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Activation and Kinetics of Circulating T Follicular Helper Cells,
Specific Plasmablast Response, and Development of Neutralizing
Antibodies following Yellow Fever Virus Vaccination
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A single dose of the replication-competent, live-attenuated yellow fever virus (YFV) 17D vaccine provides lifelong immunity
against human YFV infection. The magnitude, Kinetics, and specificity of B cell responses to YFV 17D are relatively less
understood than T cell responses. In this clinical study, we focused on early immune events critical for the development of
humoral immunity to YFV 17D vaccination in 24 study subjects. More specifically, we studied the dynamics of several immune
cell populations over time and the development of neutralizing Abs. At 7 d following vaccination, YFV RNA in serum as well as
several antiviral proteins were detected as a sign of YFV 17D replication. Activation of Thl-polarized circulating T follicular
helper cells followed germinal center activity, the latter assessed by the surrogate marker CXCL13 in serum. This coincided with
a plasmablast expansion peaking at day 14 before returning to baseline levels at day 28. FluoroSpot-based analysis confirmed that
plasmablasts were specific to the YFV-E protein. The frequencies of plasmablasts correlated with the magnitude of neutralizing
Ab titers measured at day 90, suggesting that this transient B cell subset could be used as an early marker of induction of
protective immunity. Additionally, YFV-specific memory B cells were readily detectable at 28 and 90 d following vaccination, and
all study subjects tested developed protective neutralizing Ab titers. Taken together, these studies provide insights into key

immune events leading to human B cell immunity following vaccination with the YFV 17D vaccine.
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and Sub-Saharan Africa demonstrate that YF remains a con-
tinuous serious global health problem despite the existence
of an effective vaccine (1). According to the U.S. Center for Disease
Control, there are an estimated 200,000 YF cases each year, causing
around 30,000 deaths (2). There is no antiviral treatment for the
infection, and vector control is difficult. Hence, the main method of
controlling YF virus (YFV) infection is through vaccination of at-
risk populations and travelers. The YFV 17D vaccine is noted as
one of the best vaccines currently available because of its high effi-
cacy and safety profile (3). A single dose can give lifelong immu-
nity, and >95% of vaccinated individuals develop protective
neutralizing Abs (3). The vaccine is comprised of an attenuated
YFV (17D strain) that is replication competent and, upon adminis-
tration, causes a mild, acute infection inducing a fine-tuned immune
response leading to induction of protective immunity.
Numerous studies have investigated and corroborated the de-
velopment of protective immunity following vaccination with
YFV 17D by characterizing YFV-specific T cell and Ab responses.

T he recent outbreaks of yellow fever (YF) in South America
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The YFV 17D vaccine has been shown to induce Ag-specific poly-
functional CD8" T cells that target numerous viral proteins follow-
ing vaccination and exhibit strong functional memory response (4,
5). CD4" T cells have been described to expand early on after vac-
cination and precede the CD8™ T cell response with a mixed Thl/
Th2 phenotype (4, 6, 7). YEV 17D is also effective at inducing the
generation of neutralizing Abs that have been detected in vaccinated
individuals up to 60 years following vaccination (8, 9). Several sero-
logical studies using YFV 17D have elucidated that primary neutral-
izing activity of Abs is targeted toward the YFV-E protein,
specifically targeting domains I and II (10, 11).

Interactions between B and T cells are required for the effective
generation of protective neutralizing Abs and immunological mem-
ory. This interaction primarily occurs in the germinal centers of sec-
ondary lymphoid organs (12). During the germinal center reaction, a
subset of cognate CD4™ T cells, T follicular helper (Tth) cells, help
select high-affinity B cells undergoing class switching and affinity
maturation. As a result, the selected high-affinity B cells differenti-
ate into plasmablasts, plasma cells, or memory B cells (13).
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Studying these interactions in vivo in humans is difficult. Recently,
however, circulating CD4™ T cells expressing CXCR5, named cir-
culating Tth (cTth) cells, have been suggested as a peripheral coun-
terpart of Tth cells with similar function (14). Increases in activated
cTth cell frequencies in peripheral blood have been shown to posi-
tively correlate with high-avidity Ab responses after influenza vacci-
nation in humans and are therefore a target of interest to further
understand and improve vaccination strategies (15). Interestingly, a
recent study also showed that YFV-specific, Thl-polarized cTth
cells increased in circulation following vaccination with YFV 17D
and correlated with the strength of neutralizing Ab response (16).

The magnitude, kinetics, and specificity of the B cell response to
YFV 17D have not been as extensively studied as T cell responses.
Recent studies on early B cell responses to vaccination with YFV
17D indicate that there is an expansion of plasmablasts in peripheral
blood 7-14 days postvaccination (16—19). A proportion of the plas-
mablast population were shown to secrete YFV-specific Abs, as
assessed by ELISA (18). YFV-specific memory B cells have also
been shown to appear in peripheral blood as early as 14 d, peaking
at three to six months following vaccination with YFV 17D (18).

