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Summary

Over past decades the 17DD yellow fever vaccine has proved to be effective in
controlling yellow fever and promises to be a vaccine vector for other diseases,
but the cellular and molecular mechanisms by which it elicits such broad-
based immunity are still unclear. In this study we describe a detailed pheno-
typic investigation of major and minor peripheral blood lymphocyte
subpopulations aimed at characterizing the kinetics of the adaptive immune
response following primary 17DD vaccination. Our major finding is a
decreased frequency of circulating CD19+ cells at day 7 followed by emerging
activation/modulation phenotypic features (CD19+interleukin(IL)10R+/
CD19+CD32+) at day 15. Increased frequency of CD4+human leucocyte
antigen D-related(HLA-DR+) at day 7 and CD8+HLA-DR+ at day 30 suggest
distinct kinetics of T cell activation, with CD4+ T cells being activated early
and CD8+ T cells representing a later event following 17DD vaccination.
Up-regulation of modulatory features on CD4+ and CD8+ cells at day 15 seems
to be the key event leading to lower frequency of CD38+ T cells at day 30.
Taken together, our findings demonstrate the co-existence of phenotypic fea-
tures associated with activation events and modulatory pathways. Positive
correlations between CD4+HLA-DR+ cells and CD4+CD25high regulatory T
cells and the association between the type 0 chemokine receptor CCR2 and the
activation status of CD4+ and CD8+ cells further support this hypothesis. We
hypothesize that this controlled microenviroment seems to be the key to
prevent the development of serious adverse events, and even deaths, associ-
ated with the 17DD vaccine reported in the literature.
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Introduction

Yellow fever (YF) is an acute viral disease of public health
importance in Africa and South America, and of interest for
travel agencies in other areas of the world. Recently, however,
concern about the potential emergence of urban YF has
increased, mainly because of the widespread dissemination
of the urban vector, the increasing activity of sylvatic YF in
the endemic region and the susceptible status of non-

endemic urban populations [1]. The fear of YF urbanization
has prompted some to advocate the immediate vaccination
of urban populations [2].

In 1936, workers at the Rockefeller Foundation developed
the 17D live attenuated vaccine by prolonged serial passage
of wild-type YF virus in chicken embryo tissue [3]. This
highly effective vaccine has been in routine use ever since,
and wherever high vaccine coverage rates have been achieved
there has been a dramatic decrease in the prevalence of
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disease in travellers and residents of countries where YF is
endemic [4]. The vaccines currently available are made of the
attenuated substrains of virus developed in the late 1930s
that induce seroconversion in more than 99% of recipients
and provides immunity for 30 years or longer [5]. Therefore,
vaccination against YF constitutes the single most effective
means for the control of YF. The vaccine is recommended for
regular immunization in endemic and epizootic regions
based on the high cost-effectiveness of the vaccine and on the
severity of YF.

Despite the vaccine’s efficacy in controlling YF over
several decades and its promise as a vaccine vector for other
diseases, the cellular and molecular mechanism by which it
elicits such broad-based immunity is still unclear. Most
reports in the literature have focused on the intrinsic
aspects of the humoral immune response with few
studies concerning the evaluation of the cellular immune
compartment.

Studies of cellular immune response following 17D vacci-
nation demonstrated a significant increase in lymphocytes T
CD8+ peaking at day 5 post-vaccination [6], as well as a
significant increase in tumour necrosis factor (TNF)-a
peaking on days 2 and 7 post-vaccination [7].

Co et al. [8] identified specific cytotoxic T cells against
epitopes on non-structural proteins NS1, NS2b, NS3 and
structural protein E of the 17D vaccine virus, which are
induced early at day 14 post-vaccination and maintained for
18 months.

Despite the relevance of these findings regarding the 17D
vaccination, fewer reports have focused attention of the
immunological profile following vaccination with the YF
substrain 17DD.

In this report we describe a detailed phenotypic investiga-
tion of major and minor peripheral blood lymphocyte sub-
populations to characterize the kinetics of the adaptive
immune response following first-time vaccination with
17DD.

Our findings demonstrate the co-existence of phenotypic
features associated with activation events and modulatory
pathways. We hypothesize that this controlled microenviro-
ment seems to be the key to prevent the development of
serious adverse events, sometimes fatal, reported in the lit-
erature as associated with the YF vaccine [9].

Materials and methods

Volunteers

A total of 50 volunteers were screened for the presence of
anti-YF antibodies using the plaque reduction neutralization
test as described by Stefano et al. (1999) [10]. Tests were
performed at the Laboratório de Virologia, Departamento de
Microbiologia, Instituto de Ciências Biológicas, Univer-
sidade Federal de Minas Gerais by Juliana de Souza Prado
under supervision of Dra Erna Geessien Kroon.

