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Early drop of circulating T cells negatively correlates with the protective immune
response to Yellow Fever vaccination
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ABSTRACT
Lymphocyte recirculation within the human body is essential for efficient pathogen detection and
immune responses. So far, immune cell migration has been investigated largely using ovine and murine
models, with little evidence in humans. Here, we analyzed peripheral blood of healthy individuals
following primary vaccination with the Yellow Fever vaccine YF-17D. We found that the number of
leukocytes was transiently and sharply reduced in blood as detected on day 7 after vaccine adminis-
tration. The T cell drop was restricted to cells expressing the lymph node-homing chemokine receptor
CCR7. Interestingly, the vaccine-induced drop positively correlated with the expression of CD69 by the
T cells before vaccination. This suggests that CCR7+ T cells are being trapped within the lymph nodes
through CD69-induced suppression of egress. Strikingly, we further found that the T cell drop negatively
correlated with CD8 T cell activation and with production of neutralizing antibodies. In conclusion, early
and transient T cell depletion in blood negatively correlated with protective immune response events
induced by YF-17D vaccination. Our data highlight baseline CD69 expression and early drop in T cells as
potential biomarkers of the Yellow Fever vaccine response.
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1. Introduction

Lymphocytes are mobile cells, continually recirculating
between blood and secondary lymphoid tissues such as
lymph nodes (LNs) and spleen.1 Initially, rats and sheep
have been used as experimental systems to study the pattern
of lymphocyte recirculation, then mouse models have further
revealed tissue-specific expression of migratory molecules and
tissue-resident T cell subsets.2–4 Lymphocytes thus migrate to
and reside in different regions of the body depending on their
type, their origin and their activation status.4–7 In the event of
pathogen invasion, circulating lymphocytes are called to
inflamed sites and migrate to LNs for efficient priming.
After activation, exit of lymphocytes from LNs is regulated
by the egress mediator Sphingosine 1-Phosphate Receptor 1
(S1PR1) on lymphocytes.8 When S1PR1 is internalized, lym-
phocytes are transiently sequestered in LNs, a process termed
“LN trapping.” LN trapping is thought to contribute to
increase the time available for T cells to efficiently encounter
antigen-presenting cells in the LNs, and several signals induce
S1PR1 internalization in T cells.8–10

The molecular interactions between receptors and associated
ligands allowing selective entry and exit of lymphocytes into
tissues have been widely characterized.11,12 Experimental evidence
largely derives from non-human animal models, given technical
and ethical reasons that limit the analysis of tissues to study
lymphocyte migration in humans. Furthermore, studies generally
focused on the analysis of localization in LNs and tissues, and do
not include the analysis of what occurs in blood. Consequently,

there is limited evidence on events occurring in peripheral blood
versus other tissues during immune responses.

In this work, we studied various lymphocyte populations in
peripheral blood of healthy individuals following YF-17D
vaccination using flow cytometry. We showed that early and
transient reduction of circulating T cells following YF-17D
injection is negatively associated with protective immune
response parameters.

2. Materials and methods

2.1. Study design, population, and ethics statement

Blood samples were obtained in the framework of a clinical
longitudinal study (protocol 324/13) approved by the Human
Research Ethics Committee of the Canton of Vaud with
healthy volunteers participating under written informed con-
sent. The study subjects (n = 10) were HLA-A*0201 healthy
volunteers aged 21 to 50 years, who for traveling purposes
were about to receive the YF-17D vaccine (Stamaril, Sanofi
Pasteur) at the Center de Vaccination et Médecine des
Voyages (Policlinique Médicale Universitaire, Lausanne).
Exclusion criteria were: immunosuppressive treatment, HIV-
, hepatitis B- or C-infection, pregnancy or breastfeeding,
hemoglobin level under 125 g/L. PBMCs, complete blood
counts, and plasma were obtained before vaccination (21 to
46 days before YF-17D injection to comply with allowance of
blood withdrawal volumes and intervals) and at various time
points following vaccination: days 3, 7, 14, 28 ± 2 days,
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months 3 ± 2 weeks and 6 ± 2 weeks. The summary of
metadata is provided in Table S1.