In this study, we set out to investigate the kinetics of the humoral
immune response to YFV 17D by combining assessments of the
magnitude and specificity of the plasmablast and Ab responses as
well as the accompanying cTth response. Activated Thl-polarized
cTth cell frequencies increased in circulation during the first weeks
following vaccination in addition to increased germinal center activ-
ity. YFV-E—specific plasmablast responses coincided with cTth cell
activation and peaked two weeks following vaccination, as assessed
using a FluoroSpot assay. Both YFV-E-specific memory B cells
and neutralizing Abs were generated 28 and 90 d after vaccination.
Additionally, the IgG™ plasmablast frequency at day 14 correlated
with protective neutralizing Ab titers detected at day 90. The present
study adds, to our knowledge, novel insights into processes associ-
ated with the development of protective B cell immunity to YFV
17D vaccination.

Materials and Methods

Ethics statement and study subjects

A total of 24 healthy study subjects between the ages of 18 and 50 y (median
age), who were not previously vaccinated against or infected with YFV,
received a single dose of the YFV 17D vaccine, Stamaril (Sanofi Pasteur). All
the study subjects gave written, informed consent to participate. The Regional
Ethical Review Board in Stockholm, Sweden, approved the study.

Sample collection

Serum and whole blood were collected before vaccination (day 0, n = 24)
and at days 7 (n = 15), 14 (n = 24), 28 (n = 18), and 90 (n = 12) (Fig. 1A).
Blood samples were collected in EDTA vacuum tubes and in serum clot
activator tubes (Greiner Bio-One Vacuette). PBMCs were isolated by Lym-
phoprep gradient centrifugation and cryopreserved in FCS with 10% DMSO
at —180°C or used fresh for experiments. Serum was isolated after separa-
tion from clotted blood through centrifugation and frozen at —80°C for
future analyses.

Determination of YFV RNA levels in serum

YFV-specific real-time PCR was used to determine the viral load in serum
of vaccinees. RNA was isolated from 150 pl of serum using a NucleoSpin
RNA Virus Kit (Machery-Nagel). One step real-time PCR was performed
using TagMan Fast Virus 1-Step Master Mix (Applied Biosystems), an
FAM-TAMRA-labeled probe and primers (Fisher Biotechnology) according
to the manufacturer’s instructions. The primers and probe were all specific
for the highly conserved NS5 gene of YFV (20) and were used at a final
concentration of 800 and 125 nM for the primers and probe, respectively.
Amplifications were performed in 25-pl reactions using a QuantStudio 5
Real-Time PCR machine (Applied Biosystems) under the following thermal
cycling conditions: 5 min at 50°C, 20 s at 95°C, 45 cycles of 15 s at 95°C,
followed by 1 min at 60°C. RNA from the YFV 17D was calibrated to a

standard curve commercially available in the Techne quantitative PCR test
for YEV (Techne) and used for quantification. Limit of detection was
20 copies/ml.

Assessment of serum protein levels

A total of 92 protein biomarkers were measured in serum of 10 randomly
selected study subjects from days 0, 7, and 14 by proximity extension assay
using the Immune Response panel at Olink Bioscience, Uppsala, Sweden, as
previously described (21). The protein biomarkers were detected using Ab
pairs labeled with specific oligonucleotides that, when in close proximity,
hybridize. Their DNA barcodes were subsequently quantified by real-time
PCR. Protein levels are reported in arbitrary units, normalized protein
expression. This arbitrary unit can be used for relative protein quantification
as well as for comparing fold changes between time points. Of the 92 pro-
teins measured, 87 were detectable within quality control range.

YFV-E protein conjugation

Two preparations of fluorophore-conjugated YFV-E protein (Abbexa) were
prepared using a Lightning-Link tandem conjugation kit for FluoroSpot assay,
according to the manufacturer’s instructions (Expedeon). Briefly YFV-E pro-
tein concentration was adjusted to 1 mg/ml using PBS and 1 pl of Lightning-
Link—modifier reagent was added for each 10 pl of protein solution to be conju-
gated. This solution was directly added onto the lyophilized fluorophore and
incubated at room temperature in the dark for 15 min. Following incubation,
1 pl Lightning-Link quencher for each 10 pl protein solution was added for
30 min. Aliquots of conjugated protein were stored at —20°C before use.

