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Abstract

Immunosenescence is a hallmark of the aging immune system and is considered the main
cause of a reduced vaccine efficacy in the elderly. Although y T cells can become activated
by recombinant influenza hemagglutinin, their age-related immunocompetence during a
virus-induced immune response has so far not been investigated. In this study we evaluate
the kinetics of yd T cells after vaccination with the trivalent 2011/2012 northern hemisphere
seasonal influenza vaccine. We applied multi-parametric flow cytometry to a cohort of 21
young (19-30 years) and 23 elderly (53—-67 years) healthy individuals. Activated and prolif-
erating yo T cells, as identified by CD38 and Ki67 expression, were quantified on the days O,
3,7,10, 14,17, and 21. We observed a significantly lower number of activated and prolifer-
ating yo T cells at baseline and following vaccination in elderly as compared to young individ-
uals. The kinetics changes of activated yd T cells were much stronger in the young, while
corresponding changes in the elderly occurred slower. In addition, we observed an associa-
tion between day 21 HAI titers of influenza A and the frequencies of Ki67* yd T cells at day 7
in the young. In conclusion, aging induces alterations of the yo T cell response that might
have negative implications for vaccination efficacy.

Introduction

The seasonal influenza virus accounts for thousands of deaths and hospitalization of elderly
in industrialized nations [1]. These numbers are likely to rise as life expectancy increases,
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resulting in an increased burden on the health care systems. The responsiveness of the immune
system decreases with age thus diminishing the vaccine efficacy [2]. This in turn makes the
weakened more susceptible to fatal infections.

v3 T cells intersect the innate and adaptive arms of the immune system [3]. The T cell
receptor (TCR) of y8 T cells is, similar to that on aff T cells, generated by a random combina-
tion of various gene-segments. Although the potential repertoire of Y8 T cells is much larger
than for o T cells, the actual diversity is much more restricted [4]. ¥ T cells constitute about
1-10% of all CD3" T cells in humans and are, according to their TCR expression, broadly
divided into two groups: The epithelium associated V81" and V83" and the circulation associ-
ated V82", which constitutes 50-90% of y8 T cell in peripheral blood [5].

Similar to the cells of the innate immune system, Y8 T cells can respond rapidly upon activa-
tion through pre-programmed release of particular cytokines including interferon (IFN)-v,
interleukin (IL)-4, or IL-17 [6]. The cells also have cytotoxic properties mediated by granzymes
and the death receptor ligands FasL and TRAIL [7]. The adaptive properties of Y8 T cells are
found in their ability for clonal expansion after antigen-specific priming [6]. The cells further
possess memory akin to other adaptive immune cells [8,9] and have been suggested to play a
role in age related alterations of the immune response [10].

A range of antigens recognized by y3 T cells has been identified [4]. Among these are small
peptides, membrane anchored proteins, phospholipids, prenyl pyrophosphates, and sulfatides.
Soluble proteins, such as tetanus toxoid and heat shock proteins, have also been demonstrated
to induce a ySTCR-dependent T cell response [5,11]. The recognition of soluble proteins
might occur independently of MHC and other antigen presenting molecules [12].

CD38 is upregulated on y8 T cells after activation [13]. This is similar to aff T cells, where
several substrates for CD38 are known to regulate the functionality of the cells [14,15]. The
proliferation marker Ki67 is well established as it is expressed in all phases of the cell cycle but
the GO phase [16]. The exhaustion marker PD-1 is also expressed on yd T cells upon activation
[17], but it is not yet clear if PD-1 signaling can effectively dampen the response of y8 T cells
[18].

Human y8 T cells have also been found to act as professional antigen presenting cells
(APCs) where they efficiently take up and present soluble antigen [19-22]. The role as APC
might be an evolutionary conserved feature of Y8 T cells [23]. In particular, the cells were
shown to become activated by recombinant influenza hemagglutinin and present peptides
derived from influenza virus particles to CD4" and CD8" off T cells [22,24]. Activated y§ T
cells have been shown to home to the lymph nodes by the expression of CCR7 and to the gut
by expression of aEf7 [14,25]. In addition to their potential role as APCs, y3 T cells can also
assist in maturation of dendritic cells (DCs) and can further help B cells into becoming anti-
body-producing plasma cells by secretion of cytokines [26].

vd T cells play an important part in clearing virus infections [27]. This is achieved by direct
killing of EBV, CMV, and HSV infected cells [28,29], or by non-cytolytic inhibition of HSV or
SIV replication through secretion of IFN-y [30,31]. The VY9V 82 v T cells can control infec-
tion by several strains of influenza virus, such as the pandemic HIN1, and the avian H5N1 and
HON2 viruses ex vivo [32-34].

