cells revealed
increased levels of IL-4 " and IL-5" cells. The B-cell cytokine
profile demonstrated increased levels of TNF-a ™, IL-4", and
IL-10" cells (Fig. 2C). Analysis in the presence of or after the
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FIG. 1. Plasmatic chemokine (A) and cytokine (B) patterns observed in the patient with combined neurotropic and viscerotropic disease
following 17D YF vaccination (M) compared to the reference values observed 15 days after 17DD YF vaccination in the absence of adverse
reactions ([]). The results are expressed as the mean fluorescence intensities = SDs for CXCL-8, CCL-2, CCL-5, CXCL-10, IL-1p, IL-6, IL-12,
TNF-a, and IL-10 or the mean concentrations (pg/ml) = SDs for IL-17, 1L-23, and TGF-B. **, statistical significance was considered when the
values for the patient were outside of the reference value range (mean + 2 SDs); *, additional statistical significance was considered when the
values for the patient were outside the range of 0.5 to 2.0 times the mean RV: 7, increase in comparison to the reference value.

17DD YF vaccine antigenic stimulus demonstrated that lym-
phocytes from the patient showed increased percentages of
[L-127 CD4™" and IL-57 CD4" T cells. Analysis of the CD8”
T cells revealed increased levels of IL-127 and TNF-a ™ cells,
in addition to an increase in the levels of IL-4" and IL-5" cells.
Analysis of the B-cell cytokine profile demonstrated increased
levels of TNF-a ™ cells (Fig. 2D).

Together, these data demonstrate that the patient exhibited
an exacerbated cytokine pattern with an enhanced frequency
of cytokine-positive cells, mainly observed within NK cells,
CD8" T cells, and B lymphocytes, regardless of the experimen-
tal conditions under which they were evaluated (under the
control condition or with the 17DD YF vaccine stimulus). The
analysis of CD4" T cells revealed the most complex profile,
with assorted changes being detected when the control and
17DD YF vaccine-stimulated cultures were considered. On the
other hand, a depressed level of TNF-a synthesis was observed
in monocytes after antigenic stimulation.

DISCUSSION
The 17D YF vaccines (17D-204 and 17DD) are well toler-

ated, and the rate of serious adverse events is very low. Cases
of encephalitis and other neurotropic adverse events (YEL-

AND) following YF vaccination are estimated to occur in 0.4
per 100,000 vaccinees (16).

The clinical presentation of YEL-AND includes a high-
grade fever (temperature, =100.5°F) and headache for more
than 24 h. It may also be accompanied by focal neurological
dysfunction, including, but not limited to, ataxia, aphasia, and
paresis. More severe cases could show mental status changes,
confusion, lethargy, personality changes, the new onset of sei-
zures, or a recurrence of previously controlled seizures (16).

The clinical course of the adverse events for the patient
described here is unusual in comparison to the profiles of the
cases reported so far. Indeed, the patient presented with overt
pancreatitis and moderate liver involvement, clinical signs not
vet described in the cases reported to date. In addition,
whereas the neurological signs and symptoms were presented
by day 14, the viscerotropic signs and symptoms of pancreatitis
and rhabdomyolysis came into the clinical picture only belat-
edly, on day 22. (It is unclear on how the mild mid-lower
abdominal pain that occurred 9 days following vaccination
should be interpreted.) On the basis of the clinical and labo-
ratory data, however, a diagnosis of a suspected combined
neurotropic and viscerotropic syndrome may be made.

Following 17D YF wvaccination, most primary vaccinees
cause low level of and transient viremia. It is noteworthy that
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FIG. 2. Intracytoplasmic cytokine pattern of peripheral blood leukocytes associated with innate immunity (A and B) and adaptive immunity (C
and D) observed in the patient with combined neurotropic and viscerotropic disease following 17D YF vaccination (M) compared to the reference
values observed 15 days after 17DD vaccination in the absence of adverse reactions ([J) after short-term in vitro incubation in the absence of
exogenous stimuli (A and C) or in the presence of 17DD antigen stimulation (B and D). For each leukocyte subset (neutrophils, monocytes, NK
. CD4" T cells, CD8" T cells, and B cells), the results are expressed as the mean percentage of cytokine-positive cells within 1,000 gated events
%0) £ SD. %%, statistical significance was considered when the values for the patient were outside of the reference value range (mean * 2 SDs);
*, additional statistical significance was considered when the values for the patient were outside the range of 0.5 to 2.0 times the mean RV. 1 and
| . increase and decrease in the values, respectively, compared to the reference values.
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the viral load in the blood from 17D YF-immunized persons is
far below the infection threshold for blood-feeding mosqui-
toes, reflecting the restricted replication of the attenuated vi-
rus. On the other hand, YF virus has been detected in the
blood, serum, plasma, heart, liver, spleen, kidney, lung, brain,
spinal cord, and skin of patients with YEL-SAEs (1, 3, 6, 18).
Occasionally, 17D YF virus has been detected in CSF, suggest-
ing its involvement with the YEL-SAE, but it has recently been
suggested that the neurological manifestations are due to the
immune response to the 17D YF virus infection rather than the
direct action of the virus through the central nervous system.

In this study, the 17D YF virus genome was not detected in
either CSF or serum samples (as determined by RT-PCR), nor
was the 17D YF virus isolated following the inoculation serum
into Vero cell cultures, C6/36 cell cultures, or suckling mice.
Therefore, the case reported here may be considered a sus-
pected case of combined neurotropic and viscerotropic adverse
events following 17D YF vaccination.

It has previously been reported that the titers of neutralizing
antibodies against 17D YF virus in patients with YEL-SAEs
were considerably higher than those observed in healthy pa-
tients (3, 6, 18). However, the titers of neutralizing antibodies
identified in the patient described here resembled the titers
observed in healthy vaccinees who did not experience any side
effects (4).

The oceurrence of YEL-SAEs has been associated with in-
creasing age, a history of thymus disorder, and immunocom-
promise; however, no apparent risk factor could be identified
for several cases. The patient described here exhibited some
abnormalities in her cellular immune response compared to
the immunological profile exhibited by time-matched first-time
vaccinees who did not experience any adverse effects. Our data
demonstrated that the patient had impaired FC-yR expression
in monocytes, despite a robust increase in the level of NK T
cells, activated T cells (CD4" and CD8™), and B lymphocytes.
Additionally, enhanced levels of plasmatic cytokines together
with exacerbated intracytoplasmic cytokines were mainly ob-
served within NK cells, CD8" T cells, and B lymphocytes.
Analysis of the CD4™ T cells revealed a complex cytokine
profile in control and 17DD YF-stimulated cultures. On the
other hand, depressed TNF-« synthesis was observed in mono-
cytes following antigenic stimulation. It is important to note
that since the two vaccine substrains do not have identical
sequences, it is possible that the immune response to routine
immunization may not be identical for the two vaccines.