Flow cytometry

Freshly isolated PBMCs were used for phenotypical analysis using the following
Abs: LIVE/DEAD cell marker Near-IR (Life Sciences), anti-CD19 (clone
SIJ25C1) BUV 395, anti-CD4 (clone SK3) BUV 737, anti-CD16 (clone 3GB)
Pacific Blue, anti-CD14 (clone M@P9) AmCyan, anti-Ki67 (clone B56) Alexa
Fluor 700 (BD Biosciences), anti-CD20 (clone 2H7) FITC, anti-CD123 (clone
6H6) AmCyan, anti-CD27 (clone 0323) BV650, anti-CD38 (clone HIT2)
BV785, anti-IgD (clone 1A6-2) PE-Cy7, anti-IgG (clone HP6017) PE (Bio-
Legend), anti-CD56 (clone N901) Electron Coupled Dye, anti-CD3 (clone
UCHLt1) PE-Cy5 (Beckman Coulter), anti-CD8 (clone 3B5) Qdot 605 (Invitro-
gen), and anti-IgA (clone IS11-8E10) APC (Miltenyi Biotec). For staining, cells
were incubated with optimized concentrations of surface marker Abs diluted in
FACS buffer (PBS, 2% FCS, and 2 mM EDTA) in the dark for 30 min at 4°C.
Cells were then washed twice with FACS buffer and then fixed and permeabilized
with Foxp3/transcription factor staining suffer (Invitrogen) for 30 min at 4°C in
the dark. For intracellular staining, cells were incubated with optimized concentra-
tions of Abs against Ki67 and IgG in the dark for 30 min at 4°C. Samples were
acquired with a BD LSRFortessa (BD Biosciences), followed by analysis with
FlowlJo software version 10 (FlowJo). B cell activation and plasmablasts were
defined from an extended lymphocyte gate as live CD14 CD123~CD3™
CDI9"CD387Ki67" and live CDI4 CDI23 CD3 CD19*CD20 "
CD27"e"CD38MEM cells, respectively, and the percentage of plasmablasts among
total CD19" B cells was determined. Expression of IgG, IgA, and Ki67 was
further assessed on plasmablasts. The remaining cell subsets were defined from a
normal lymphocyte gate. T cell activation was defined as live CD14~
CDI1237CD19 CD3"CD8"*/CD4"Ki67*CD38™" cells. NK cells were identi-
fied as live CD14~CDI123"CDI19"CD3"CD16™" cells with varying expression
of CD36 defined as CD56™" or CD56%™ cells and their activation determined
by Ki67 and CD38 coexpression. (Supplemental Fig. 1A).

Cryopreserved PBMCs were thawed and stained for further phenotypical
analysis using the following Abs: anti-CD19 (clone SJ25C1) BUV395, anti-
PDI (clone EH12.1) BUV737, anti-Ki67 (clone B56) Alexa Fluor 700, anti-
CD14 (clone M@P9) V500 (BD Biosciences), anti-CD20 (clone 2H7) FITC,
anti-ICOS (clone C398.4A) APC/Cy7, anti-CCR7 (clone G053H7) BV421,
anti-CD27 (clone 0323) BV650, anti-CXCRS (clone J252D4) BV711, anti-
CXCR3 (clone G025H7) BV785, anti-IgG (clone M1310G05) PE, anti-IgD
(clone 1A6-2) PE/Cy7 (BioLegend), anti-IgA (clone IS11-8E10) APC (Milte-
nyi Biotec), Aqua LIVE/DEAD cell marker, anti-CD4 (clone S3.5) Qdot
605 (Invitrogen), and anti-CD3 (clone UCHT1) PC5 (Beckman Coulter). For
staining, cells were incubated with optimized concentrations of surface marker
Abs diluted in FACS buffer (PBS, 2% FCS, and 2 mM EDTA) in the dark for
15 min at 37°C. Cells were then washed twice with FACS buffer and then fixed
and permeabilized with Foxp3/transcription factor staining suffer (Invitrogen)
for 30 min at 4°C in the dark. For intracellular staining, cells were incubated
with an optimized concentration of anti-Ki67 Ab in the dark for 30 min at 4°C.
Samples were acquired with a BD LSRFortessa (BD Biosciences), followed by
analysis with FlowJo software version 10 (FlowJo). B cells were defined as
live CD3~CD19*"CD20" and memory B cells as CD27 " IgD~, unswitched
memory B cells as CD27 " IgD ™", naive B cells as CD27 IgD™", and double-
negative B cells as CD27 IgD ™. Memory B cells were further divided into
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IgG* or IgA™ subsets. Homing status of all B cell subsets were determined
using CXCRS5-, CXCR3-, and CCR7-expression analysis. cTth cells were
defined as live CD3*CD4"CXCRS" cells and further divided into CXCR3 ™
~ subsets. Activated phenotypes of cTth cells and subsets were assessed by sin-
gle or coexpression of CCR7, PD1, ICOS, and Ki67 (Supplemental Fig. 1B).