Ten healthy individuals, ranging from 21 to 51 years of
age, who displayed negative plaque reduction, were selected
and considered to be non-vaccinated and not infected pre-
viously with the wild-type YF virus.

Each selected volunteer was vaccinated subcutaneously
with a single 0·5 ml dose of 17DD YF vaccine (batch no.
007VFA 010Z; Bio-Manguinhos, Fundação Oswaldo Cruz,
Brazil). The volunteers were advised to report all clinical
symptoms and side affects after vaccination.

Informed written consent was obtained from all
participants. This work complied with resolution number
196/1996 from the National Health Council for research
involving humans and was approved by the Ethical Commit-
tee at Centro de Pesquisas René Rachou, Belo Horizonte,
Minas Gerais, Brazil.

Blood samples

Five ml samples of peripheral blood using ethylenediamine
tetraacetic acid (EDTA) as the anti-coagulant were collected
by trained professional at Laboratório de Doença de Chagas,
Centro de Pesquisas René Rachou at four time-points: before
vaccination (day 0) and 7, 15 and 30 days after vaccination.

Specific monoclonal antibodies used for
immunophenotyping

Mouse anti-human monoclonal antibodies, conjugated with
fluorescein isothiocyanate (FITC), phycoerythrin (PE) and
tri-colour (TC), specific for cell-surface markers were used
simultaneously for two- or three-colour immunocytometric
assays. In this study, we used anti-human FITC-conjugated
monoclonal antibodies including anti-CD3 (UCHT1), anti-
CD4 (RPA-T4), anti-CD5 (L17F12), anti-CD8 (RPA-T8),
anti-CD18 (YF118·3), anti-CD28 (15E8), anti-CD32
(FLI8·26), anti-CD62L (DREG-56), anti-CD69 (H1·2F3),
anti-CCR3 (61828·111), anti-CXCR3 (49801), anti-CXCR4
(1265) and anti-CCR5 (45531), all purchased from Becton
Dickinson (Mountain View, CA, USA). As second-colour
reagents, we used anti-human PE-conjugated monoclonal
antibodies anti-CD3 (UCHT1), anti-CD4 (RPA-T4), anti-
CD23 (M-L233), anti-CD25 (3G10), anti-CD38 (AT13/5),
anti-CD54 (15·2), anti-human leucocyte antigen D-related
(HLA-DR) (TÜ36) and anti-IL-10R (3F9), all purchased
from Becton Dickinson. The third-colour parameters were
evaluated using TC-conjugated monoclonal antibodies,
including anti-CD4 (RPA-T4), anti-CD8 (RPA-T8) and anti-
CD19 (4G7), purchased from Caltag Laboratories (Burlin-
game, CA, USA). The biotin-labelled monoclonal antibodies
anti-CCR2 (48607) and FITC-labelled avidin were pur-
chased from Becton Dickinson.

Flow cytometric analysis of peripheral blood

White blood cell phenotypes were analysed by a modifica-
tion of the immunofluorescence procedure recommended
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by Becton Dickinson: 100 ml samples of peripheral blood
collected in EDTA-vacutainer tubes (Becton Dickinson)
were mixed in 12 ¥ 75 mm tubes with 5 ml of undiluted
monoclonal antibodies specific for several cell-surface
markers; the tubes were incubated in the dark for 30 min at
room temperature. Following incubation, erythrocytes were
lysed using 2 ml of fluorescence-activated cell sorter (FACS)
lysing solution (Becton Dickinson Biosciences Pharmingen,
San Diego, CA, USA) then washed twice with 2 ml of
phosphate-buffered saline containing 0·01% sodium azide.
Cell preparations were fixed in 200 ml of FACS fix solution
(10 g/l paraformaldehyde, 1% sodium cacodylate, 6·65 g/l
sodium chloride and 0·01% sodium azide). Cytofluorimetric
data acquisition was performed with a Becton Dickinson
FACScalibur instrument using the provided cellquest™
software for data acquisition and analysis.

Statistical analysis

Statistical analysis was performed by paired t-test for mul-
tiple comparisons between days 0, 7, 15 and 30, using the
GraphPad Prism 3·1 software package (USA). Significant dif-
ferences are identified in the figures by the letters ‘a’, ‘b’, ‘c’ and
‘d’ in comparison with days 0, 7, 15 and 30, respectively.
Pearson’s correlation was also computed to investigate asso-
ciations between phenotypic features. In all cases, the differ-
ences were considered significant when the probabilities of
equality, P-values, were � 0·05.