It has recently been reported that YEL-SAEs are accompa-
nied by robust antigen-specific T- and B-cell responses, so the
adverse event is unlikely to be caused by impairment of the
magnitude of adaptive immunity. On the contrary, the magni-
tude of this adaptive response might have been a result of the
abnormalities in the innate immune system and a possible
disruption of the CCR5-RANTES axis (20). Our data did not
demonstrate changes in the levels of CCRS5 expression on
monocytes. However, we found an unexpected decrease in the
levels of CXCR3 expression by CD4" and CD8 " T cells, which
may suggest the internalization of CXCR3 following hyperac-
tivation. CXCR3 is usually expressed in type 1 T cells, and it is
speculated that the lower level of expression of CXCR3 is
associated with the massive activation of T cells, since the
CXCR3-ligand axis play an important role in T-lymphocyte
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activation and recruitment and the subsequent amplification of
inflammation in human diseases.

Although cytokines and chemokines may act as immune
modulators in YEL-SAEs, their role is still not fully under-
stood. It was shown that growth-related oncogene (GRO),
MCP-1, TGF-B, and RANTES levels were moderately in-
creased in one patient with YEL-AND, whereas healthy vac-
cinees who had no any adverse effects exhibited increases only
in RANTES levels and had lower GRO, MCP-1, TGF-B, and
TNF-B levels (1). Nevertheless, the specific roles of various
cytokines and chemokines in the pathogenesis of YFV infec-
tion need to be further clarified.

Together, our findings support the hypothesis that a robust
adaptive response and abnormalities in the innate immune
system may be involved in the establishment of severe adverse
events following primary 17D YF vaccination. Further re-
search on the virus-host immune response is required to obtain
a better understanding of the basis of this process.
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4.3 Artigo 3

O artigo cientifico apresentado a seguir corresponde ao objetivo especifico:
Caracterizar o indice de impacto do antigeno amarilico 17DD no panorama de
citocinas em leucdcitos circulantes, associado aos diferentes padrbes de
soroconverséo em criangas.
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Background. The live attenuated yellow fever (YF) vaccines have been available for decades and are considered
highly effective and one of the safest vaccines worldwide.

Methods. The impact of YF-17DD-antigens recall on cytokine profiles of YF-17DD-vaccinated children were
characterized using short-term cultures of whole blood samples and single-cell flow cytometry. This study enrolled
seroconverters and nonseroconverters after primovaccination (PV-PRNT" and PV-PRNT ), seroconverters after
revaccination (RV-PRNT ), and unvaccinated volunteers (UV-PRNT 7).

Results. 'The analysis demonstrated in the PV-PRNT™ group a balanced involvement of pro-inflammatory/
regulatory adaptive immunity with a prominent participation of innate immunity pro-inflammatory events (IL-12" and
TNF-o" NEU and MON). Using the PV-PRNT™ cytokine signature as a reference profile, PV-PRNT™ presented
a striking lack of innate immunity proinflammatory response along with an increased adaptive regulatory profile
(IL-47CD4" T cells and IL-10" and IL-57CD8" T cells). Conversely, the RV-PRNT™ shifted the overall cytokine
signatures toward an innate immunity pro-inflammatory profile and restored the adaptive regulatory response.

Conclusions. The data demonstrated that the overall cytokine signature was associated with the levels of PRNT
antibodies with a balanced innate/adaptive immunity with proinflammatory/regulatory profile as the hallmark of
PV-PRNTMEPIVMY - hereas a polarized regulatory response was observed in PV-PRNT  and a prominent
proinflammatory signature was the characteristic of PV-PRNT!GH
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Yellow fever (YF) remains an important public health problem
and the 17D live, attenuated yellow fever virus vaccine con-
stitutes the single most effective means of limiting impact of the
disease [1-3]. The World Health Organization (WHO) rec-
ommends that persons aged >9 months who are traveling to or
living in areas where yellow fever infection is officially reported
should be vaccinated [4-8]. In Brazil, the YF-17DD vaccine is
offered for free to every citizen by the National Immunization
Program and was introduced into the routine vaccination
schedule in endemic and risk areas in 2005, and is currently
administered at 9 months of age [9].

The YF vaccine immunogenicity in adults reaches over 95% of
vaccinees that may persist for at least 35 years [10]. However, the
rates of seroconversion in children ranged from 77.5% to 90%,
with distinct seroconversion rates observed according to the age
at vaccination [11-17].

The immaturity of the immune system [18-22] and the
presence of passively acquired maternal antibody in the serum of
the young infant may have an immunosuppressive effect on the
development of the infant’s own immune response [23-25], and
has been presented to account for the decreased humoral im-
mune response of the younger infants.

Despite the extensive literature covering the humoral immune
response triggered by the YF vaccines in adults and children,
knowledge about the overall cellular immunity following YF
immunization still remains to be elucidated, with few studies
focusing the multiparametric aspects of the innate and adaptive
immunity following YF vaccination [26-33]. Studies performed
in primovaccinated adults have demonstrated the coexistence
of activation events and modulatory pathways. In addition,
a mixed pattern of cytokine profile is also observed as the
hallmark of YF-17DD vaccination in adults [31-33]. Regardless
of the relevance of the immune response triggered parallel to the
establishment of distinct patterns of seroconversion after YF
vaccination, there are no studies covering the issue of overall
cellular immunity.

The purpose of this study is to evaluate whether the immune
response triggered in YF-17DD-vaccinated children resembled
the overall pattern previously described in adults and whether
the cellular immune response is somehow related to the levels of
YF-neutralizing antibodies. To test these hypotheses, we have
characterized the impact of YF antigen recall in the intra-
cytoplasmic cytokine pattern of peripheral blood leukocytes and
the association between specific cytokine signatures with distinct
postvaccination seroconversion status.

METHODS

Study Population

This study was coordinated by the Collaborative Group for
Studies of Yellow Fever Vaccine [34] and included 60 healthy
children (34 males and 26 females) from 9 to 43 months of age,

living in the metropolitan area of Belo Horizonte-Minas Gerais
and Brasilia-Distrito Federal, Brazil.

The study was approved by the Ethical Committee of Os-
waldo Cruz Foundation FIOCRUZ—protocol number 236A/03.
The children were formally included in the study if the free and
informed consent form was signed by parents or legal guardians.