FluoroSpot assay

Total IgG* and IgA* plasmablasts as well as YFV-E—specific IgG™ plas-
mablasts and memory B cells were measured using a multicolor FluoroSpot
kit (Mabtech) according to the manufacturer’s instructions with some in-
house modifications. Briefly, ethanol-activated low autofluorescent polyviny-
lidene difluoride membrane plates were coated with 100 pl capture anti-IgG
and anti-IgA Abs at 15pg/ml in PBS overnight. YFV-E—specific wells were
coated with only capture anti-IgG. Cryopreserved PBMCs were thawed,
counted, and allowed to rest 1 h in warm R10 media (RPMI 1640 supple-
mented with 10% heat-inactivated FCS, 1% penicillin/streptomycin, and 1%
L-glutamine). For memory B cell FluoroSpot, rested PBMCs were stimulated
with 1 pg/ml R848 and 10 ng/ml recombinant human IL-2 for 3 d before
being counted and used in the assay. The coated plates were washed and
blocked with R10 media for 30 min before several dilutions of rested or
stimulated PBMCs were added to each well. Plates were incubated at 37°C
5% CO, for up to 24 h, and total wells were developed with 100 pl/well
anti-human 1gG-550 and anti-human IgA-490 at 1:500 in PBS containing
0.5% BSA, whereas YFV-E—specific wells were developed with anti-human
IgG-550 at 1:500 and YFV-E CyS5 (Abbexa and Expedeon) at 0.5 pg/ml in
PBS containing 0.5% BSA. Spots were detected with a Mabtech IRIS and
counted with Apex software (Mabtech).

CXCLI13 ELISA

Undiluted serum was thawed at room temperature and analyzed using a Quan-
tikine Human CXCL13/BLC/BCA-1 ELISA (R&D Systems) according to the
manufacturer’s instructions. Briefly, 100 pl of Assay Diluent RD1S was added
to each well of the anti-human CXCL 13—coated, 96-well microplate. A total of
50 pl of standards, controls, or undiluted serum samples were added and incu-
bated for 2 h at room temperature. Wells were washed four times using pro-
vided wash buffer in a squirt bottle. A total of 200 pl of anti-human CXCL13
conjugate was then added to each well and incubated for 2 h at room tempera-
ture. Wells were washed four times, followed by addition of 200 p of substrate
solution incubated for 30 min at room temperature in the dark. Following incu-
bation, 50 pl of stop solution was added to each well, and the OD of each well
was measured immediately using a Tecan microplate reader set to 450 nm and
analyzed using Magellan software (Tecan). Results were calculated using Eli-
saAnalysis.com (Leading Technology Group) to generate a standard curve to
calculate CXCL13 concentrations. The limit of detection of the assay ranges
between 7.8 and 500 pg/ml.

Virus neutralization assay

Virus neutralization was measured by rapid fluorescent focus inhibition test at
the Public Health Agency of Sweden as previously described with modifica-
tions for YFV (22). Briefly, serum from days 0, 28, and/or 90 were heat inacti-
vated and tested at dilutions of 1:5 and 1:20 with ~50 50% focus-forming
doses of YFV Asibi strain in 96-well plates. Following incubation of serum and
virus, BHK-21 cells were added to each well, and the plates were incubated for
24 h and later fixed with 80% acetone. After fixation, virus foci were detected
by fluorescent staining. In each well, 20 microscopic fields were examined for
fluorescent foci, and those with one or more foci were recorded. Titers are
defined as EDyg and reciprocal titers of EDgy =5 were deemed positive.

Statistical analyses

Statistical analyses were performed using GraphPad Prism version 9 (GraphPad
Software). Datasets were analyzed using nonparametric Wilcoxon matched-
pairs signed-rank test or Friedman or Spearman rank tests. Dunn multiple com-
parisons test was used to correct for multiple comparisons when applicable.
Any p values <0.05 were considered to be statistically significant. Serum pro-
tein normalized protein expression analyses’ p values were adjusted by false
discovery rate using the Benjamini—Hochberg method with QO value set at 5%.

Results
Viral RNA and immune response—related protein levels in serum
following YFV 17D vaccination

The vaccination and sampling strategy is depicted (Fig. 1A). To con-
firm YFV 17D replication following vaccination in the study subjects,
we first measured viral load in serum. YFV RNA was detected in 9
out of 14 tested study subjects on day 7 (Fig. 1B). By day 14, no
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FIGURE 1. Vaccination strategy and detection of viral RNA and immune

response—related proteins in serum following YFV 17D vaccination. (A)
Vaccination and sampling schedule for all study subjects (n = 24). (B) YFV
NS5 copies in serum as detected by RT-PCR. Dotted line at y = 20 denotes
limit of detection. Plots represent median with 95% confidence interval
(CI) (n = 14). (C) Fold change day 7 and day 14, in comparison with day 0,
of 87 immune response—related proteins (n = 10). Statistical analysis was
performed using nonparametric Friedman test and corrected for multiple
comparisons with Dunn multiple comparison test. The protein comparison
p values were adjusted by false discovery rate using the Benjamini—Hoch-
berg method with Q value set at 5%.%p < 0.05.

remaining YFV RNA was detected in serum in any of the study sub-
jects, as we and others have previously demonstrated (20, 23).