Results

Decreased frequency of circulating CD19+ cells at day 7
followed by emerging activation/modulation
phenotypic features at day 15 are the hallmarks of the
B cell compartment in first-time 17DD YF vaccinees

Analysis of peripheral blood lymphocyte subsets was per-
formed by three-colour flow cytometric assay using FITC,

PE or TC-labelled antibodies including anti-CD3, anti-
CD4, anti-CD8, anti-CD19 and anti-CD5. Selective analysis
of lymphocytes was carried out by first placing an elec-
tronic gate on the forward-scatter (FSC) versus side-scatter
(SSC) dot plot to select small blood lymphocytes based on
their morphometric features. The gated lymphocyte popu-
lation was characterized further based on its relative fluo-
rescent properties in order to quantify the percentage of
fluorescent positive subpopulations as summarized in
Table 1. No significant differences were observed in the
percentages of CD3+ T cells, CD4+ and CD8+ T cell
subsets and the CD4+/CD8+ cell ratio on days 0, 7, 15 and
30.

In contrast, the percentage of circulating CD19+ lympho-
cytes was significantly reduced at day 7 in comparison with
days 0, 15 and 30 (P < 0·05), leading to higher T/B cell ratio
at day 7 in comparison with all other evaluated time-points
(P < 0·05). No significant differences were observed within B
cell subpopulations, including conventional (CD19+CD5–)
and B1 (CD19+CD5+) cells throughout the evaluation period
(Table 1).

Analysis of B cell activation/modulation phenotypic fea-
tures was further focused using multi-colour labelling pro-
cedures using anti-CD19 monoclonal antibody in parallel
with anti-CD69, anti-CD23, anti-interleukin (IL)-10R or
anti-CD32. Data analysis was performed using two distinct
gating strategies, using bidimensional fluorescence dot plot
distribution to quantify the percentages of CD19+CD69+ and
CD19+CD23+ within CD19+ lymphocytes and single-colour
histograms to evaluate the density of IL-10R and CD32
expression by selected CD19+ cells within gated lymphocytes
(Fig. 1).

Analysis of B cell activation status revealed a significant
increase in the percentage of CD19+CD69+ cells, as well as
the mean fluorescence intensity of IL-10R expression by
CD19+ cells at day 15 in comparison with day 0 (P < 0·05)
(Fig. 1, left panels). Correlation analysis between the fre-
quency of CD19+CD69+ and the expression of IL-10R by

Table 1. Phenotypic analysis of peripheral blood lymphocytes following first-time 17DD yellow fever vaccination.*

Cell phenotypes

Days after 17DD vaccination

0 7 15 30

T cells

CD3+ 64·7 � 6·6 66·8 � 7·2 67·4 � 7·2 66·3 � 8·3

CD4+ 39·3 � 6·2 39·6 � 5·5 39·2 � 6·2 38·1 � 7·3

CD8+ 26·5 � 6·0 27·9 � 5·9 28·3 � 5·9 27·8 � 4·5

B cells

CD19+ 13·4 � 4·8 10·5 � 3·2a.c.d 13·0 � 4·7 12·9 � 5·4

CD19+CD5+/CD19+ 22·0 � 8·6 22·4 � 6·5 23·7 � 5·5 22·1 � 8·0

CD19+CD5–/CD19+ 75·6 � 8·2 77·1 � 6·6 75·9 � 5·7 75·8 � 7·3

Ratios

CD3+/CD19+ 5·3 � 1·7 6·9 � 2·2a.c.d 5·7 � 1·8 5·7 � 1·7

CD4+/CD8+ 1·6 � 0·5 1·5 � 0·4 1·5 � 0·4 1·4 � 0·4

*Data are expressed as mean percentage � standard deviation (s.d.), except for the ratios. a.c.dSignificant differences in comparison with days 0, 15

and 30 after vaccination, respectively.
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CD19+ cells at day 15 further confirm a strong relationship
between these activation features (Pearson’s r = 0·9179,
P = 0·0013).

However, analysis of additional B cell phenotypic features
also suggested the establishment of modulation phenomena
at day 15 as demonstrated by the significant increase in the
mean fluorescence intensity of CD32 expression by CD19+

cells in comparison to day 0 (P < 0·05), as well as a significant
reduction in the percentage of CD19+CD23+ cells in compari-
son with day 7 (P < 0·05). A similar drop in the percentage of
CD19+CD23+ cells was observed at day 30 in comparison with
days 0 and 7 (P < 0·05) (Fig. 1, right panels).