The exact mode of interaction between the y3 T cells and the influenza virus is not fully
understood. However, it has been suggested that y8 T cells are activated by the influenza hem-
agglutinin through binding to sialic receptors [24]. The anti-viral function of the Y8 T cells
relies on receptor mediated apoptosis induction through TRAIL or FasL [35].

Since hemagglutinin is a primary component of the seasonal influenza vaccine [36], it is
possible that y8 T cells become activated following vaccination. We therefore asked how y8 T
cells might affect vaccine efficacy. To this end, circulating y8 T cells were analyzed in young
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and elderly at day 0, 3, 7, 10, 14, 17, and 21 after vaccination with the trivalent 2011/2012
northern hemisphere seasonal influenza vaccine [37]. We focused on activated and proliferat-
ing yd T cells as defined by the expression of CD38 or Ki67. We found that the elderly had sig-
nificantly lower cell numbers in the days following the vaccination and that the younger had
larger fluctuation in the absolute cell count. In addition, we found an association of the fre-
quency of activated yd T cell in the young at day 7 and Influenza A HAI titers at day 21.

Materials and methods
Study cohort

A total of 50 healthy donors at the age of 19-67 years were recruited into the study. The study
was performed at Berlin—Brandenburg Center for Regenerative Therapies, Charité ~Universi-
tiatsmedizin Berlin in Berlin in the fall of 2011 [37] and was approved by the ethics board of the
Charité —Universitdtsmedizin Berlin (approval numbers EA1/175/11). All study participants
provided written informed consent before being recruited into the study. There were no chil-
dren participating in the study. The inclusion criteria were no previous vaccination with any
of the components in the 2011/2012 seasonal influenza vaccination to ensure a naive immune
status against 2011/2012 seasonal vaccination. Individuals who were receiving immunomodu-
latory therapy, had hemoglobin value less 12 g/dl, or were pregnant were excluded from the
study. Donors who were suffering from an acute influenza like illness or other chronic illnesses
prior to the study were likewise excluded, as were donors with a known allergy to any compo-
nents of the vaccine. Donors who were sero-negative to at least one of the three strains in the
influenza vaccine were included in this analysis. The resulting cohort was made of 21 young
donors (19-30 years, 10 females, 11 males) and 23 elderly donors (53-67 years, 13 females, 10
males), summarized in Table 1.

Vaccination and sample collection

All donors received the trivalent inactivated influenza vaccine Mutagrip 2011/2012 (Sanofi-
Pasteur) intramuscularly by a physician. The vaccine was composed of the following strains
recommended by the WHO for the 2011/2012 influenza season in the northern hemisphere:
an A/California/7/2009 (H1N1)-like virus, an A/Perth/16/2009 (H3N2)-like virus, a B/Bris-
bane/60/2008-like virus [38].

From each donor, a total of 50 ml of blood was drawn before injection of the vaccine and
onday 3,7, 10, 14, 17, and 21 after vaccination using Lithium-Heparin Vacutainers (BD Bio-
sciences). The blood samples were processed immediately.

Table 1. Cohort characteristics.

Age group
Elderly Young

Number donors 23 21
Age range (years) 53-67 19-30
Age mean (years) 58.65 26.14
Number female/male 13/10 10/11
Number CMV positive/negative 17/6 9/12
Number Day 0 sero-negative

A/California/7/2009 (A(H1N1)pdm09) 20 17

A/Perth/16/2009 (A(H3N2)) 19 17

B/Brisbane/60/2008 13 18

https://doi.org/10.1371/journal.pone.0181161.t001
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Hemagglutination inhibition assay

Influenza specific serum antibody titers were measured by a standard hemagglutination inhi-
bition (HAI) assay, using the seasonal 2011/2012 vaccine strains A/California/7/2009 (A
(HIN1)pdmO09), A/Perth/16/2009 (A(H3N2)), and B/Brisbane/60/2008 and erythrocytes from
turkey hens as previously described [39]. Pre- and post (day 21) vaccination sera were tested
simultaneously and in duplicates. Baseline sero-negativity was defined by a HAI titer below 10
[40].