A screen of 92 immune response—related proteins in serum coin-
cided with replication of YFV 17D evidenced by a significant increase
of antiviral proteins at day 7. These included retinoic acid—inducible
gene 1 (RIG-I), IFN regulatory factor 9 (IRF9), and cytoskeleton-asso-
ciated protein 4 (CKAP4) (Fig. 1C). Following testing for false dis-
covery rates in changes over time, 12 proteins were identified as
significantly increased following vaccination and further analyzed
using the ABsolute Immune Signal deconvolution Shiny App tool
(24), revealing cell types in which these proteins predominantly are
expressed (Supplemental Fig. 2). This analysis revealed a large portion
of proteins expressed by several innate immune cells, T cells, and B
cells. Expression levels of a number of pro- and anti-inflammatory as
well as antiviral proteins were also identified as significantly increased
at day 7 following vaccination (Supplemental Fig. 2).

NK, T, and B cell activation following YFV 17D vaccination

Surface expression of CD38 and intracellular expression of Ki67 on
freshly isolated PBMCs were initially used to determine the


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2001381/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2001381/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2001381/-/DCSupplemental

1036

magnitude and kinetics of activation and proliferation of NK, T, and
B cells in response to YFV 17D vaccination over time (Fig. 2A, 2D,
2G). Activation in both CD56"8" and CD56%™ NK cells was shown
to increase following vaccination, peaking at day 7 in CD56™" cells
and at day 14 in CD56"™ NK cells before returning to baseline levels
(Fig. 2B, 2C). Activation of CD4" and CD8" T cells similarly
increased following vaccination, peaking at day 14 (Fig. 2E, 2F).
CD4™" T cell activation preceded that of CD8 ™" T cells with detectable
responses observed already at day 7 (Fig. 2F). T cell activation levels
returned to baseline levels at day 28 (Fig. 2E, 2F). B cells, defined as
live CD3CD19" cells, also revealed significant activation following
vaccination. A strong increase in B cell activation and proliferation in
circulation was observed at day 7 following vaccination. This contin-
ued and peaked at day 14, after which activated cells returned to base-
line levels (Fig. 2H). Altogether, the data show that the increase in
YFV replication coincided with NK cell, CD4 T cell, and B cell

HUMAN cTth AND B CELL RESPONSES TO YFV 17D VACCINATION

activation and expansion and preceded the CD8 T cell response and
peak B cell response by 1 wk, in line with previous work (4, 23). With
these early observations in hand, we went on to characterize the events
leading up to the generation of neutralizing Abs and YFV-specific B
cell responses.

cTfh cell frequencies following YFV 17D vaccination

As noted above, activated CD4" T cell frequencies were observed
to increase already in the first week following vaccination with
YFV 17D. Among CD4" T cells, cTth cells are defined as
CD4*"CXCR5" T cells, and their subsets can further be defined
based on their CXCR3 expression (Fig. 3A). Frequencies of total
cTth cells as well as Th2/17-polarized CXCR3™ cTth cells gener-
ally did not change over time; however, a nonsignificant decrease in
frequency of Thl-polarized CXCR3™ cells at day 7 was observed
that then returned to baseline levels by days 14 and 28 following
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FIGURE 2. Magnitude and kinetics of NK, T, and B cell activation following YFV 17D vaccination. (A) CD38 and Ki67 coexpression on freshly isolated

CD56™" and CD56%™ cells over time in one representative study subject. Plot of CD38 and Ki67 coexpression on (B) CD56™¢™ and (C) CD56%™ cells at days 0,
7, 14, 28, and 90 following vaccination. (D) CD38 and Ki67 coexpression on freshly isolated CD8* and CD4™ T cells over time in one representative study subject.
Plots of CD38 and Ki67 coexpression on (E) CD8™ T cells and (F) CD4" T cells at days 0, 7, 14, 28, and 90 following vaccination. (G) CD38 and Ki67 coexpression
on freshly isolated CD19™ B cells over time in one representative study subject. (H) Plots of CD38 and Ki67 coexpression on B cells at days 0, 7, 14, 28, and 90
after vaccination. All plots represent median with 95% confidence interval (CI). For all plots: day 0, n =24; day 7, n = 15; day 14, n =22; day 28, n = 18; and day 90,
n=12. Statistical analysis was performed using nonparametric Wilcoxon matched-pairs signed-rank test. *p < 0.05, **p < 0.01, ***p < 0.001.
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YFV 17D vaccination (Fig. 3B-D). Expression of CCR7 and coex-
pression of Ki67, ICOS, and PD1 were used to assess Th1-polarized
CXCR3" cTth cell activation (Fig. 3E). Cells expressing CCR7
transiently decreased at day 7 following vaccination (Fig. 3F). Thl-
polarized CXCR3" cTth cells coexpressing PD1 and Ki67 (Fig.
3G), Ki67 and ICOS (Fig. 3H), and PDI1 and ICOS (Fig. 31) were
also assessed over time following YFV 17D vaccination. Only cells
coexpressing Ki67 and ICOS were observed to significantly increase
between day 0 and 14, however. Additionally, we also examined
differences in activation of Thl-polarized CXCR3" and Th2/17-
polarized CXCR3™ cTth cells at days 7 (Fig. 3J) and 14 (Fig. 3K)
following vaccination. The Thl-polarized CXCR3™ cTth cell popu-
lation was shown to increase in expression of Ki67, ICOS, and
PD1, whereas a decrease in CCR7 expression was observed at both

% of cTfh subset

time points. This activation suggests the antiviral Th1-polarized pop-
ulation to be the primary cTth response to YFV 17D vaccination.
As cTth cell activation serves as a marker of activity in secondary
lymphoid organs, we set out to confirm germinal center activation
by measuring soluble CXCL13 levels in serum.