Profile of adhesion molecules expression suggests that
the early events of CD8+ T cell activation take place at
day 7 after first-time 17DD YF vaccination

Analysis of the adhesion molecules expression by peripheral
blood T cell subsets was performed by multi-colour flow

cytometric assay using monoclonal antibodies specific to
CD4+ and CD8+ in parallel with anti-CD62L, anti-CD54 or
anti-CD18. A selective window was established on the FSC
versus SSC dot plot to select the small lymphocyte popula-
tion followed by two distinct analysis strategies. Analysis of
the percentages of fluorescent CD62L+ and CD54+ cells
within CD4+ and CD8+ cells was performed using two-
colour dot plot distribution. Analysis of CD18 expression by
either CD4+ or CD8+ cells was quantified as the mean fluo-
rescence intensity over single-colour histogram representa-
tion within the selected T cell subset. No significant
differences were found when addressing the adhesion mol-
ecules expression on CD4+ cells evaluated at days 0, 7, 15 and
30 (Fig. 2, left panels).

Although no changes were observed in the frequency of
CD8+CD54+ cells as well as in the expression of CD18 by
CD8+ cells, the percentage of CD8+CD62L+ cells was signifi-
cantly decreased at day 7 in comparison with day 0 (P < 0·05)
(Fig. 2, right top graph).
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Fig. 1. B cell activation/modulation status in peripheral blood of healthy volunteers following first-time 17DD yellow fever (YF) vaccination. Data

analysis was performed at days 0 (�), 7 ( ), 15 ( ) and 30 (�) after vaccination. Phenotypic studies were performed using a multi-colour labelling

protocol using combinations of anti-CD19 tri-colour (TC), anti-CD23 phycoerythrin (PE), anti-interleukin (IL)-10R PE, anti-CD69 fluorescein

isothiocyanate (FITC) or anti-CD32 FITC. The results are expressed in box plot format for CD19+CD69+ (left top panel) and CD19+CD23+ cells

(right top panel) and the mean fluorescence intensity (MFI) of IL-10R (left bottom panel) and CD32+ (right bottom panel) expression by CD19+

gated lymphocytes. The box stretches from the lower hinge (defined as the 25th percentile) to the upper hinge (the 75th percentile) and therefore

contains the middle half of the score in the distribution. The median is shown as a line across the box. Therefore 25% of the distribution is between

this line and the bottom or the top of the box. Significant differences are identified by letters ‘a’ and ‘b’ in comparison to days 0 and 7 after vaccina-

tion, respectively. Representative dot plots with quadrant statistics illustrating the increased frequency of CD19+CD23+ cells within gated lympho-

cytes at day 7 are also provided.
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Increased frequency of CD4+HLA-DR+ and CD8+CD69+

cells at day 7 and CD8+HLA-DR+ at day 30 suggests
distinct kinetics of cellular activation following
first-time 17DD YF vaccination

Analysis of peripheral blood T cell subset activation status
was performed using monoclonal antibodies specific to early
(CD69), late (HLA-DR) and transmembrane activation-
related ecto-enzyme (CD38) as well as the co-stimulatory
molecule CD28 (Fig. 3). Data analysis was performed by
comparing the frequency of fluorescent-positive cells within
the selected T cell subset at the different periods evaluated.
Our data demonstrated a cell activation profile suggestive of
distinct kinetics of cellular activation within CD4+ and CD8+

T cells, with increased percentages of CD8+ expressing early
activation marker (CD69+) and CD4+ bearing late activation
marker (HLA-DR+) cells at day 7 in comparison with day 0
(P < 0·05), as well a significant reduction in the percentage of
CD8+CD28+ cells at day 7 in comparison with day 30
(P < 0·05) (Fig. 3). Moreover, an increased percentage of
CD8+ expressing late activation marker (HLA-DR+) was
observed at day 30 in comparison with day 0 (P < 0·05)
(Fig. 3).

The up-regulation of modulatory phenotypic features on
CD4+ and CD8+ cells at day 15 may be the key event leading

to lower frequency of CD38+ T cells at day 30 following
first-time 17DD YF vaccination.

Single-colour histogram analysis was used to quantify the
mean fluorescence intensity of IL-10R expression by either
CD4+ or CD8+ cells. Data analysis demonstrated a significant
increase in the mean fluorescence intensity of IL-10R expres-
sion by CD4+ and CD8+ cells at day 15 in comparison with
day 0 (P < 0·05). Consistent with this profile of immune
modulation observed at day 15, our findings showed a sig-
nificant decrease in the percentage of CD4+CD38+ cells as
well as CD8+CD38+ cells at day 30 in comparison with days 0
and 7 (P < 0·05) (Fig. 3, bottom panels).

Positive correlation between CD4+HLA-DR+ cells and
CD4+CD25high regulatory T cells at day 7 further support that
activation/modulation events may take place simultaneously
after first-time 17DD YF vaccination.