Preparation of PBMCs

Peripheral blood mononucleated cells (PBMCs) were prepared from whole blood by way of
Leucosept-Tubes (Cellstar) per manufacturer’s instructions. Briefly, separation tubes were pre-
pared with 15-ml Ficoll-Paque Plus (GE Healthcare) followed by addition of the heparin
treated anticoagulated blood pre-diluted in PBS/BSA (Gibco) at a 1:1 ratio. Tubes were centri-
fuged at 800 g for 15 minutes at room temperature, and the PBMCs were isolated by gradient
centrifugation and washed twice with PBS/BSA.

Antibodies and staining procedure

Isolated PBMCs were stained with optimal dilutions of CD3-APC-H7 (Clone: SK7; BD Biosci-
ences), YOTCR-APC (Clone: B1; BD Biosciences), CD38-PE (Clone: IB6; Miltenyi Biotec),
Ki67-V450 (Clone: B56; BD Biosciences). Prior to staining with antibodies, unspecific anti-
body binding was blocked with Beriglobin (ZLB Behring) at a final concentration of 0.01 mg/
ml. Surface staining was performed in PBS at 10 cells/ml for 15 minutes at room temperature.
Stained cells were fixed with the paraformaldehyde containing FACS-Lysing-Solution (BD
Biosciences) for 10 minutes at room temperature in the dark. After permeabilization with
FACS-Perm-Solution (BD Biosciences) for 10 minutes at room temperature, Ki67 was stained
intra-cellular for 30 minutes at room temperature in the dark in FACS-Perm-Solution.

The cells were acquired on a MACS Quant (Miltenyi Biotec) flow cytometer. Quality con-
trol was performed daily using SPHERO Rainbow Calibration Particles (BD Biosciences). No
adjustment to the PMT voltage was required between the runs. A compensation matrix was
established the day before vaccination using single antibody stains.

Data analysis

FACS data were analyzed using Flowjo version 9.8.3 (Tree Star) and statistical analysis was
performed using R, version 3.2 [41]. Plots were generated with the R-package ggplot2 [42].
Values larger or smaller than 1.5 * IRQ, where IRQ is the inter-quartile range, were considered
outliers. p-values < 0.05 after adjustment with false discovery rate (FDR) were considered sig-
nificant [43]. Rate changes were determined by fitting the formula y = f + ax for linear kinetics
and y = f + a/x for nonlinear kinetics.

Results

v3 T cells can become activated by influenza-specific proteins and present peptides derived
from influenza virus particles to CD4" and CD8" of T cells [22,24]. The effect of aging on the
kinetics of y8 T cells following vaccination with the trivalent 2011/2012 influenza vaccine was
assessed in the PRIMAGE study cohort [37]. In this cohort healthy young (19-30 years of age)
and elderly (53-67 years of age) donors were vaccinated with the seasonal 2011/2012 influenza
vaccine, and the composition of circulating blood cells were analyzed by multi-parametric
flow cytometry at day 0, 3, 7, 10, 14, 17, and 21. y3 T cells were identified by the ySTCR
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antibody clone B1. We focused on the detailed characterization of activated and proliferating
vd T cells as defined by the expression of CD38, Ki67, or combinations of CD38 and Ki67 (Fig
1A and Panel A in S1 Fig).

Activation state of yd T cells changes with age

We first looked at the overall proportion and absolute cell count of y8 T cells at baseline, before
vaccination (Fig 1). We observed significantly lower frequency and absolute cell count of y& T
cells in the elderly compared to the young (Fig 1B and 1C). With respect to the activation and
proliferative status (as defined by CD38 and Ki67 markers) we observed large interindividual
variations. While no significant differences in the frequency of CD38" among all y3 T cells
were found between both age groups (Fig 1D), the absolute counts of y8"CD38" cells were sig-
nificantly lower in elderly (Fig 1E), which reflect the overall decrease in y3 T cells detected in
the elderly as compared to the young. In addition, the proportion of proliferating yd T cells, as
indicated by the expression of Ki67, were found to increase with age (Fig 1F), however due to
overall decrease of y8 T cells the absolute count of total y§'Ki67" was decreased (Fig 1G).
Taken together, our data demonstrate that at the baseline elderly showed a decreased number
of 8 T cells and increased proportion of proliferating Ki67 v T as compared to the young.