2.2. Peripheral blood collection and processing

Peripheral blood was immediately processed to read complete
blood cell counts and for cryopreservation of plasma and cells
awaiting experimental use. Plasma samples were obtained
from the supernatant of EDTA-coated blood after centrifuga-
tion at 1ʹ000 g for 15 min at room temperature (RT) followed
by a second centrifugation at 8ʹ000 g for 10 min at 4°C. For
cryopreservation of cells, whole blood was heparinated and
processed to fractionate Peripheral blood mononuclear cells
(PBMCs) by dilution 1:1 in phosphate buffered saline (PBS),
overlay on Lymphoprep for density gradient fractionation (30
min at 400 g without break) and cryopreservation in complete
RPMI 1640 supplemented with 40% fetal calf serum (FCS)
and 10% dimethyl sulfoxide.

2.3. Flow cytometry analysis

All stainings were performed using PBS with 5 mM EDTA, 0.2%
bovine serum albumin, and 20 mM sodium azide [fluorescence-
activated cell sorting (FACS) buffer]. For antigen-specific CD8 T
cell analysis, PBMC were enriched for CD8 T cells by negative
selection (EasySepTMHuman CD8 + T cell enrichment kit, Stem
Cell, cat. no. 19053) and stainedwith a PE-labeledmultimerHLA-
A*0201/LLWNGPMAV (NS4b214-222) (TCmetrix Sàrl) for 30min
at 4°C. For the B lymphocytes, cells were incubated with 20% FcR
blocking reagent (Miltenyi Biotec). The following surface antibo-
dies were analyzed in this study: CD3 Krome Orange (Beckman
Coulter, clone B00068), CD4 BV785 (Biolegend, clone OK-T4),
CD8 APC-AF750 (Beckman Coulter, clone B9.11), CD69 BV650
(Biolegend, clone FN50), CD38 A700 (eBioscience, clone HIT2),
CD45RA ECD (Beckman Coulter), CCR7 BV421 (Biolegend,
clone G043H7), CD95 PE-Cy7 (Biolegend, clone DX2, CD58 PE
(BD Biosciences), CD19 FITC (Beckman Coulter). Surface anti-
body stainingwas followed by stainingwith LIVE/DEAD-Fixable-
Aqua (Invitrogen), each step at 4°C for 30 min. Cells were fixed
overnight in 1X Fix/Perm solution from the Foxp3 staining kit
(eBioscience). Samples were acquired using an LSRII-SORP flow
cytometer (BD Bioscience). Cytometer Set-up and Tracking
(CSnT) settings were ran in order to quality control the perfor-
mance of the machine and to calibrate the voltages such that we
normalize the sensitivity of the machine across experiments.13

The data were analyzed with FlowJo (Tree Star Inc., v9.5.2) and
absolute counts were calculated from the complete blood count
analysis. The gates were defined according to the negative and
positive populations of each antibody.

2.4. Quantification and statistical analysis

Flow cytometry data analyzed with FlowJo were quantified
based on tabulated exports of the frequencies and events in
the gates of interest. Summary statistics and data vizualisa-
tions were obtained using the softwares Microsoft Excel 14.2.0
and GraphPad Prism 8.1.0, as detailed in each figure legend.
The population fold change was defined as baseline value

D7value

2.5. Plaque reduction neutralizing test (PRNT)

Serum or plasma samples were heated to 56°C for 30 min to
inactivate complement. YFV neutralizing antibodies were
measured by PRNT. In brief, two independent titers (technical
duplicates) of the sera starting at 1/20 were incubated over-
night at 4°C with 1000 plaque-forming units of YFV.
Monolayers of 5ʹ000 Vero cells were incubated with the titers-
virus mixture for 1 h at 37°C (final volume of the PRNT
culture was 200 μl). The wells were overlaid with agarose
and 2XM199 medium and plaques were counted 3–4 days
later using neutral red. As controls, wells with Vero cell
monolayers with or without YFV were used (in absence of
sera), as the 100% of plaques or 0% of plaques controls,
respectively. PRNT50 was calculated, as the dilutions were
50% of the plaques were observed.