Prior to and 30 days after YF-17DD vaccination, children
were requested to provide a blood sample to detect anti-YF-
neutralizing antibodies using the plaque reduction neutraliza-
tion test (PRNT), performed as described by Stefano et al. [12].
The tests were carried out at Laboratério de Tecnologia Vi-
rologica, Bio-Manguinhos/FIOCRUZ, under the supervision
of one of us (M. S. F.). The results are expressed as milli-
International Units/mL (mIU/mL). A PRNT result of =2.5
log;p mIU/mL was used as the cut-off mark to segregate se-
roconverters from negative and nonseroconverters.

According to the PRNT results at 30 days post vaccination,
the children were classified as seroconverters (PRNT = 2.5
log;p mIU/mL) or nonseroconverters (PRNT < 2.5 log;,
mlIU/mL), and referred as PV-PRNT" (n = 30, 15 males and
15 females, age range 9-12 months, median = 9 months) and
PV-PRNT™ (n = 10, 6 males and 4 females, age range 12-14
months, median = 12 months), respectively. Children within
the PRNT™ group were subdivided into 2 groups named PV-
PRNTMEPIUMT (5 5 < PRNT = 3.5 log;, mIU/mL, n = 20)
and PV-PRNT™MCH* (PRNT > 3.5 log,, mIU/mL, n = 10).
The PV-PRNT ™ volunteers were submitted to revaccination
1 year after primovaccination and referred to as RV-PRNT™"
(n =9, 6 males and 4 females, age range 40-43 months,
median = 41 months) because all volunteers seroconvert after
revaccination (PRNT = 2.5 log;, mIU/mL).

One year after primo/revaccination, peripheral blood samples
(7 mL) were collected into Vacutainer tubes containing sodium
heparin (Becton Dickinson, San Jose, CA) for short-term whole
blood cultures and intracytoplasmic cytokines analyses by flow
cytometry.

Blood samples from 10 unvaccinated seronegative children
(PRNT < 2.5 log;, mIU/mL, 7 males and 3 females, age range
9-12 months, median = 9 months) collected prior to vaccina-
tion were included as a control group and referred to as UV-
PRNT.

Short-term Whole Blood Culture and Intracytoplasmic Cytokine
Staining

In vitro short-term cultures of whole blood samples were
performed as described by Luiza-Silva et al. [33] and modified
as follows: aliquots of heparinized peripheral blood were
incubated for 6 hours at 37°C, 5% CO,, in the presence of
RPMI 1640 medium (GIBCO, Grand Island, NY; control
culture) or in the presence of live attenuated YF-17DD vaccine
(lot 055VFA054P, Bio-Manguinhos, FIOCRUZ) at a final
concentration of 2.5 X 107 viral particles/mL in RPMI 1640
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plus (YF-Ag culture). Following in vitro YF-17DD antigen
priming, cells were reincubated in the presence of brefeldin A
(BFA; Sigma Chemical Company, St. Louis, MO) at 10 pg/mL
for an additional period of 4 hours at 37°C, 5% CO,, and then
treated with 2 mM final concentration of ethylenediamine
tetraacetic acid (EDTA; Sigma Chemical Company) for 10
minutes at room temperature. Cell suspension was washed
with fluorescence-activated cell sorting (FACS) buffer
(phosphate buffered saline [PBS], pH 7.2, supplemented with
0.5% bovine serum albumin and 0.1% sodium azide, all from
Sigma Chemical Company) and aliquots stained with fluo-
rescent antihuman cell surface monoclonal antibodies (all
from Caltag, Burlingame, CA): anti-CD4-Tricolor-TC (clone
#83.5), anti-CD8-TC (clone #3B.5), anti-CD14-TC (clone
#TiK4), anti-CD16-TC (clone #3G8), and anti-CD19-TC
(clone #5T25-C1) for 30 minutes at room temperature. After
membrane staining, erythrocyte lysis, and leukocytes fixation,
cell suspension was permeabilized with FACS perm-buffer
(FACS buffer supplemented with 0.5% saponin) and aliquots
incubated for 30 minutes at room temperature, in the dark,
with fluorescent anticytokine monoclonal antibodies (all from
BD-Pharmingen, San Jose, CA), including anti-IL-12-PE
(clone #C11.5), anti-IFN-y-PE (clone #4S.B3), anti-TNEF-
o%-PE (clone #Mab11), anti-IL-4-PE (clone #8D4-8), anti-IL-
5-PE (clone #TRFK5), and anti-IL-10-PE (clone #JES3-19F1).
After intracytoplasmic cytokine staining, the leucocytes were
washed with FACS perm-buffer and FACS buffer and fixed
in FACS fixing solution (10 g/L paraformaldehyde, 10.2 g/L
sodium cacodylate, and 6.63 g/L sodium chloride, pH 7.2).

Flow Cytometry Acquisition and Analysis

Immunostained samples were acquired using a FACScalibur
flow cytometer, and CELLQuest software was used to perform
data acquisition and analysis. A total of 30,000 events/tube were
acquired and stored for further analysis. Distinct gating strategies
were used to analyze the cytokine-expressing leukocytes subsets,
including neutrophils, monocytes, natural killer (NK) cells, and
lymphocytes (CD4 7, CD8™ T-cell subsets, and B cells) as pre-
viously reported by Luiza-Silva et al. [33]. The results were first
expressed as percentages of cytokine-positive cells for different
gated leukocyte subpopulations analyzed in this study. These
values were used to obtain the cytokine index, calculated as the
ratio between the percentage of cytokine-positive cells observed
in the stimulated culture (YF-Ag) by the percentage of cytokine-
positive cells observed in the unstimulated culture (control).

Cytokine Signature Analysis

The cytokine profile was first assessed to identify low and high
cytokine producers, as previously suggested by Luiza-Silva et al.
[33]. Briefly, after the establishment of the global median
YF-Ag/control index, each leukocyte subsets from all volunteers
were tagged as they display low (23), high proinflammatory

(mm), or high regulatory (=) cytokine indexes. The percentage of
volunteers showing high cytokine indexes was calculated
for each leukocyte subset. The ascendant frequency of high
cytokine indexes for PV-PRNT" was then used as the reference
cytokine curves (— —m-) to identify changes in the overall cy-
tokine patterns from all other groups. Radar charts were further
used to summarize the proinflammatory (mm) or regulatory (mm)
cytokine signatures in a range of leukocyte subsets of innate and
adaptive immunity. Each axis represents the frequency (%) of
volunteers showing high cytokine indexes.