Heterogeneous response kinetics of cell frequencies

Next, we analyzed the kinetics of ¥ T cells following vaccination. The decrease in the fre-
quency of proliferating Ki67" cells among CD3"ydTCR" T cells from day 0 to day 3 was more
pronounced in the elderly. Thus at day 3 the initial difference was abrogated (Fig 2A and 2B).
Exemplary Ki67-stain is shown in Panel D in S1 Fig. The initial decrease was followed by a par-
allel increase to the similar peak values at day 7 in both groups. From this time point on, the
frequency of proliferating Ki67" cells among y8 T cells declined in both groups. The decrease
was slower in the elderly and resulted in a significantly higher frequency of proliferating Ki67"*
cells Y8 T cells in elderly at day 14. The frequency of cells was stable from day 14 in the young
and at day 17 for the elderly. The observed non-linear proportionality constants were 26.9 per-
cent point (pp)*day in the young donors and 21.1 pp*day for the elderly individuals (Fig 2C).
Similar observations were made for the frequency of CD38"Ki67" among y8TCR" (Fig 2D~
2F), but not for the cell count of these two populations (Panels A and B in S2 Fig). We further
subdivided the age groups according to CMV status and observed similar kinetics (Panels A
and B in S3 Fig). In summary, the data presented here demonstrate that the kinetics of prolifer-
ating v3 T cells differs between young and the elderly showing alterations in older individuals.

Dynamic changes of activated yd T cells with significantly lower levels in
elderly

The absolute cell count of total CD38" y8 T cells decreases with age in healthy individuals (Fig
1E). This difference in total CD38"y§TCR" was abrogated at day 3 after vaccination but rein-
stated at day 7 (Fig 3A). In fact, the cell population revealed fluctuations among the young and
the elderly alike on the days following vaccination. We therefore separated the time course
into the following segments: day 0-7, day 7-10, day 10-17, and day 17-21. The increase during
the first segment was stronger in the young with a rate of 0.8 cells/ul/day compared to 0.3 cells/
wl/day for the elderly (Fig 3B). The subsequent decrease from day 7 to day 10 was twice as
strong for the young with a rate of -3.3 cells/pl/day versus -1.6 cells/pl/day for the elderly (Fig
3C). In the following increase during the segment from day 10 to day 17 the young surpassed
the elderly with rates of 1.8 cells/ul/day compared to 1.1 cells/pl/day for the elderly (Fig 3D).
The decrease from day 17 to day 21 was similar for the two groups (Fig 3E).
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outliers. Each point signifies a single donor. NS indicate not significant, asterisks indicate p-values (** p < 0.01; * p < 0.05) after comparison with Student’s t-
test.

https://doi.org/10.1371/journal.pone.0181161.g001

A similar kinetics could be observed for the CD38"Ki67 y8 T cells but not CD38"Ki67 y§TCR"
T cells (Fig 3F-3] and Panel B in S2 Fig). For the frequencies of total CD38" and CD38"Ki67 no
difference in kinetics was observed (Fig 2C and Panel D in S2 Fig). When we divided the two age
groups according to the CMV status, we observed kinetics similar to the complete age groups
(Panels C and D in S3 Fig). Taken together, our data show that the kinetics of absolute count of
activated y3 T cells is highly dynamic with larger changes in the young and significantly lower lev-
els in elderly at all time points but day 3.

Proliferation associates with vaccination titer

Next we compared the day 21 HATI titers for each strain in the vaccine to the frequency of pro-
liferating y8 T cells (Fig 4 and S5 Fig). We found that the frequency of total Ki67" cells among
v9 T cells at day 3 associated with titers for A/California/7/2009 (HIN1) strain in the young
(Fig 4A). Titers for both HIN1 and the other influenza A strain A/Perth/16/2009 (H3N2) asso-
ciated with the frequency of total Ki67" at day 7 in the young (Fig 4A and 4B). For the fre-
quency of CD38"Ki67" among ySTCR" we only observed an association at day 7 in the young
to H3N2 (Fig 4C and 4B). We did not observe any association between frequencies and the
day 21 titers of the influenza B strain B/Brisbane/60/2008-like (54 Fig). For the proportionality
constants, only the rate change of proliferating cells from day 0 to day 3 associated with HIN1
titers in the young (S5 Fig). These data demonstrate a positive relationship between proliferat-
ing y8 T cells and vaccination outcome in the young but not in the elderly.

Discussion

It is known that the adaptive immune system deteriorates with age in terms of diversity but
also efficacy [44]. However, the effect of aging on y3 T cells especially in context of vaccination
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Each point represents a single donor. The formula y = 8 + axwas fitted in B-E and G-J. The given values indicate the proportionality constant a.

https://doi.org/10.1371/journal.pone.0181161.g003

has not been investigated. Here we analyzed the kinetics of activated and proliferating y3 T cell
subsets after seasonal influenza vaccination with respect to age. We further correlated the
kinetics with the vaccination outcome. We show for the first time that the immediate y3 T cells
response to pathogen, as well as the following kinetics, is altered with age. Our data also dem-
onstrate an age dependent association between vaccination efficacy and proliferative capacity
of y8 T cells.