Quantification of CD4+CD25high regulatory T cells was
carried out by first gating on lymphocytes based on their
morphometric features on forward- versus side-scatter dot
plots, followed by the selection of CD4+ cells presenting high
expression of CD25 [11]. Our data demonstrate a significant
reduction in the percentage of CD4+CD25high cells at day 7 in
comparison with day 0 (P < 0·05) (Fig. 4, top graph). We also
found a positive correlation between the percentages of
CD4+CD25high cells and CD4+HLA-DR+ cells at 7 day after

Fig. 2. Expression of adhesion molecules by T

cell subsets in peripheral blood of healthy

volunteers following first-time 17DD yellow

fever (YF) vaccination. Data analysis was

performed at days 0 (�), 7 ( ), 15 ( ) and 30

(�) after vaccination. Phenotypic studies were

performed using a triple-labelling protocol with

anti-CD4 fluorescein isothiocyanate (FITC) or

phycoerythrin (PE), anti-CD8 tri-colour (TC),

anti-CD62L FITC, anti-CD54 PE or anti-CD18

FITC. The results are expressed in box plot

format for CD62L+, CD54+ cells and the mean

fluorescence intensity (MFI) of CD18 expres-

sion by CD4+ (left panels) and CD8+ (right

panels). The box stretches from the lower hinge

(defined as the 25th percentile) to the upper

hinge (the 75th percentile) and therefore con-

tains the middle half of the score in the

distribution. The median is shown as a line

across the box. Therefore 25% of the distribu-

tion is between this line and the bottom or the

top of the box. Significant differences are iden-

tified by letter ‘a’ in comparison to day 0 after

vaccination.
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vaccination (P < 0·05) (Fig. 4, left middle graph). Addition-
ally, we observed a positive correlation between
CD4+CD25high cells and CD4+HLA-DR+ throughout the eval-
uated post-vaccination period (Fig. 4, right middle graph).

In spite of the up-regulation of type 1 chemokine receptor
(CXCR3) at day 15 the expression of type 0 chemokine
receptor (CCR2) shows a better correlation with the activa-
tion status of CD4+ and CD8+ cells observed at day 30 fol-
lowing first-time 17DD YF vaccination.

Recent studies have demonstrated that the standard of
expression of chemokine receptors can be used as an indica-
tor of the establishment of a type 1 or type 2 immune
response. Thus, we have performed the chemokine receptor

analysis in peripheral blood T cell subsets using two-colour
flow cytometric platform with antibodies specific to CD4 or
CD8 in parallel with type 0 (CCR2, CXCR4), type 1 (CXCR3
and CCR5) and type 2 (CCR3). Selective investigation of
lymphocytes was performed by first placing an electronic
gate small blood lymphocytes followed by selective analysis
of the mean fluorescence intensity of chemokine receptor
expression by either CD4+ or CD8+ cells, using single-colour
histogram distributions. Our results showed a significant
increase in the mean fluorescence intensity of type 1 CXCR3
expression by CD4+ and CD8+ cells at day 15 in comparison
to day 7 (P < 0·05). An additional increase in the mean fluo-
rescence intensity of CXCR3 expression by CD4+ was also

Fig. 3. Activation status of T cell subsets in

peripheral blood of healthy volunteers

following 17DD yellow fever (YF) first-time

vaccination. Data analysis was performed at

days 0 (�), 7 ( ), 15 ( ) and 30 (�) after

vaccination. Phenotypic studies were performed

using a double-labelling protocol using anti-

CD4 tri-colour (TC), anti-CD8 TC or anti-

CD69 fluorescein isothiocyanate (FITC), anti-

human leucocyte antigen D-related (HLA-DR)

phycoerythrin (PE), anti-CD28 FITC or anti-

CD38 PE. The results are expressed in box plot

format for CD69+, HLA-DR+, CD28+ and

CD38+ and as mean fluorescence intensity

(MFI) of IL-10R expression by CD4+ (left

panels) and CD8+ (right panels). The box

stretches from the lower hinge (defined as the

25th percentile) to the upper hinge (the 75th

percentile), and therefore contains the middle

half of the score in the distribution. The

median is shown as a line across the box.

Therefore 25% of the distribution is between

this line and the bottom or the top of the box.
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reported at day 30 in comparison with day 7 (P < 0·05)
(Table 2).

A typical type 0 immunological profile was observed at
day 30 in comparison with day 0 characterized by increased
mean fluorescence intensity of CCR2 expression by both
CD4+ and CD8+ cells (P < 0·05) (Table 2). Interestingly, addi-
tional analysis further reinforced the positive correlation
between CCR2 expression and the frequency of CD4+ HLA-
DR+ and CD8+HLA-DR+ cells throughout the evaluated
post-vaccination period (P < 0·05) (Fig. 5).