Statistical Analysis
Statistical analyses between groups were performed by para-
metric analysis of variation (ANOVA) followed by Student f test
or nonparametric Kruskal-Wallis test followed by the Mann-
Whitney test. Spearman rank correlation test was performed to
assess the association between the levels of PRNT antibodies
(logo mIU/mL) and the cytokine indexes (YF-Ag/control). Inall
cases, significance was considered at P = .05. All tests were
provided by GraphPad Prism version 5.0 (San Diego, CA).
The analysis of cytokine signatures was performed using the
PV-PRNT" cytokine signature as the reference curve, and sig-
nificant differences were considered when the values emerged

outside the quartile of the reference signature.

RESULTS

Impact of In Vitro YF-Vaccinal Antigen Stimuli on the Cytokine
Profile of Innate and Adaptive Immunity in YF-17DD
Primovaccinated Children
The frequency of cytukine+ cells (IL-12%, IFN-y™, TNF-a™,
IL-4", IL-57, and IL-10™), focusing on circulating neutrophils,
monocytes, NK cells, CD4" T cells, CD8" T cells, and B cells,
was determined after short-term in vitro incubation of whole
blood samples. Our data demonstrated that the YF-Ag recall was
able to increase the synthesis of IL-12 by neutrophils in PV-
PRNT™ compared with PV-PRNT™ and UV-PRNT", as well as
IL-12 by monocytes compared with PV-PRNT ", In addition,
whereas the YF-Ag recall decreased the synthesis of TNF-u by
neutrophils and monocytes in PV-PRNT , the levels of TNF-a
in PV-PRNT" was higher and comparable to that observed in
UV-PRNT" (Figure 1). Furthermore, the YF-Ag recall decreased
the synthesis of IL-4 by CD4™ T cells in PV-PRNT™ compared
with UV-PRNT  (Figure 2). Together, these findings demon-
strated that the seroconversion after YF-17DD primovaccination
in children is able to guarantee, upon YF-Ag recall, the estab-
lishment of a proinflammatory microenvironment via enhanced
synthesis of IL-12 and TNF-u by neutrophils and monocytes and
down-regulated the production of IL-4 by CD4™ T cells.
Conversely, the lack of seroconversion after YF-17DD pri-
movaccination promote a regulatory status upon YF-Ag recall,
with lower production of IL-12 by neutrophils and monocytes
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Figure 1.

Impact of YF-Ag in the cytokine profile of innate immune cells from UV- PRNT ™ (in white), PV-PRNT ™ (in light gray), PV-PRNT ™ (in black), and

RV-PRNT™ (in dark gray) children groups 1 year after YF-17DD vaccination or revaccination. Intracytoplasmic cytokine studies were performed after in
vitro short-term incubation. To identify neutrophils (top panels) and NK cells (bottom panels), anti-CD16 TC mAbs were used, and to identify monocytes
(middle panels) CD14 TC mAbs were used. Anti-cytokines-PE mAbs were used to determine inflammatory and regulatory cytokines* of innate immunity
leukocytes in peripheral blood samples. The index ratio was calculated as the ratio of percentage of cells that express the cytokine of interest in the
stimulated culture (YF-Ag) to the percentage of cytokine™ cells in the unstimulated (control) culture. Results are expressed in bars representing mean
values = SEM. Significant differences (connecting lines) at P < .05 are shown on the figure.

compared with PV-PRNT", and lower synthesis of TNF-o by
neutrophils compared with all other groups and TNF-o by
monocytes compared with PRNT* groups (Figure 1). Moreover,
the PV-PRNT ™ also displayed enhanced synthesis of IL-5 by
CD8" T cells compared with UV-PRNT ", and IL-10 by CD8"
T cells compared with all other groups (Figure 2).

It was interesting to notice that the revaccination accompanied
by protective levels of neutralizing antibodies modify the cytokine
response of innate immunity toward increased synthesis of IL-12
and TNF-o by neutrophils compared with UV-PRNT ™ and PV-
PRNT ", respectively (Figure 1). Moreover, a marked increase
in the synthesis of TNF-o by monocytes was also observed in
RV-PRNT" compared with all other groups. A general inhibi-
tion of cytokine synthesis by NK cells (IFN-y, TNF-o, and IL-4)
was observed in RV-PRNT" (Figure 1). Additionally, in re-
sponse to YF-Ag recall, the RV-PRNT ™ also displayed a putative

proinflammatory pattern in the adaptive immunity, with in-
creased production of TNF-o by B cells and lower production
of IL-4 by CD4 ™" T cells compared with UV-PRNT ", along with
basal synthesis of IL-10 by CD8" T cells (Figure 2). Together, it
seems that the revaccination of YF-17DD nonseroconverter
shifted the microenvironment triggered by the YF-Ag recall
toward a proinflammatory profile, with higher synthesis of
TNF-o by neutrophils, monocytes, and B cells along with lower
production of IL-4 by CD4 ™" T cells and IL-10 by CD8 ™" T cells,
despite the overall inhibition of cytokine synthesis by NK cells.

Overall Signature of High Cytokine Producers in the Innate and
Adaptive Immune Compartments Triggered by YF-Ag Recall in
17DD Vaccinees

Aiming to further characterize the overall cytokine signature of
innate and adaptive immunity compartments, we have calculated
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Figure 2. Impact of YF-Ag in the cytokine profile of adaptive immune cells from UV- PRNT ™ (in white), PV-PRNT ™~ (in light gray), PV-PRNT™ (in black],
and RV-PRNT ™ (in dark gray) children groups 1 year after YF-170D vaccination or revaccination. Intracytoplasmic cytokine studies were performed after in
vitro short-term incubation. To identify CD4 " T cells (top panels), CD8™ T cells (middle panels), and B cells (bottom panels), anti-CD4 TC, anti-CD8 TC, and
anti-CD19 FITC mAbs were used, respectively. Anticytokines PE mAbs were used to determine proinflammatory and regulatory cytokines™ of adaptive
immunity leukacytes in peripheral blood samples. The index ratio was calculated as the ratio of the percentage of cells that express the cytokine of
interest in the stimulated culture (YF-Ag) to the percentage of cytokine * cells in the unstimulated (control) culture. The results are expressed in bars
representing mean values = SEM. Significant differences (connecting lines) at P << .05 are shown.