The frequency of proliferating yYSTCR" cells was higher in the elderly at baseline. This
increased proliferation rate might be a mechanism to counteract the overall decrease in y& T
cell numbers or reflect the low grade chronic inflammation generally observed in the elderly
[45]. As a result, the y3 T cells in the elderly could potentially be exhausted. However, similar
frequencies in the young and elderly were observed at the peak of the response. In addition,
the functional state of exhaustion in y3 T cells is not clear [18].

The proportion of individuals infected with CMV increase with age as do the expansion of
CMV specific o and y8 T cells [46,47]. This makes CMV infection a potential confounding
factor in any study on age associated changes to T cell immunity. In addition, the y3 T cell sub-
set V827 is expanded in CMV positive, while the V82" remained unchanged [48]. When we
subdivided the age groups according to CMV status, we observed kinetics similar to those
observed without subdivision, albeit not identical. This is probably due to loss of statistical
power as the groups being compared become too small to reveal significant differences. The
differences in kinetics presented in this report therefore do not depend on CMV status but
stems from differences in age.

The CMV induced changes to the composition Y8 T cell compartment in the elderly could
explain the lack of association between activated cells and vaccination outcome in the elderly.
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Fig 4. Proliferation level associates with vaccination titer in the young. Day 21 HAI titers of A/California/7/2009 (H1N1) and A/Perth/16/2009 (H3N2)
compared to A-B) the frequency of total Ki67* among ySTCR™ or C-D) the frequency of CD38*Ki67* among ydTCR™" at day 3 and 7. Correlation by the
Spearman rank method. Each point indicates a donor.

https://doi.org/10.1371/journal.pone.0181161.9g004

However, in the elderly, we observe no difference in the frequencies of Ki67" cells in the CMV
negative and CMYV positive sub-groups, indicating that the vaccination has the same effect in
these two sub-groups.

Of interest, we found that proliferating cells are rapidly removed from the circulation in
both the young and the elderly and reappear at the peak of response. Since Y8 T cells can
migrate to secondary lymphoid organs [25], it is possible that the disappearance of proliferat-
ing cells is caused by migration to the secondary lymphoid organs with a subsequent re-release
into the circulation at a later time point. We found that the return to baseline levels occur at
different rates depending on age, and it will be interesting to see mechanisms behind these dif-
ferences and how this affects response to pathogens.

The frequency of Ki67" cells among YSTCR" cells in the young at day 3 and 7 associated
with the HAI titer of the HINI like strain California, but only frequencies at day 7 associated
with the other influenza A strain, the H3N2-like Perth. It is known that H3N2 and HINI can
affect the immune response differently: while H3N2 might cause stronger symptoms [49,50],
HIN1 might induce a more broadly neutralizing antibody response [51]. The observed differ-
ence in kinetics could potentially explain this difference in immune response.

Special attention was paid to the technical study performance. In this context, usage of
reagents potentially affecting results was excluded. So, although the used y3 TCR antibody
clone Bl is an activating antibody [52], the potential confounding effects in this study are neg-
ligible, as expression of Ki67 and CD38 remain stable for at least 4 h after activation [53,54]. It
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has also been reported that the B1 clone might not identify every yd T cell when applied in a
multicolor FACS panel [55]. However, we observed the expected range of yd T cells of 1-10%
among CD3™ in the young donors at baseline. The dynamic of the kinetics is therefore truth-
fully captured in our study. Limitations in our staining panel forced us to focus only on prolif-
erating cells and cells with an activated phenotype. It will be interesting to see how age affects
the kinetics of the major y3 T cells subpopulations.

In conclusion, Y8 T cells in the peripheral blood respond rapidly to influenza vaccination
irrespectively of age. Young individuals showed a more pronounced change in y3 T cell
kinetics, while older individuals demonstrated overall lower cell counts of y8 T cells. Taken
together, our study shows that early aging induces alterations of the y3 T cell response that
might have implications on vaccination efficacy.

Supporting information

S1 Fig. Characterization of activation of y8 T cells. A) The gating strategy applied to identify
activated Y8TCR™ T cells. Shown is a representative donor. B and C) Activation status of
y8TCR" T cells at baseline in the young donors in Fig 1B separated into low (< 10%) and high
(> = 10%) baseline frequency of ySTCR" T cells. D) Representative Ki67 stain at day 0 and day
3 for an young and an elderly donor. The box in B and C represents the 25™, 50, and 75 per-
centile and the whiskers represent the range of the observations excluding outliers. Each point
signifies a single donor. Asterisks indicate p-values (*** p < 0.001; ** p < 0.01) after compari-
son with Student’s t-test.