3. Results and discussion

To study the immune response to primary YF-17D vaccination,
we collected blood before and at several time-points following
vaccine injection as described previously.14 We determined the
complete blood cell counts based on standard hemograms per-
formed on whole blood and found that the numbers of leukocytes
sharply declined 7 days after vaccination, increasing back to base-
line levels after 14 days (Figure 1A). The drop concerned to
varying extents all cell types that were counted except basophils,
which were less visible. In contrast to primary vaccination, we did
not observe a decrease of cell counts after recall vaccination
(10 years after the primary vaccination against Yellow fever).15

Subsequently, we performed detailed analyses by flow cytometry
on PBMC. Amongst the mononuclear cell types analyzed, we
focused in particular on the classical T (CD4 and CD8) and
B lymphocytes and found that these cells transiently dropped in
blood after primary YF-17D vaccination (Figures 1A,B).
Monocytes and NK cells did not display such dropping in cell
numbers.15 The extent of CD8 T cell drop correlated with the
CD4 T cell drop (Figure 1C), while we found no correlation
between the T and B cell drops (Figure 1C). The absence of
correlation between the reductions of T and B lymphocytes may
be due to the distinct mechanisms accounting for the homing and
circulation for each of these cell types.

Interestingly, a study in humans on the early signatures of
protective immunity in YF-17D vaccination shows data on
T and B cell drops occurring in blood, however without
particular mention nor investigation on its relevance or cor-
relation to immunogenicity.16 Here we found that the reduc-
tion of CD8 and CD4 T cells after YF-17D vaccination was
restricted to cells expressing the chemokine receptor CCR7
(Figure 1A,D). This molecule is critical for naïve CD8 T cell
migration to the LNs and splenic white pulp, and memory
CD8 T cell localization into secondary lymphoid organs.17–19

Amongst differentiation subsets, Central Memory (CM:
CCR7+ CD45RA−) and naïve (CCR7+ CD45RA+ CD95−) sub-
sets significantly decreased, whereas Effector Memory (EM:
CCR7− CD45RA−) and Effector Memory CD45RA positive
(EMRA: CCR7− CD45RA+) populations remained stable
(Figure 1D). The Stem Cell-like Memory (SCM: CCR7+

CD45RA+ CD95+) subset was minor and its drop was less
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Figure 1. Circulating CCR7-expressing CD8 and CD4 T cells transiently decrease after primary YF-17D vaccination.
A. Representative flow cytometry gating strategy for the analysis of B cells and T cell subsets. CD8 versus CD4 cells were gated on live CD3+ lymphocytes. CD8 and
CD4 T cell subset distribution was based on CCR7 and CD45RA expression to identify central memory (CM; CCR7+ CD45RA−), effector memory (EM; CCR7− CD45RA−)
and EMRA (CCR7− CD45RA+) cells. Naïve (CCR7+ CD45RA+ CD58− CD95−) and SCM (CCR7+ CD45RA+ CD58+ and CD95+) subsets were distinguished based on CD58
and CD95 expression. B cells were gated on live CD3- lymphocytes. B. Counts of CD8 T, CD4 T and B cells in healthy volunteer’s blood after primary YF-17D
vaccination (n = 10, mean and SEM). The table below indicates the p-values comparing baseline to day 7 after vaccination (Wilcoxon test). C. Linear correlations
between the CD8 T, CD4 T and B cells’ drops. The Spearman r value and the p-value are indicated on each graph. D. Counts of the various CD8 and CD4 T
differentiation subsets in healthy volunteer’s blood after primary YF-17D vaccination (n = 10, mean and SEM). The p-values comparing baseline to day 7 after
vaccination are indicated in the tables below (Wilcoxon test).
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striking yet statistically significant. This CCR7-biased drop-
ping in circulating T cells suggested that early upon YF-17D
vaccination, naïve and memory populations (CM and SCM)
home to LNs, whereas effector memory cells (EM) and effec-
tor memory CD45RA+ cells (EMRA) remain in the periphery.
However, our data do not allow to exclude that the reduction
of circulating T cells might be caused by apoptosis rather than
recruitment to the LNs.

In addition to chemotaxis, another important aspect of T cell
homing is retention in the LNs. The early activation marker
CD69 is up-regulated on activated T cells and binds to the egress
mediator S1PR1 inducing its internalization and consequently
sustaining T cell trapping in the LN.8 We observed that some
healthy volunteers expressed an increased percentage of CCR7
+ CD69+ in T cells at baseline (Fig S1A). This increased co-
expression was neither associated with age nor with gender (Fig
S1B,C). The absence of correlation between CCR7 CD69 co-
expression and CD38 expression at baseline is compatible with
the notion that there is no principle difference in the levels of
baseline inflammation (Fig S1D).