Cytokine Signatures and Neutralizing Antibodies in YF-17DD Vaccinated Children  JID 2011:204 (15 September) o 877

80

110z 'L Z 18quisidas uo Jouadng [3A¢N B [E0SSA] 8P OJUBLIE0AIE)IEdY BP 04LBUBPIODD) 0448PUN4 18 Bio'S|BLINoIpIojXa"Pi WAl papeo|umMog



Analysis of Innate/Adaptive High Cytokine Indexes

PV —PRNT

Innate Immunity

PV - PRNT*

RV —PRNT*

Adaptive Immunity Innate Immunity Adaptive Immunity

Innate Immunity Adaptive Immunity

8 Volunteers

2
3.
8
3¢
B
£

Percentages of Volunteers with
High Cytokine Index (YF-Ag/Control)

Volunteers

Ag/Control)

Percentages of Volunteers with

High Cytokine Index (YF-:

Innate Immunity

Adaptive Immunity

Ascendent High Cytokine Indexes ————

'w‘ RV —PRNT*

UV—=PRNT
Innate Immunity Adaptive Immunity

UV —PRNT

8 Volunteers

Percentages of Volunteers with
High Cytokine Index (YF-Ag/Control)

~Thnate Tmmuntty Adaptve Immunity

Figure 3. Overall signature of high cytokine producers in the innate and adaptive immune compartments triggered by in vitro YF-Ag stimulation.
The diagrams were plotted using the global median cytokine index (YF-Ag/control) as the cut-off mark to identify each volunteer as a low (3) or high
(mm mm) cytokine producer in the PV-PRNT™, PV-PRNT~, RV-PRNT*, and UV-PRNT ™ groups. The ascendant frequency of high cytokine producers at the
innate and adaptive immunity of each group was demonstrated by bar graphics. The ascendant frequency of high cytokine producers of the PV-PRNT
group was used to generate the reference cytokine signature curves (-l —-) that were applied to identify changes in the overall cytokine signature

from all other groups.

the global median cytokine index (YF-Ag/control) for each cell
population (IL-12*NEU = 0.9; IEN-y "NEU = 0.8; TNF-o."NEU
= 1L.I;IL-4"NEU = 0.9, IL-10"NEU = 0.9; IL-12"MON = 1.5;
TNF-o"MON = 1.8; IL-10"MON = 1.0; IFN-y'NK = 1.2
TNE-o"NK = 1.3; IL-4"NK = 1.3; IL-12"CD4" = 1.2; IEN-
y"CD4" = 1.1; TNF-a"CD4" = 1.4; IL-4°CD4" = 16
IL-5°CD4" = 1.31L-10"CD4" =14;1L-12"CD8" = 1.1; IFN-
y"CD8" = 1.2; TNF-o"CD8" = 1.2; IL47CD8" = 1.3;
IL-5"CD8" = 1.2, IL-10°CD8" = 1.5; TNF-o"CDI19" = 0.8
IL-4"CD19" = 0.8; IL-10"CD19" = 0.8; where NEU = neu-
trophil, MON = monocyte, and NK = natural killer) and used
these values as the cut-off mark to tag the cell population from
each volunteer as being a low (3) or high (mm =) cytokine
producer. The assembling of the ascendant frequency of high
cytokine producers at the innate and adaptive immunity of
PV-PRNT" vaccinees generated the reference cytokine signa-
ture curves (- —8-) applied to identify changes in the overall

cytokine signature from all other groups (PV-PRNT , RV-
PRNT™, and UV- PRNT ). Our findings demonstrated that the
cytokine signature curves triggered by the YF-Ag recall in PV-
PRNT" was characterized by a prominent involvement of in-
nate immunity (mainly represented by NEU and MON) along
with an uniform participation of the adaptive immunity cells
(T-cell subsets and B lymphocytes) (Figure 3).

The comparative analysis of the cytokine signature, taking
the PV-PRNT" as reference curves, demonstrated that the PV-
PRNT", likewise the UV-PRNT", presented an impaired in-
volvement of innate immunity cells upon YF-Ag recall (specially
represented by NEU and MON) with punctual enhancement in
the adaptive immunity cells (especially CD4 " and CD8" T cells)
(Figure 3). Interestingly, the RV-PRNT" group are able to al-
most overturn the deficient involvement of the innate immu-
nity, restoring almost all the cytokine profile of NEU and MON,
leading to even over-frequency of high cytokine producers in
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the innate and adaptive immunity, despite the overall impair-
ment of NK cells (Figure 3).

Overall Pattern of Proinflammatory and Regulatory High
Cytokine Producers Triggered by YF-Ag Recall in 17DD
Vaccinees

In order to further characterize the overall cytokine pattern of
YE-17DD-vaccinated children, we have constructed radar charts
to characterize the frequency of high proinflammatory and reg-
ulatory cytokine producers in the PV-PRNT" group (Figure 4,
top chart) to be used as a standard to identify changes in the
overall cytokine pattern in PV-PRNT ™, RV-PRNT", and UV-
PRNT  (Figure 4, middle and bottom charts).

Our data demonstrate that the overall cytokine pattern of the
PV-PRNT" group was characterized by a prominent partici-
pation of the proinflammatory compartment of the innate im-
mune response (especially driven by IL-127 and TNF-o." NEU
and MON along IFN-y" NEU). This profile was counter-
balanced by a uniform microenvironment of regulatory cytokine
(driven by uniform synthesis of IL-4, IL-5, and IL-10 from
CD4" and CD8" T cells) (Figure 4, top chart).

The comparative analysis of the overall cytokine pattern ob-
served in PV-PRNT ~ demonstrated a relevant deficiency in the
synthesis of proinflammatory cytokines at innate immunity
(mainly IL-12" and TNF-o~ NEU and MON) along with
punctual enhancement of regulatory cytokines (especially IL-4
from NK and CD4" T cells along with TL-10 and IL-5 from
CD8™ T cells) (Figure 4. middle left chart).

Interestingly, the RV-PRNT " was able to overturn the im-
paired involvement of proinflammatory cytokines and restore
regulatory profile, leading to an over-frequency of high cytokine
producers (Figure 4, middle right chart).

The cytokine pattern of UV-PRNT ™~ somehow resembles the
profile observed for the PV-PRNT group (Figure 4, bottom
chart).