CXCLI13 serum levels following YFV 17D vaccination

CXCL13 levels in serum, functioning as a surrogate marker of ger-
minal center activation (25), were measured before and at days 7,
14, and 28 following vaccination. Levels of CXCL13 increased
slightly at day 7 before returning to baseline levels by day 28 (Fig.
3L). This increase in serum CXCL13 levels and Thl-polarized
CXCR3™ cTth activation indicates germinal center activation in sec-
ondary lymphoid organs following vaccination with YFV 17D.
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Plasmablasts were analyzed from freshly isolated PBMCs (Fig. 4A).
Baseline levels of plasmablasts averaged < 1% of the total B cell popu-
lation (Fig. 4B). Plasmablast frequencies were expanded at day 7
following YFV 17D vaccination and peaked at day 14 before returning
to baseline levels by day 28 (Fig. 4B). Further analysis of IgA™, 1gG™,
and IgG IgA™ plasmablast subsets revealed similar dynamics with
peak frequencies at 14 d following vaccination (Fig. 4C, 4D). The

With germinal center activity assessed, we then set out to measure
the magnitude, kinetics, and specificity of B cell responses.

Plasmablast frequencies following YFV 17D vaccination

As noted above, the increase in activation of B cells was observed in the
first weeks following YFV 17D vaccination. Upon further investigation,
plasmablast expansion was deemed responsible for this increase.
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E-specific IgG ™" plasmablasts (red). Shown are FluoroSpot wells from a representative study subject’s cryopreserved PBMCs over time following vaccination
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steady-state IgA™ subset dominated the plasmablast population before
and 7 d following vaccination that then shifted toward the IgG™IgA™
subset at day 14 (Fig. 4F). The frequency of proliferating (Ki67™") plas-
mablasts began to increase at day 7, peaked at day 14, were sustained
through day 28, and then returned to baseline levels by 90 d following
vaccination (Fig. 4G). Comparable kinetics of Ki67 expression were
also observed in IgA ™", IgG™*, and IgA~IgG™~ plasmablast subsets (Fig.
4H, 41). In conclusion, plasmablast responses to vaccination with YFV
17D peaked 14 d following vaccination that is 1 wk later than peak viral
replication and other early cellular activation responses.

Plasmablast specificity to YFV-E protein following YFV 17D
vaccination

To assess the specificity of the plasmablast responses, we developed
a YFV-E-specific FluoroSpot assay using cryopreserved PBMCs
from days 0, 7, 14, and 28 following YFV 17D vaccination. The
assay simultaneously allowed detection of total IgG* and IgA™
plasmablasts, as well as YFV-E—specific [gG" plasmablasts (Fig.
5A). Total IgA™ plasmablast numbers detected by FluoroSpot
revealed no significant changes over time, but a slight increase at
day 7 was observed (Fig. 5B). Similarly, total IgG" plasmablast
numbers detected by FluoroSpot did not significantly change over
time but did show a trend toward increasing in numbers at day 14
(Fig. 5C). YFV-E—specific IgG"* plasmablasts were first detectable
at day 7 and peaked at day 14 before returning to low or undetect-
able levels at 28 d similar to IgG plasmablast kinetics assessed with
flow cytometry (Fig. 5D). YFV-E-specific [gG" plasmablasts were

found to constitute 4-83% (median 13%) of the total IgG™* plasma-
blast population at their peak 14 d following vaccination (data not
shown). Following assessment of kinetic and specific YFV-E plas-
mablast responses, we set out to investigate the generation of protec-
tive neutralizing Abs and formation of B cell memory.

Development of neutralizing Abs and correlation with plasmablast
frequencies

Neutralization capacity of Abs against YFV 17D was measured in
serum from 21 of the 24 study subjects. Neutralizing titers =5 were con-
sidered protective, as has been established by the Public Health Agency
of Sweden. Neutralizing capacity was not found before vaccination
except from three study subjects who were borderline positive (Fig.
6A). All study subjects tested had developed protective levels of neutral-
izing Abs by either day 28 or 90 following vaccination. These results
demonstrate that all tested study subjects developed protective immunity
against YFV. The proportion of IgG* plasmablast frequencies at day 14
showed a significant, positive correlation with day 90 neutralizing titers
(p=0.0211, R = 0.7286) (Fig. 6B). The IgG" plasmablast subset may
therefore be associated with development of neutralizing Abs, suggest-
ing they may constitute an early prognostic marker of protection.