Interestingly, we found a significant positive correlation
between CCR7 and CD69 co-expression levels in CD8 T
cells at baseline and the fold-drop in CD8 T cell number
after primary YF-17D vaccination (Figure 2A, left panel).
For CD4 T cells, the fold-drop in cell numbers tended to
correlate positively with the co-expression of CCR7 and
CD69 level at baseline (Figure 2A, right panel). This suggests
that preexisting levels of CD69 may determine the extent of
T cell dropping upon YF-17D vaccination. Similarly, the co-
expression of CCR7 and CD69 in CD8 T cells at day 7 after

YF-17D vaccination (the peak of CD69 expression) tended to
correlate positively with the fold change in CD8 T cell num-
bers (Figure 2B, left panel). We also observed a significant
positive correlation between CCR7 and CD69 co-expression
in CD4 T cells at day 7 and the fold-drop in CD4 T cell
numbers (Figure 2B, right panel).

Studies on CD4 T cells in mice suggested that CD69 expres-
sion promotes T cell retention in the LNs by downregulating the
migratory response to S1P1. CD69 physically interacts with
S1PR1, and modulation of CD69 expression is important for
the migration of naïve CD4 T cells.20 Our findings suggest that
the T cell drop observed after primary YF-17D vaccination
results from both the migration (via the CCR7-CCL19/CCL21
interaction) and the CD69-mediated trapping of T cells from the
periphery into secondary lymphoid organs.

Next, we wondered whether the drop of B and T lymphocytes
in the blood was related to immunogenicity parameters of the
YF-17D vaccine, including T cell activation as well as immune
protection represented by neutralizing antibodies (nAbs). We
analyzed nAb titers at day 28 (peak of antibody induction), and
T cell activation based on CD38 expression in total CD8 T cells
as well as the frequency of YF-specific CD8 T cells mounted
against the immunodominant epitope (HLA-A2
/LLWNGPMAV, hereafter A2/LLW) at day 14, i.e., at the peak
of the CD8 T cell response15 (Figure 3A). Of note, all individuals
participating in the study are HLA-A*02-positive.

Surprisingly, we found a negative correlation between the
extent of CD8 T cell drop (fold change at day 7) and the titer of
nAbs at day 28 after YF-17D vaccination (Figure 3B, first line):
more CD8 T cell dropping at day 7 resulted in less nAbs at day
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Figure 2. CCR7 and CD69 co-expression correlates with the reduction of T lymphocytes in the blood. A. Linear correlations between the CD8 T cell drop and the
percentage of CD8 T cells expressing CD69 at baseline (n = 10) and between the CD4 T cell drop and the percentage of CD4 T cells expressing CD69 at baseline
(n = 10). B Linear correlations between the CD8 T cell drop and the percentage of CD8 T cells expressing CD69 at day 7 after YF-17D primary vaccination (n = 10) and
between the CD4 T cell drop and the percentage of CD4 T cells expressing CD69 at day 7 after YF-17D primary vaccination (n = 10). The Spearman r value and the
p-value are indicated on each graph.
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Figure 3. Inter-relation between T and B lymphocyte drops, T cell responses and neutralizing antibodies after primary YF-17D vaccination.
A. Representative flow cytometry gating strategy for A2/LLW+ CD8 T cells (dot plots) and CD38 expression in CD8 and CD4 T cells (histograms). “BL”: baseline,
“D14”: day 14 after YF-17D vaccination, “D7”: day 7 after YF-17D vaccination. B. Linear correlations between the T and B lymphocyte drops and various parameters of
immunogenicity of the YF-17 F vaccine as indicated in the y- and x-axes (n = 10). The Spearman r value and p-values are indicated on each graph. The significant
correlations are highlighted as red lines.
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28. In addition, we observed that the CD8 T cell drop negatively
correlated with the activation of total CD8 T cells (Figure 3B,
first line). The T cell drop also negatively correlated with the
magnitude of the YF-specific CD8 T cell response (Figure 3B,
first line). Regarding CD4 T cells, only the correlation between
the CD4 fold change and the increase of the CD38+ CD8 T cell
frequency was significant (Figure 3B, second line).
Nevertheless, the correlations between the CD4 T cell drop
and CD8 T cell activation and the antibody response were
close to significance (Figure 3B, second line).

In contrast, the B cell drop did not show any correlation to
either nAbs nor T cell activation events (Figure 3B, third line).
However, due to the limited number of individuals analyzed
and the shorter dynamic range of the B cell drop, we cannot
fully exclude a link between these two parameters that could
eventually become apparent with larger cohorts. Thus, the
observed reduction of nAbs may be related to the drop of
particular CD4 T cell subsets and/or to other factors related to
B cell biology that remain to be determined.