Association Between the Serum Levels of Anti-YF-Neutralizing
Antibodies After 17DD Primovaccination and the Overall
Signature of High Cytokine Producers Triggered by YF-Ag Recall
Based on the serum levels of anti-YF-neutralizing antibodies, the
17DD primovaccinees were categorized into 3 distinct subgroups,
referred to as PRNT~, PRNTMP'UM™* "and PRNTHHY | Using
this criterion, our data demonstrated that all UV-PRNT™ and
PV-PRNT" were confined to a level below the cut-off mark
(<25 log;p mUI/mL). The PV-PRNT" and RV-PRNT* groups
presented levels of neutralizing antibodies above the cut-oft mark
(=2.5 log,o mUI/mL). The PV-PRNT" group presented distinct
patterns of neutralizing antibodies, including MEDIUM (2.5-3.5
log;p mUI/mL) or HIGH (>3.5 log,, mUI/mL) (Figure 5, top
panel). Our findings demonstrated that PV-PRNTMFPIUM*
presented an overall balanced cytokine signature confined to the
second quartile. It was interesting to notice that the polarization
of humoral immune response toward PRNT~ or PRNTCH?

was associated with dichotomic cytokine signatures. While the
PV-PRNT ™ presented a cytokine profile with a slight increase in
the regulatory pattern on the adaptive immunity (IL-4"CD4"
T cells along with IL-5" and IL-10°CD8" T cells), the PV-
PRNT'"* displayed a cytokine signature associated with an
enhanced proinflammatory profile, mainly in the innate immu-
nity compartment (IL-12* NEU and MON along with IFN-y"
NEU) (Figure 5, middle panel). Additional correlation analyses
validate these findings, demonstrating a positive correlation be-
tween the inflammatory response of innate immunity (IL-12"
NEU and MON along with IEN-y " NEU) and the levels of PRNT
antibodies as well as TNF-o"CD8" T cells. On the other hand,
negative correlation indexes were observed between IL-4"CD4"
and IL-10"CD8" T cells (Figure 5, bottom panels).

Taken together, our results demonstrated in YF-17DD pri-
movaccinees that the overall signature of high cytokine producers
triggered by YF-Ag recall is associated with the levels of anti-
YF-neutralizing antibodies, with a balanced proinflammatory
and regulatory profile of innate and adaptive immunity being the
hallmark of PV-PRNTM'M* \yhereas a polarized regulatory
signature is observed in PV-PRNT  and a prominent proin-
flammatory signature is characteristic of PV-PRNT¢H™,

DISCUSSION

The purpose of our study is to evaluate immune responses in
infants vaccinated at 9 months of age with YF-17DD vaccine
through detailed investigation of the in vitro YF antigens impact
in the intracytoplasmic cytokine pattern of peripheral innate and
adaptive leukocytes, aiming to characterize the cytokines profile
involved with status vaccination.

Little is known about the immune response in children fol-
lowing YF vaccination. Previous reports have postulated that
infants have deficiencies in primary antigen presentation by
dendritic cells, limited T-cell proliferation, impaired B-cell
function, and reduced production of cytokines by helper T cells
of the type 1 subset (TH1), including interleukin 2 (IL-2) and
interferon gamma (IFN-y) [35-41]. In the present investigation,
our data demonstrated that the impact of in vitro YF-vaccinal
antigen stimuli on the cytokine profile of innate and adaptive
immunity in YF-17DD primovaccinated children promoted
distinct immunological profiles characterized by a balanced in-
volvement of proinflammatory/regulatory adaptive immunity
with a prominent participation of the innate immunity proin-
flammatory events in the PV-PRNT™ group mediated by IL-12"
and TNF-o'NEU and MON, along with down-regulation of
IL-47CD4" T cells. Conversely, the absence of seroconversion in
the PV-PRNT " children was accompanied by a regulatory status
with lower index of IL-12* and TNF-a"NEU and MON, along
with up-regulation of IL-5" and IL-10"CD8 " T cells. Moreover,
the analysis of the cytokine signature confirmed that these
subjects presented a striking lack of proinflammatory response
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Overall Pattern of Inflammatory/Regulatory High Cytokine Indexes
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Figure 4. Overall pattern of proinflammatory and regulatory high cytokine producers triggered by YF-Ag recall in 170D vaccines. Radar chart

summarizes the cytokine signatures the proinflammatory (mm) or regulatory (mm) cytokine balance in a range of cell subsets of innate and adaptive
immunity from the PV-PRNT™, PV-PRNT~, RV-PRNT", and UV-PRNT ~ groups. Each axis displays the proportion of each cytokine balance category within

a given leukocyte subset.
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Figure 5. Association between the serum levels of anti-YF-neutralizing antibodies after 170D vaccination and the overall signature of high cytokine
producers triggered by YF-Ag recall. Top panel represents the categorization of study group according to the serum levels of anti-YF-neutralizing
antibodies of 170D after primo/revaccination in PV-PRNT™, PV-PRNTMEPUM = "and py-PRNTHE . Middle panel displays the assaciation between the
overall signature of high cytokine producers and the serum levels of anti-YF-neutralizing antibodies in PV-PRNT~, PV-PRNTMEYM = ang py-pRNTHIEH =
groups; bottom panels demonstrates the positive correlation between IL-127 neutrophils and monocytes, and IFN-v™ neutrophils and the levels of PRNT
antibodies (bottom left panels). Bottom right panels display negative correlation of IL-47CD4™ Tecells, as well as the positive correlation of TNF-o«™ and
negative correlation of IL-107 in CD8™ Tcells and the levels of PRNT antibodies. The data are expressed as scattering of all individual values (UV; PRNT™;
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indexes {rand P values) are provided in the figure.
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in the innate immunity compartment besides an overall in-
creased adaptive regulatory profile. This resultant regulatory
profile observed in PV-PRNT™ children, similar to that ob-
served in unvaccinated children (UV-PRNT ), suggests a puta-
tive vulnerability of these subjects to develop a risky immune
response upon contact with the wild-type YF virus, favoring
viral replication, especially due to the lack of proinflammatory
pathways in the innate immunity.

Interestingly, when the PV-PRNT™ children were revacci-
nated, all volunteers seroconverted and the overall regulatory
cytokine signature were shifted toward a proinflammatory
status, similar to that observed in the seroconverter group
(PV-PRNT"), especially mediated by TNF-o"NEU, MON, and
B cells, along with lower levels of IL-4"CD4" and IL-10 " CD8
T cells. These data demonstrated that along with the serocon-
version event, the 17DD-YF vaccine booster was able to restore
almost all immunological events observed in the ideal reference
cytokine signature characterized by a balanced involvement of
proinflammatory/regulatory immunity. The presence of neu-
tralizing antibodies along with the pro-inflammatory/regulatory
cytokine signature observe in the re-vaccinated children may
represent a relevant biomarker of protective immunity upon the
contact with the YF wild virus. This shift in the immunological
status suggests that revaccination could be helpful to guarantee
the seroconversion besides a protective cellular immune re-
sponse, especially in endemic areas where vaccination is the
primary way to prevent infection and children are constantly
exposed to wild YF virus.