(TIFF)

$2 Fig. Kinetics of absolute counts and frequencies. Vaccination-dependent kinetics of
absolute counts and frequencies of the Y8 T cell subsets in Figs 2 and 3A) Absolute counts of
y8TCR'Ki67". B) Absolute counts of yYSTCR*CD38"Ki67". C) Frequency of total CD38"
among Y§TCR" T cells. D) Frequency of CD38"Ki67~ among ySTCR™ T cells. The box repre-
sents the 25, 50", and 75" percentile and the whiskers represent the range of the observations
excluding outliers (open circles). Asterisks indicate p-values (** p < 0.01; * p < 0.05) after
comparison with Student’s t-test. p-values were corrected by the FDR method and only signifi-
cant differences are shown.

(TIFF)

$3 Fig. CMV status and kinetics of absolute counts and frequencies. Vaccination-dependent
kinetics of absolute counts and frequencies of the Y8 T cell subsets in Figs 2 and 3, with age
groups subdivided into CMV negative and CMV positive. A) Frequency of total Ki67" among
y8TCR" T cells. B) Frequency of CD38"Ki67" among yYSTCR" T cells. C) Absolute counts of
YSTCR'CD38". D) Absolute counts of YSTCR"CD38"Ki67". The box represents the 25, 50",
and 75" percentile and the whiskers represent the range of the observations excluding outliers
(open circles). Asterisks indicate p-values (** p < 0.01; * p < 0.05) after comparison of CMV
negative young to CMV negative elderly, or CMV positive young to CMV positive elderly with
Student’s t-test. p-values were corrected by the FDR method and only significant differences
are shown.

(TIFF)

S4 Fig. Association of frequencies to day 21 HAI titers of B/Brisbane/60/2008. Association
of day 21 HAI titers of B/Brisbane/60/2008-like virus to A) the frequency of total Ki67" among
y8TCR" and B) the frequency of CD38"Ki67" among ySTCR™ at day 3 and 7 for the young
and the elderly. Correlation by the Spearman rank method. Each point indicates a donor.
(TIFF)
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S5 Fig. Association of proportionality constant and day 21 HAI titers. Association of day
0-3 proportionality constant of the frequency of total Ki67" among ySTCR™ T cells and fre-
quency of CD38"Ki67" among ySTCR" T cells for young and elderly (Fig 2B and 2E) to the
day 21 HAT titers of the A) and D) A/California/7/2009 (H1N1), B) and E) A/Perth/16/2009
(H3N2), and C) and F) B/Brisbane/60/2008-like virus. Correlation by the Spearman rank
method. Each point indicates a donor.

(TIFF)

Acknowledgments
We would like to acknowledge the assistance of the BCRT Flow Cytometry Laboratory.

Author Contributions
Data curation: Ulrik Stervbo, Karsten Jiirchott.
Formal analysis: Ulrik Stervbo, Dominika Pohlmann.

Funding acquisition: Sven Olek, Avidan Neumann, Andreas Thiel, Andreas Griitzkau, Nina
Babel.

Investigation: Dominika Pohlmann, Cecilia Bozzetti, Julia Nora Mélzer, Mikalai Nienen, Axel
Ronald Schulz, Sarah Warth.

Methodology: Julia Nora Milzer, Toralf Roch, Axel Ronald Schulz.
Supervision: Andreas Thiel.

Visualization: Ulrik Stervbo.

Writing - original draft: Ulrik Stervbo.

Writing - review & editing: Ulrik Stervbo, Dominika Pohlmann, Udo Baron, Sven Olek, Tor-
alf Roch, Andreas Thiel, Andreas Griitzkau, Nina Babel.