Altogether, higher CD69 expression in T cells at baseline
may lead to a sharper vaccine-induced drop in T cell numbers
in peripheral blood, suggesting more pronounced recruitment
and trapping of T cells in LNs. A sharper T cell drop corre-
lated with less CD8 T cell activation, a lower magnitude of
YF-antigen specific CD8 T cells, and with lower nAb
responses to vaccine. These data suggest that individuals
with high CD69 expression already before vaccination might
have a predisposition for excessive trapping of T cells into
LNs that would reduce the overall immunogenicity of the YF-
17D vaccine.

Similar to the modulation of S1PR1 by CD69, several
studies have shown that LN egress can be blocked with the
drug Fingolimod (FTY720) through its action on S1PR1
expressed on T cells.21 FTY720 induces sequestration of
lymphocytes in LNs, thereby inhibiting lymphocyte migra-
tion to sites of disease.22 Due to its effect to decrease
lymphoid cell counts in peripheral blood, FTY720 is
remarkably effective in models of transplantation and auto-
immunity, and provides therapeutic benefits in patients
with multiple sclerosis by reducing the infiltration of lym-
phocytes into the central nervous system, thereby lowering
neuroinflammation.23–26 One could hypothesize that the
presence of a higher number of T cells in the secondary
lymphoid organs leads to a better B cell activation and
antibody production. However, we observed the opposite
as both the CD8 and CD4 T cell drops negatively correlated
with the production of nAbs after Yellow Fever vaccination.
Alternatively, we hypothesize that the impeded recirculation
of lymphocytes compromises the priming of lymphocytes
and potentially consequently the T–B interaction, leading to
poorer humoral responses. Although the exact mechanism
of our findings remains to be elucidated, this hypothesis is
supported by the observation that the FTY720 compound
was shown to impair T-dependent antibody production due
to the suppression of germinal center reaction in secondary
lymphoid organs.27

Since FTY720 shows immunosuppressive activity, the use
of this compound in humans has been associated with
a higher incidence of severe infections.28,29 Along those

lines, we here highlight the potential relationship between
LN trapping of T lymphocytes and the immunogenicity of
YF-17D vaccination. However, since this YF-17D vaccina-
tion mediates protection of the vast majority of vaccinees, it
is unlikely that the observed reduction in immune cells and
nAbs alone widely cause clinically significant disease sus-
ceptibility. Nevertheless, it remains possible that these obser-
vations contributes to explain reduced and/or shorter
immune protection, possibly in risk persons for which per-
iodic booster vaccinations against Yellow Fever are
recommended.30,31 Notably, the relationship between CD69
expression at baseline, LN trapping of T cells and immune
protection that we highlighted in our study is consistent with
the findings on the Dengue virus demonstrating that
a higher degree of CD69 expression at early time points of
disease is related to increased disease severity.32

Interestingly, a clinical trial of vaccination against respira-
tory syncytial virus reported that the expression of CCR7
and CD69 by CD4 and CD8 T cells was higher in “non-
responder” individuals before vaccination, thus supporting
our findings.33

In conclusion, our analysis revealed that T cell numbers
drop transiently, shortly after priming with the YF-17D
vaccine. It especially affected T cell populations expressing
CCR7, therefore suggesting that these cells migrate to the
LNs. Strikingly, the T cell drop was negatively associated
with the CD8 T cell and humoral responses to the YF-17D
vaccine. Interestingly, we found a positive correlation
between the extent of T cell drop and the expression level
of the early activation marker CD69 at baseline (before
vaccination). This indicates that individuals with high
CD69 expression may be predisposed to excessive LN trap-
ping of T cells.

Our study provides only descriptive correlations and exhi-
bits limitations inherent to research on humans. The cohort
that we analyzed is small (n = 10) and the heterogeneity
among individuals is large. Furthermore, most often it is
only possible to study immune cells from peripheral blood
but not from LNs or other organs. Finally, it remains difficult
to elucidate underlying mechanisms in humans.

Altogether, our study reveals for the first time
a relationship between the expression of CD69 at baseline,
transient dropping of T cell counts early after vaccination and
reduced ability of the host to mount a protective response
following YF-17D vaccination.
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