Our data demonstrated that the overall cytokine signature
observed in the PV-PRNT" group was somehow associated with
the levels of PRNT antibodies, with a predominant proin-
flammatory pattern observed in those individuals that displayed
a higher PRNT profile. These finding may suggest that higher
levels of PRNT antibodies may be a good biomarker, and may be
associated with a prominent antiviral immune response.

It is important to note that this study focused mainly on the
interface of the humoral and cellular immune response with
regard to major consequences that distinct patterns of sero-
conversion may have in the overall cytokine signatures—
biomarkers of the cellular immune response. However, our
investigation did not accomplish an important issue regarding
the YF-17DD vaccination in children—the mechanisms un-
derlying the establishment of distinct status of seroconversion
observed in YF vaccinees [11-17]. Several proposals have been
presented to explain this phenomenon, including the vaccine
substrain (17D-204, 17D-213/77, or 17DD), the presence of
residual maternal antibodies, the baseline cytokine signature at
the individual level, and the interference of simultaneous viral
vaccination [18-25]. The Collaborative Group for the Study of
Yellow Fever Vaccines has already reported in an observational
multicenter study [17] that the age at primovaccination is a rel-
evant variable that would contribute to the seroconversion rate.

In that investigation, the 17DD-YF vaccine reached higher sero-
conversion rates among children older than 2 years: 97% among
children >10 years and 94% among children 2-9 years old; data
showed lower seroconversion rates in children <2 years: 88%
for 12-23-month-olds, 72% for 9—11-month-olds, and 82% for 6—
8-month-olds. In the present study, the age was not related to the
lack of seroconversion after YF-17DD, since the mean age in the
PV-PRNT " was even higher in comparison with the PV-PRNT .
Complementary kinetic studies early after YF-vaccination are still
required to elucidate the mechanism responsible for the distinct
profile of seroconversion.
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5 CONSIDERACOES FINAIS

Um perfil reemergente da febre amarela vem sendo observado
principalmente a partir dos anos de 1990, simultaneamente com o0 aumento na
dispersdo do Ae aegypti e epidemias de dengue, o que aumenta o risco de
reurbanizacdo da doenca. A imunizacdo de individuos residentes em areas
endémicas ou ameacadas, bem como de turistas, alvos de infeccdo e vetores
potencias da febre amarela em seu retorno para areas susceptiveis € uma
recomendacdo da Organizacdo Mundial da Saude. Em adicdo, o Programa Nacional
de Imunizagfes, do Ministério da Saude do Brasil, introduziu a vacina no calendario
de vacinacgéo infantil na ultima década. Nos ultimos anos, a reemergéncia da febre
amarela, em regides onde a doenca nao era registrada ha décadas, levou os 6rgaos
de saude publica do Brasil a realizarem extensas campanhas de vacinagdo. Com o
aumento do uso da vacina, o Sistema de Informacdes de Vigilancia de Eventos
Adversos Pos-vacinais (SI-EAPV) registrou um aumento de eventos adversos graves
associados a vacinacao.

Apesar de sua ampla utilizacdo no Brasil e no mundo e do seu grande
sucesso, a compreensao dos mecanismos celulares e moleculares, envolvidos na
geracdo da resposta imune efetiva, bem como os fatores envolvidos no
desencadeamento de eventos adversos graves induzidos pela vacina contra febre
amarela ndo sao claros e precisam ser ainda completamente esclarecidos. Embora
a vacina esteja em uso ha mais de 70 anos, somente mais recentemente tem-se
observado um aumento de os estudos relacionados a resposta imune celular a
vacina antiamarilica. As novas descobertas sobre a interacdo da vacina 17D com o
sistema inume inato ampliou conhecimento sobre o funcionamento da mesma, mas
as consequéncias destas interacdes na extensdo e qualidade da resposta imune
adaptativa ainda estdo sendo investigadas. Apesar da relevancia dos estudos pos-
vacinacdo antiamarilica 17D, poucos dados na literatura abordam o pefrfil
imunoldgico antiamarilico de pacientes que receberam a vacina antiamarilical7DD.

Estudos prévios realizados por nosso grupo, considerando a
imunofenotipagem de leucécitos circulantes de adultos primovacinados,
demonstraram que a imunidade contra a febre amarela, induzida pela vacina
antiamarilica 17DD, é caracterizada por uma resposta imune do tipo mista, com o
estabelecimento simultdneo de eventos de ativacdo e regulagédo, envolvendo tanto
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células da imunidade inata quanto da imunidade adaptativa, ndo havendo
polarizacdo de perfis de resposta imune no periodo pos-vacinal. O estabelecimento
de um padrdo de sintese de citocinas pro-inflamatérias e reguladoras, de caréater
misto, com predominio de eventos pré-inflamatoérios restrito ao sétimo dia apds a
primovacinacdo também foi observado. Esses estudos permitiram a elaboracéo de
uma hipétese que a imunizacdo antiamarilica efetiva e segura requer o
desencadeamento de mecanismos balanceados inflamatorios e reguladores no
ambito da imunidade inata e adaptativa.

Neste contexto, considerando a necessidade de se ampliar a
compreensdo dos fendbmenos imunoldgicos relacionados a vacina contra a febre
amarela, este projeto se propds a avaliar o panorama da resposta imune vacina
apos estimulacdo in vitro com antigenos vacinais, por entender que esta estratégia
de andlise ofereceria evidéncias adicionais sobre 0s eventos imunoldgicos pos-
vacinacado envolvidos na imunidade antiamarilica, proporcionando uma melhor
compreensao da resposta imune celular ao virus e contribuindo para estudos futuros
acerca da protecédo desencadeada por vacinas.