Memory B cell frequencies in circulation following YFV 17D
vaccination

Apart from induction of early plasmablast response, proportions of
other B cell subsets including unswitched and switched memory B
cells, naive B cells, and CD27 IgD™ double-negative B cells were
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analyzed after vaccination with YFV 17D. Memory B cells were
defined as CD27 " IgD~CD19"CD20" cells and further divided into
IgG™* or IgA™ subpopulations (Fig. 7A). Following YFV 17D vac-
cination, the total memory B cell frequencies in circulation shifted
with a decrease at day 7 that remained decreased through day 14
and returned to baseline levels at day 28 (Fig. 7B). Both IgG™" and
IgA™" memory B cells in circulation decreased following vaccination
as well before returning to baseline levels at day 28 (Fig. 7C, 7D).
Unswitched memory B cell, defined as CD27+IgD+ B cells, pro-
portions also decreased in circulation at day 7 after vaccination and
remained at reduced frequencies through day 14 before returning to
baseline levels at day 28 (Fig. 7E). Naive B cells were defined as
CD27 IgD™ B cells and were found to increase significantly in cir-
culation at days 7 and 14 and returned to baseline levels at day 28

FIGURE 7. Kinetics and specificity
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8). All data plotted as median with 95%
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cal analysis was performed using non-
parametric Friedman test and corrected
for multiple comparisons with Dunn
multiple comparison test. *p < 0.05,
**p < 0.01, ##*p < 0.001.
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(Fig. 7F). Double-negative B cells were defined as CD27 IgD™ B
cells. No significant changes were observed in this population over
time. (Fig. 7G).

To assess the generation of vaccine-specific memory B cells, we
used the same YFV-E—specific FluoroSpot assay but used poly-
clonal stimulated cryopreserved PBMCs from days 0, 28, and 90
following YFV 17D vaccination (Fig. 7H). A significant increase in
YFV-E—specific memory B cells was observed from day 0 to both
days 28 and 90 following YFV 17D vaccination (Fig. 7I). The mag-
nitude of YFV-E-specific memory B cells revealed no significant
association with earlier plasmablast levels or neutralizing Ab titers
(correlations not shown). In summary, YFV-E—specific memory B
cells are generated following vaccination with YFV 17D. Based on
the observed changes in total and IgG* memory B cell frequencies
in circulation 1 mo following vaccination, we went on to investigate
the chemokine receptor expression patterns of memory B cells as
surrogate markers of homing capacity.

Homing capacity of memory B cells following YFV 17D vaccination

The homing correlates of memory B cells, including IgG" memory
B cells, were analyzed by assessment of expression of CCR7,
CXCR3, and CXCRS (Fig. 8A). A temporary decrease in memory
B cells expressing CCR7 was observed at day 7 following vaccina-
tion (Fig. 8B). Memory B cells expressing CXCR3 decreased at day
7, followed by a gradual return at days 14 and 28 (Fig. 8C). Nearly
all memory B cells in circulation at baseline were CXCR5™. A sig-
nificant decrease in CXCR5" memory B cells frequencies was
observed at day 7 before returning to baseline levels at day 14 (Fig.
8D). Similar observations were seen with respect to homing status
of the IgG" memory B cell subset. However, CCR7 expression
changes were not significant. This also applied to the decrease in
CXCR3 expression between day 0 and 7 following vaccination (Fig.
7E-G). In conclusion, following vaccination with YFV 17D, fre-
quencies of memory B cells and IgG" memory B cells positive for
CXCR3, CXCRS5, and CCR7 were found to decrease in circulation
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at day 7 before returning to baseline levels in the following weeks,
suggesting possible homing into secondary lymphoid organs.

Discussion

The YFV 17D vaccine has unique properties in that a single dose of
the vaccine can generate lifelong immunity in humans. Numerous
studies have investigated the generation of immunity toward this vac-
cine. Yet, more detailed insights, in particular, into the generation of
specific B cell responses to the vaccine are still warranted. In this
respect, in this study, we characterized the magnitude, kinetics, and
specificity of B cell responses following vaccination with YFV 17D.
We first assessed the events leading up to B cell response by evaluat-
ing geminal center activity through cTth cell activation and serum
CXCL13 levels, both of which increased following vaccination. Focus
was then directed toward studying the magnitude and kinetics of plas-
mablast responses following vaccination. We observed a significant
expansion of YFV-E protein specific plasmablasts at 2 wk following
vaccination. Notably, plasmablast expansion was found to positively
correlate with the development of neutralizing Abs.

Innate immune signatures such as the activation of both
CD56"8" and CD56%™ NK cells as well as the increase of a num-
ber of soluble proinflammatory and innate markers were observed in
the majority of study subjects. This innate immune activation likely
suggests that these cells could contribute to and/or affect in vivo

immune responses toward YFV 17D. The antiviral and proinflam-
matory responses observed in the current cohort are in line with
type I IFN responses observed in previous reports on human vacci-
nation with YFV 17D (19, 23). Activated NK cells can play a role
in host innate immune responses by directly killing virus-infected
cells as well as indirectly by secreting antiviral and proinflammatory
cytokines that in turn can upregulate effector functions of other
immune cells (23). Successful vaccination must not only induce
early innate immune mechanisms, however, but also adaptive
responses to generate immune memory.