References

1. Preaud E, Durand L, Macabeo B, Farkas N, Sloesen B, Palache A, et al. Annual public health and eco-
nomic benefits of seasonal influenza vaccination: a European estimate. BMC Public Health. 2014; 14:
813. https://doi.org/10.1186/1471-2458-14-813 PMID: 25103091

2. Osterholm MT, Kelley NS, Sommer A, Belongia EA. Efficacy and effectiveness of influenza vaccines: a
systematic review and meta-analysis. Lancet Infect Dis. 2012; 12: 36—44. https://doi.org/10.1016/
S1473-3099(11)70295-X PMID: 22032844

3. Holtmeier W, Kabelitz D. gammadelta T cells link innate and adaptive immune responses. Chem Immu-
nol Allergy. 2005; 86: 151—-183. https://doi.org/10.1159/000086659 PMID: 15976493

4. ChienY, Meyer C, Bonneville M. yd T cells: first line of defense and beyond. Annu Rev Immunol. 2014;
32: 121-155. https://doi.org/10.1146/annurev-immunol-032713-120216 PMID: 24387714

5. WuY-L, Ding Y-P, Tanaka Y, Shen L-W, Wei C-H, Minato N, et al. yd T cells and their potential for
immunotherapy. Int J Biol Sci. 2014; 10: 119-135. https://doi.org/10.7150/ijbs.7823 PMID: 24520210

6. Vantourout P, Hayday A. Six-of-the-best: unique contributions of gd T cells to immunology. Nat Rev
Immunol. 2013; 13: 88—100. https://doi.org/10.1038/nri3384 PMID: 23348415

7. LafontV, Sanchez F, Laprevotte E, Michaud H-A, Gros L, Eliaou J-F, et al. Plasticity of yd T cells:
impact on the anti-tumor response. Front Immunol. 2014; 5: 622. https://doi.org/10.3389/fimmu.2014.
00622 PMID: 25538706

8. Pitard V, Roumanes D, Lafarge X, Couzi L, Garrigue |, Lafon M-E, et al. Long-term expansion of effec-
tor/memory Vdelta2-gammadelta T cells is a specific blood signature of CMV infection. Blood. 2008;
112: 1317-1324. https://doi.org/10.1182/blood-2008-01-136713 PMID: 18539896

PLOS ONE | https://doi.org/10.1371/journal.pone.0181161 July 11,2017 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181161.s005
https://doi.org/10.1186/1471-2458-14-813
http://www.ncbi.nlm.nih.gov/pubmed/25103091
https://doi.org/10.1016/S1473-3099(11)70295-X
https://doi.org/10.1016/S1473-3099(11)70295-X
http://www.ncbi.nlm.nih.gov/pubmed/22032844
https://doi.org/10.1159/000086659
http://www.ncbi.nlm.nih.gov/pubmed/15976493
https://doi.org/10.1146/annurev-immunol-032713-120216
http://www.ncbi.nlm.nih.gov/pubmed/24387714
https://doi.org/10.7150/ijbs.7823
http://www.ncbi.nlm.nih.gov/pubmed/24520210
https://doi.org/10.1038/nri3384
http://www.ncbi.nlm.nih.gov/pubmed/23348415
https://doi.org/10.3389/fimmu.2014.00622
https://doi.org/10.3389/fimmu.2014.00622
http://www.ncbi.nlm.nih.gov/pubmed/25538706
https://doi.org/10.1182/blood-2008-01-136713
http://www.ncbi.nlm.nih.gov/pubmed/18539896
https://doi.org/10.1371/journal.pone.0181161

@° PLOS | ONE

Kinetics of yd T cells after influenza vaccination

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Chen ZW. Diverse immunological roles of yd T cells. Cell Mol Immunol. 2013; 10: 1. https://doi.org/10.
1038/cmi.2012.73 PMID: 23292308

Langer JC, Kumar R, Snoeck H-W. Age-related accumulation of a novel CD44 + CD25lowgammadelta
T-cell population in hematopoietic organs of the mouse. J Gerontol A Biol Sci Med Sci. 2006; 61: 568—
571. PMID: 16799138

Born WK, Zhang L, Nakayama M, Jin N, Chain JL, Huang Y, et al. Peptide antigens for gamma/delta T
cells. Cell Mol Life Sci CMLS. 2011; 68: 2335-2343. https://doi.org/10.1007/s00018-011-0697-3 PMID:
21553233

Sciammas R, Bluestone JA. TCRgammadelta cells and viruses. Microbes Infect Inst Pasteur. 1999; 1:
203-212.