No estudo abordado, no artigo 1, a cinética da resposta de citocinas
intracitoplasmaticas e o impacto do antigeno amarilico 17DD no panorama de
citocinas de leucdcitos circulantes foram ser descritos em adultos primovacinados. A
analise panoramica dos dados da resposta imune vacinal, utiizando uma nova
estratégia proposta por Vitelli-Avelar e colaboradores (2008), a partir do conceito de
baixa e alta producéo de citocinas, permitiu avaliar de forma mais ampla e completa
o perfil dominante de citocinas produzidas por populacdes e subpopulacdes de
leucadcitos circulantes, tanto individualmente quanto no ambito da cinética da sintese
de citocinas. Os dados demonstraram, na auséncia de estimulo antigeno-especifica,
um perfil de citocinas misto no dia 0, pré-inflamatérias no 7° dia devido
principalmente as células do sistema imune inato (neutréfilos e mondcitos), seguido
de perfil misto de citocinas nos dias 15 e 30. Apés estimulacdo antigeno-especifica
in vitro, foi observado um perfil misto/regulador de citocinas nos dias 0 e 7, seguido
de perfil misto nos dias 15 e 30. Sob impacto da vacinacdo 17DD alteracBes foram
observadas no perfil de citocinas apés estimulagao in vitro, principalmente, antes da
soroconversao (dias 0 e 7) e menores alteracdes apds a soroconversao (dias 15 e
30). Os resultados obtidos neste estudo confirmaram os dados previamente obtidos,
sugerindo que um microambiente com perfil misto de citocinas deve ser essencial
para o0 estabelecimento de mecanismos protetores induzidos pela vacina
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antiamarilica 17DD e auséncia de efeitos adversos. Em nosso trabalho 1, a
contribuicdo mais importante foi a identificacdo das células produtoras das citocinas
pré-inflamatérias e reguladoras responsaveis para o estabelecimento deste
microambiente.

A avaliagcdo imunoldgica de um caso de reagdo adversa a vacinagao
antiamarilica abordada no artigo 2 vem contribuir para o conhecimento dos
mecanismos da resposta imune celular, que possam estar relacionados com o
aparecimento de efeitos adversos graves induzidos pela vacina. Os aspectos
imunolégicos de um caso de evento adverso neurotrépico e viscerotropico grave
associado a vacinacdo antiamarilica 17D foram analisados e os dados
demonstraram o estabelecimento de uma resposta imune adaptativa robusta, com
elevada sintese de citocinas por células T CD4", CD8" e linfocitos B, na presenca de
eventos desconexos da imunidade inata, com exacerbada sintese de citocinas por
células NK e deficiéncia na ativagdo de monaocitos.

Dentre os vérios fatores que tém contribuido para o conhecimento
limitado dos aspectos envolvidos no desencadeamento de efeito adverso, esta o
reduzido nimero de casos investigados, seja pela dificuldade de se identificar
precocemente o quadro de reacdo adversa, uma vez que 0S sSinais e sintomas
prodrémicos ndo sédo reconhecidos e ndo sdo sugestivos de um quadro de febre
amarela causada por virus selvagem, no caso da doenca viscerotrépica, ou pelo fato
de que normalmente sdo casos isolados, que ndo podem ser relacionados a um lote
especifico da vacina. Os dados até agora descritos na literatura sugerem que fatores
de predisposicao individual, embora desconhecidos, possam estar relacionados ao
desencadeamento de efeito adverso grave apdés a vacinacdo, pois ndo se
encontraram mutacdes nos virus ou problemas relacionados a qualidade das
vacinas. Anormalidades na resposta imune inata e aumento de citocinas e
guimiocinas ja foram descritas anteriormente em outros casos de rea¢ao adversa. O
resultado descrito neste trabalho 2 vem se somar aos demais e contribuir para
ampliar o conhecimento dos mecanismos envolvidos em eventos adversos graves.

No artigo 3 foi descrita a avaliacdo da assinatura de citocinas em células
da imunidade inata e adaptativa em criancas apds vacinacao antiamarilica 17DD,
bem como a associacdo dos perfis observados aos niveis de anticorpos
neutralizantes apresentados apds a vacinacdo. Para a investigacdo, as criancas
foram classificadas de acordo com 0s niveis de anticorpos neutralizantes em: néo
respondedoras (PV-PRNT), respondedoras (PV-PRNT"), respondedoras a
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revacinacdo (RV-PRNT"). O grupo PV-PRNT" foi subdividido em PV-PRNT"™° e
(PV-PRNT*%) " A anélise dos dados demonstrou que & semelhanca de adultos
primovacinados, os leucécitos circulantes das criangas respondedoras, tanto a
primovacinacdo quanto a revacinagdo, foram capazes de montar, em resposta ao
antigeno amarilico, uma resposta balanceada de citocinas pro-inflamatérias e
reguladoras, com envolvimento da imunidade inata e adaptativa. Por outro lado, os
leucdcitos circulantes das criangas ndo respondedoras a primovacinacao nao foram
capazes de montar uma resposta balanceada de citocinas, apresentando lacunas
importantes de citocinas pré-inflamatérias da imunidade inata e elevacdo de
citocinas reguladoras da imunidade adaptativa. Interessantemente, a revacinagao
das criangcas nao respondedoras foi capaz de modificar a assinatura de citocinas,
restaurando o perfil pro-inflamatorio da resposta imune inata (exceto em células NK),
bem como a resposta mista pré-inflamatoéria e reguladora da imunidade adaptativa.
A assinatura apresentada pelas células das criangcas ndo submetidas a vacinacao
antiamarilica foi semelhante aquela observada em criancas primovacinadas nao
respondedoras. E, foi demonstrado também, que existe associacdo entre os niveis
séricos de anticorpos neutralizantes antiamarilicos 17DD observados em resposta a
primovacinacao e a assinatura de citocinas em leucadcitos circulantes. O estimulo por
antigenos vacinais 17DD in vitro foi capaz de induzir, nas criangcas que
apresentaram titulos médios de anticorpos neutralizantes (PV-PRNTMED'O+), um perfil
balanceado de citocinas pro-inflamatoérias e reguladoras em células da imunidade
inata e adaptativa. Por outro lado, uma assinatura polarizada reguladora foi
observada no grupo de criangcas primovacinadas ndo respondedoras e uma
assinatura proeminente pro-inflamatoria no grupo de criancas que apresentam titulos
altos de anticorpos neutralizantes ap6s a primovacinacéo (PV-PRNTA-T9Y).

Em conjunto os conhecimentos cientificos que estes 3 estudos
proporcionaram sugerem que o desenvolvimento de uma resposta imune ampla e
polifuncional, integrando um grande contingente de células da imunidade inata e
adaptativa, parece ser a chave das bases celulares e moleculares da resposta
antiamarilica eficaz, isenta de reacfes adversas graves em adultos e criancas. E
gue deficiéncias no sistema imune inato, principalmente no eixo
neutrofilico/monocitico/macrofagico  aparecem como  principais  alteracdes
associadas aos eventos adversos graves e episodios de auséncia de soroconversao
em criancas. Os dados até agora obtidos vem contribuir para o conhecimento dos
mecanismos da resposta imune desencadeados pela vacinagdo e abrem novas
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possibilidades de investigacdes futuras focalizadas em estudos comparativos mais
detalhados acerca da natureza molecular da imunidade antiamarilica pds-vacinal e

de outros casos de eventos adversos pos-vacinais.
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6 ANEXO

Producéo cientifica
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