Discussion

The increased use of 17DD YF vaccine as well as the changes
in the Brazilian policy regarding mass immunization to
prevent urbanization of YF have stimulated further investi-
gations to improve our knowledge regarding the immuno-
logical events underlying this highly successful prophylactic
tool [12]. Moreover, recent data reporting the occurrence of
sporadic cases of adverse viscerotropic disease following YF
vaccination [13] inspired our efforts to elucidate the cellular

Fig. 4. Frequency of CD4+CD25high regulatory

T cells in peripheral blood of healthy volunteers

following first-time 17DD yellow fever (YF)

vaccination. Data analysis was performed at

days 0 (�), 7 ( ), 15 ( ) and 30 (�) after

vaccination. A double-labelling panel involving

anti-CD4 fluorescein isothiocyanate (FITC) and

anti-CD25 phycoerythrin (PE) was used to

identify regulatory cells. The results are

expressed as scattering of individual values and

mean percentage of CD4+CD25high regulatory T

cells within gated lymphocytes (top panel). Sig-

nificant differences are identified by letter ‘a’, in

comparison to day 0 after vaccination. Confir-

matory correlation analysis validated the posi-

tive correlation between CD4+ human leucocyte

antigen D-related (HLA-DR+) and

CD4+CD25high cells at day 7 after vaccination

(left middle panel) as well as throughout the

evaluated post-vaccination process (right

middle panel). Correlation indexes (r and

P-values) are shown in the figures. Representa-

tive dot plots with quadrant statistics illustrat-

ing the lower frequency of CD4+CD25high

regulatory cells within gated lymphocytes at day

7 are also provided.
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Table 2. Chemokine receptor expression by peripheral blood T cell subsets following first-time 17DD yellow fever vaccination.*

Cell phenotypes

Days after 17DD vaccination

0 7 15 30

CD4+

CCR2+ 2·4 � 0·3 2·6 � 0·4 2·8 � 0·6 3·2 � 0·7a

CXCR4+ 4·0 � 1·1 4·2 � 0·5 4·5 � 1·0 4·7 � 1·5

CXCR3+ 22·3 � 5·5 21·8 � 2·6 26·7 � 4·7b 26·7 � 4·1b

CCR3+ 2·6 � 0·8 2·9 � 0·8 2·9 � 0·8 2·7 � 0·4

CCR5+ 2·9 � 0·8 3·0 � 0·6 3·3 � 1·7 3·2 � 0·7

CD8+

CCR2+ 3·8 � 0·7 4·0 � 1·0 4·7 � 1·7 5·1 � 1·9a

CXCR4+ 9·9 � 5·3 8·5 � 2·8 8·0 � 2·0 8·1 � 3·3

CXCR3+ 27·4 � 4·9 27·3 � 6·9 32·7 � 6·5b 30·4 � 8·6

CCR3+ 4·1 � 1·1 4·4 � 1·1 3·9 � 0·7 4·0 � 0·4

CCR5+ 5·9 � 2·1 6·1 � 2·2 5·4 � 1·7 6·2 � 1·5

*Data are expressed as mean fluorescence intensity of chemokine receptor expression within a given T cell subset � standard deviation (s.d.).
a,bSignificant differences in comparison with days 0 and 7 after vaccination, respectively.
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and molecular basis of 17DD YF vaccination in order to
understand such adverse reactions. Herein, we have devel-
oped a detailed phenotypic investigation of the immuno-
logical events triggered by first-time 17DD YF vaccination.
Our studies, focusing on major and minor peripheral blood
lymphocyte subpopulations, allowed us to identify both acti-
vation and modulation events within adaptive immunity
cells which emerge simultaneously after 17DD YF first-time
vaccination.

Although there is a large literature on the humoral
immune response featuring neutralizing antibodies titres,
few studies have paid attention to the status of the B cell
compartment of peripheral blood following 17DD YF
vaccination. Our data demonstrate a significant decrease in
the frequency of circulating CD19+ cells at day 7 (Table 1)
with major phenotypic changes on B lymphocytes taking
place at day 15 after vaccination. These findings are consis-
tent with the seroconversion period already described for
17DD YF vaccine by Theiler and Smith [3]. We hypothesize
that the lower proportion of circulating B lymphocytes may
reflect the compartmentalization of B cell activation,
restricted to hyperplasic germinal centres at lymphoid fol-
licles that preceded plasma cell differentiation and antibody
production. Upon activation, B lymphocytes are known to
undergo a massive change on their surface molecules, which
participate as activation markers and co-stimulatory mol-
ecules as well as modulatory key elements. Our data demon-
strated the most pronounced changes on the B cell
compartment at day 15 with phenotypic features related to