A key feature of adaptive immune responses to infection and vacci-
nation is the activation of germinal center reactions. Monitoring the
activity of germinal centers, a major driver of high-quality Abs by
somatic hypermutation (26), are of great interest to determine the
mechanisms behind generation of neutralizing Abs and memory B
cells following vaccination. Evaluating the magnitude of germinal
center activity in secondary lymphoid tissues, however, is difficult in
human studies. Recently, assessment of CXCL13 levels in serum has
been shown to serve as a surrogate marker of germinal center activity
(25). In the current study, CXCL13 levels were shown to increase 1
wk following YFV 17D vaccination and was shown to be sustained
through 2 wk, in line with previous studies (25). Similar to CXCL13,
cTth cells have been shown to play a role in guiding Ab responses and
have more recently also been used as a biomarker correlating with spe-
cific Ab generation (15, 25). A significant increase in activated
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CXCR3™" Thl-polarized cTth cells was observed 14 d following YFV
17D vaccination in the current study, consistent with recent findings
(16, 27). This increase in activated Th1-polarized cells was not unex-
pected, as these cells are the primary CD4 " T cell subset involved in
antiviral responses (28). They have been previously observed to
expand following influenza vaccination as well as following HIV and
hepatitis C virus infection (15, 29-32).

The kinetics of plasmablast responses to YFV 17D vaccination
were found to be relatively consistent between individuals. Although
many vaccines have been reported to induce peak plasmablast
responses 7 d following vaccination in humans, plasmablast frequen-
cies following YFV 17D vaccination peaked at day 14, as also
reported by others (17, 18). This difference in kinetics, as compared
with many other vaccines, may relate to the kinetics of active virus
shedding (33). In line with the reasoning above, YFV 17D reaches
peak viral titers roughly 7 d following vaccination, possibly explain-
ing the concomitant specific plasmablast response 7 d later. In the
current cohort, we observed a significant positive association
between IgG™ plasmablast frequencies at day 14 and neutralizing
AbD titers at day 90. This suggests that plasmablasts could function
as an early surrogate marker in YFV 17D vaccine studies for pre-
dicting successful protective immune responses; however, a larger
cohort would be needed to determine this correlation. Additionally,
a recent study found that YFV-specific mAbs, cloned from plasma-
blasts of vaccinated individuals, possessed higher binding avidities
and neutralizing capacity than those of memory B cells 2 wk fol-
lowing YFV 17D vaccination. This suggests that higher-affinity B
cells being selected in germinal center reactions are more prone to
differentiate into plasmablasts rather than memory B cells (18, 34).

Studying the specificity of B cell responses toward vaccination at
the single-cell level adds an essential layer to understanding the gen-
eration of immunological memory. The B cell ELISpot assay has
long been a versatile and highly sensitive method for identifying and
enumerating total and Ag-specific plasmablasts or in vitro—activated
memory B cells (35, 36). In recent years, the assay has been ada-
pted using multiple fluorophore-conjugated detection reagents to detect
multiple Ags and parameters within the same well, referred to as Fluo-
roSpot (37). We further optimized this assay to detect both total and
YFV-E-specific plasmablasts. Using this method, the kinetics of YFV-
E—specific plasmablasts were mapped, peaking at day 14, therefore fol-
lowing similar kinetics of plasmablast responses as detected by flow
cytometry. The magnitude of the YFV-E-specific plasmablast
response varied between study subjects. We observed that the YFV-
E-specific subset constituted 4—-83% of total plasmablast numbers at
day 14. This wide range could be due to that the plasmablast responses
being directed against other YFV Ags not tested for in the current Fluo-
roSpot assay. Additionally, using the same FluoroSpot assay, we were
able to see an increase in YFV-E—specific IgG" memory B cell num-
bers following vaccination contributing to immune memory. Five of
the tested donors showed increases in specific memory B cell numbers
between day 28 and 90 after YFV 17D vaccination, in align with previ-
ous work (18), but the other three study subjects’ numbers decreased
during the same time span. The lack of significant difference between
these time points may suggest that by the first month after vaccination
with YFV 17D, stable numbers of specific memory B cells may have
been reached. More time points between the span or even later time
points may give more insight into these levels.

In summary, we, in this study, characterized the magnitude, kinet-
ics, and specificity of B cell responses induced by the highly effec-
tive YFV 17D vaccine, with a particular emphasis on cTth cell,
plasmablast, and memory B cell responses. An increased Thl-polar-
ized cTth cell activation and CXCL13 serum levels indicated germi-
nal center activity driving the generation of neutralizing Ab titers
and memory B cells in all study subjects tested. Plasmablast

frequencies were found to directly correlate with the development of
neutralizing Abs. The present study adds to our understanding into
the generation of immunity to the live-attenuated YFV 17D vaccine.
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