activation/modulation emerging simultaneously, with
up-regulation of IL-10R and increased frequency of CD69+

occurring in parallel with up-regulated levels of CD32 and
decreased levels of CD23+ B lymphocytes (Fig. 1). The IL-10/
IL-10R complex is a potent pathway for proliferation and
maturation of B cells [14], as well a switch factor for IgG1
and IgG3 [15] and also enhances the survival of mature B
lymphocytes according to the activation state of these cells
[16]. Our results revealed a significant up-regulation of
IL-10R expression by CD19+ cells at day 15 in parallel with
the higher frequency of activated CD69+ B lymphocytes con-
sistent the increased level of immunoglobulin observed
1–2 weeks following 17DD YF vaccination [3].

On the other hand, we also observed at day 15 the simul-
taneous presence of phenotypic features suggestive of
modulation events, including lowering frequency of CD23+

B cells (Fig. 1). It has been demonstrated that CD23 expres-
sion on B cells tends to down-regulate following stimulation
with IgG1 immunoglobulins and may also be related to
antibody-induced B cell modulation [17]. Moreover, CD32,
the major Fc-gR expressed by mature B cells, associated with
negative B cell receptor (BCR) signalling [18,19] was found
to be up-regulated on B lymphocytes at day 15. Therefore, it
is most probable that the increased level of immunoglobulin
observed 1–2 weeks following 17DD YF vaccination [3] may
interact with CD32 in order to modulate BCR signalling,
reflected by the lower frequency of CD23+ B cells at day 30.

We also found distinct kinetics of CD4+ and CD8+ T cell
activation following 17DD vaccination. Increased frequency

Fig. 5. Analysis of CCR2 chemokine receptor

expression and the frequency of human

leucocyte antigen D-related (HLA-DR+) cells

within CD4+ (top panels) and CD8+

lymphocytes (bottom panels) in peripheral

blood of healthy volunteers following first-time

17DD yellow fever (YF) vaccination. Data are

expressed as scattering of individual values

corresponding to the mean fluorescence

intensity of CCR2 expression and the frequency

of HLA-DR+ cells within CD4+ and CD8+ cells,

respectively. Dotted rectangles and lines

highlight at individual level the significant

association (c2P-values < 0·05) between the

expression of CCR2 and the frequency of

HLA-DR+ cells within the CD4+ (�, �) and

CD8+ T cells (�, �). Confirmatory correlation

analysis validates the association between the

expression of CCR2 by CD4+ and CD8+ T cells

with the frequency of activated cells within a

given T cell subset. Correlation indexes (r and

P-values) are provided in the figure.
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of CD4+ expressing the late activation marker (HLA-DR+) at
day 7 suggest that CD4+ T cells are triggered during earlier
events following 17DD YF vaccination. On the other hand,
increased percentages of CD8+CD69+ cells and a lower fre-
quency of CD8+CD62L+ cells at day 7, besides increased
levels of CD8+HLA-DR+ at day 30, suggest that activation of
CD8+ cells takes place later after vaccination (Fig. 3).

We noted that CD4+ T cell activation is closely related to
the establishment of modulator events mediated by regula-
tory T cells (Fig. 4). Whereas the entire population of
CD4+CD25+ T cells exhibits the regulatory function in the
mouse, in humans only the CD4+CD25high population, the
natural regulatory T cells [20,21], exhibits strong regulatory
function [20,22]. These cells mediate their suppressive
effects in vitro in a cell contact-dependent manner control-
ling disease processes, whereas adaptive regulatory T cells
suppress immune responses by producing anti-
inflammatory cytokines such as IL-10 and transforming
growth factor (TGF)-a [23]. Despite the lower frequency of
CD4+CD25high cells observed at day 7, suggesting the absence
of regulatory mechanism, at this time our data demonstrated
an association between the levels of regulatory T cell and the
increased levels of activated CD4+HLA-DR+ cells (Fig. 4).
Additional analysis further confirmed the positive correla-
tion between CD4+CD25high cells and CD4+HLA-DR+ cells
throughout the post-vaccination period indicating that in a
given volunteer with higher levels of activated CD4+ T cells
there is also a higher frequency of regulatory CD4+CD25high

cells following vaccination (Fig. 4). We hypothesize that
lower frequency of circulation regulatory T cells may reflect
their migration to secondary lymphoid tissues. Recent
reports also suggested that the production of interferon
(IFN)-g and perforin as well as NK and CD8+ T cell cytotox-
icity are decreased by regulatory T cells [24].

We also observed other changes in the CD4+ T cell
compartment, apart from changes related to cell activation
and regulatory events mediated by regulatory T cells
(CD4+CD25high), which related to immunomodulation dem-
onstrated by increased expression of IL-10R at day 15
(Fig. 3). IL-10 strongly inhibited cytokine production and
proliferation of CD4+ T cells and T cell clones via its down-
regulatory effect on APC function [25,26]. IL-10 also directly
affects the function of T cells and inhibits IL-2, TNF-a and
IL-5 production, depending on activation conditions
[27–29], as well as expression of CXCR4 and chemotaxis in
response to the CXCR4 ligand SDF1 [30].

Our data have indicated a distinct kinetics for the expres-
sion of activation-related phenotypic features within the
CD8+ T cell compartment. We have also described the exist-
ence of simultaneous activation/modulation phenotypic fea-
tures within these cells. Our findings reveal that significant
activation of CD8+ T cells happen after 17DD YF vaccination
with an increased percentage of CD8+CD69+ cells and
decreased frequency of CD8+CD62L+ cells at day 7 (Fig. 2),
with a later increment of CD8+HLA-DR+ cells at day 30

(Fig. 3). However, phenotypic features of CD8+ cells at day
15 revealed enhanced levels of IL-10R expression, showing
the putative establishment of additional activation/
modulation events with regard to the cytotoxic compart-
ment (Fig. 3). Despite the well-established function of IL-10
down-regulation of CD4+ T cells and monocytes, IL-10 may
have inhibitory/stimulatory effects on human CD8+ T cells,
inducing their recruitment, modulating or activating their
cytotoxic activity and proliferation, depending on the
additional cytokine microenvironment [31–34]. Additional
investigations focusing on the cytokine milieu triggered by
17DD YF vaccination into the innate and adaptive immunity
cells are currently under evaluation in our laboratory, and
certainly will contribute to further characterize these immu-
nological events.

Consistent with the establishment of modulatory
mechanisms, starting at day 7 post-vaccination (with
CD4+CD25high), reinforced by IL-10R up-regulation at day
15, our results showed a reduction in frequency of activated
CD38+ T cells at day 30 (Fig. 3). The reduction in CD38+ T
cells suggests the clearing of vaccine virus, studies with HIV-
positive individuals having shown a positive correlation
between viraemia and CD8+CD38+ cells [35]. Moreover, the
observation of high levels of CD8+HLA-DR+ and lower levels
of CD8+CD38+ re-emphasize the synchronized establish-
ment of activation/modulation events following 17DD YF
vaccination.

Moreover, in agreement with the existence of simulta-
neous activation/modulation mechanisms of the 17DD YF
vaccine immune response, our results show that despite the
up-regulation of type 1 CXCR3 [36–38] expression by CD4+

and CD8+ cells at day 15, a significant enhancement in the
expression of a type 0 CCR2 by CD4+ and CD8+ cells was
observed at day 30 (Table 2). The chemokine receptor CCR2
ligand for MCP-1 and CCL2 is expressed predominantly on
monocytes/macrophages and on a subset of memory T cells
[39,40]. It is well accepted that distinct groups of chemokine
receptors play a pivotal role during inflammatory/anti-
inflammatory events. As chemokine receptors can be
expressed differentially on T cells, depending on their
expression pattern a polarization or mixed profile of
immune response can take place [41]. Upon activation, T
cells acquire new chemokine receptor patterns, particularly,
type 1, type 2 or type 0 (generated under the influence of
IL-12, IL-4 or mixed cytokine profile, respectively) [42].
Interestingly, our data further reinforce the existence of a
positive correlation between CCR2 expression and the fre-
quency of CD4+HLA-DR+ and CD8+HLA-DR+ cells through-
out the post-vaccination response (Fig. 5).

Taken together, the phenotypical changes observed on
days 7, 15 and 30 after 17DD YF vaccination demonstrated a
very rapid simultaneous establishment of activation/
modulation mechanisms generated at the levels of cellular
and humoral immunity. Considering that none of the vol-
unteers included in this investigation displayed post-vaccine
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adverse events, the establishment of this mixed immunologi-
cal profile may be important for the development of an
efficient immune response free of adverse events. In this
context the activation phenotypic features, including
up-regulation of CD69 and HLA-DR on circulating lympho-
cytes associated with modulatory events mediated by
up-regulation of FcgRII receptor on B cells, enhanced levels
of regulatory T cells, and increased density of IL-10R and
CCR2 expression by T cells seem to be the most reliable
hallmarks of this complex immune response following
17DD YF vaccination free of adverse events.
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