YinW, Tong S, Zhang Q, Shao J, Liu Q, Peng H, et al. Functional dichotomy of V62 y T cells in chronic
hepatitis C virus infections: role in cytotoxicity but not for IFN-y production. Sci Rep. 2016; 6: 26296.
https://doi.org/10.1038/srep26296 PMID: 27192960

Han A, Newell EW, Glanville J, Fernandez-Becker N, Khosla C, Chien Y-H, et al. Dietary gluten triggers
concomitant activation of CD4+ and CD8+ af3 T cells and yd T cells in celiac disease. Proc Natl Acad
SciU S A.2013; 110: 13073-13078. https://doi.org/10.1073/pnas.1311861110 PMID: 23878218

Ernst IM, Fliegert R, Guse AH. Adenine Dinucleotide Second Messengers and T-lymphocyte Calcium
Signaling. Front Immunol. 2013; 4. https://doi.org/10.3389/fimmu.2013.00259 PMID: 24009611

Scholzen T, Gerdes J. The Ki-67 protein: from the known and the unknown. J Cell Physiol. 2000; 182:
311-322. https://doi.org/10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9 PMID:
10653597

Iwasaki M, Tanaka Y, Kobayashi H, Murata-Hirai K, Miyabe H, Sugie T, et al. Expression and function
of PD-1in human yd T cells that recognize phosphoantigens. Eur J Immunol. 2011; 41: 345-355.
https://doi.org/10.1002/€ji.201040959 PMID: 21268005

Silva-Santos B, Serre K, Norell H. yd T cells in cancer. Nat Rev Immunol. 2015; 15: 683-691. https://
doi.org/10.1038/nri3904 PMID: 26449179

Brandes M, Willimann K, Moser B. Professional antigen-presentation function by human gammadelta T
Cells. Science. 2005; 309: 264—268. https://doi.org/10.1126/science.1110267 PMID: 15933162

Himoudi N, Morgenstern DA, Yan M, Vernay B, Saraiva L, Wu Y, et al. Human y& T lymphocytes are
licensed for professional antigen presentation by interaction with opsonized target cells. J Immunol Bal-
tim Md 1950. 2012; 188: 1708—1716. https://doi.org/10.4049/jimmunol.1102654 PMID: 22250090

Brandes M, Willimann K, Bioley G, Lévy N, Eberl M, Luo M, et al. Cross-presenting human gammadelta
T cells induce robust CD8+ alphabeta T cell responses. Proc Natl Acad Sci U S A. 2009; 106: 2307—
2312. https://doi.org/10.1073/pnas.0810059106 PMID: 19171897

Meuter S, Eberl M, Moser B. Prolonged antigen survival and cytosolic export in cross-presenting
human gammadelta T cells. Proc Natl Acad Sci U S A. 2010; 107: 8730-8735. https://doi.org/10.1073/
pnas.1002769107 PMID: 20413723

Wan F, Hu C, Ma J, Gao K, Xiang L, Shao J. Characterization of yd T Cells from Zebrafish Provides
Insights into Their Important Role in Adaptive Humoral Immunity. Front Immunol. 2017; 7. hitps://doi.
org/10.3389/fimmu.2016.00675 PMID: 28119690

LuY, LiZ, Ma C, Wang H, Zheng J, Cui L, et al. The interaction of influenza H5N1 viral hemagglutinin
with sialic acid receptors leads to the activation of human yd T cells. Cell Mol Immunol. 2013; 10: 463—
470. https://doi.org/10.1038/cmi.2013.26 PMID: 23912782

Brandes M, Willimann K, Lang AB, Nam K-H, Jin C, Brenner MB, et al. Flexible migration program regu-
lates gamma delta T-cell involvement in humoral immunity. Blood. 2003; 102: 3693—-3701. https://doi.
org/10.1182/blood-2003-04-1016 PMID: 12881309

Petrasca A, Doherty DG. Human vd2(+) yd T cells differentially induce maturation, cytokine production,
and alloreactive T cell stimulation by dendritic cells and B cells. Front Immunol. 2014; 5: 650. https://doi.
org/10.3389/fimmu.2014.00650 PMID: 25566261

Hou L, Wang T, Sun J. y& T cells in infection and autoimmunity. Int Inmunopharmacol. 2015; 28: 887—
891. https://doi.org/10.1016/j.intimp.2015.03.038 PMID: 25864620

Fujishima N, Hirokawa M, Fujishima M, Yamashita J, Saitoh H, Ichikawa Y, et al. Skewed T cell receptor
repertoire of Vdelta1(+) gammadelta T lymphocytes after human allogeneic haematopoietic stem cell
transplantation and the potential role for Epstein-Barr virus-infected B cells in clonal restriction. Clin Exp
Immunol. 2007; 149: 70-79. https://doi.org/10.1111/j.1365-2249.2007.03388.x PMID: 17425654

Tseng CT, Miskovsky E, Houghton M, Klimpel GR. Characterization of liver T-cell receptor gammadelta
T cells obtained from individuals chronically infected with hepatitis C virus (HCV): evidence for these T
cells playing a role in the liver pathology associated with HCV infections. Hepatol Baltim Md. 2001; 33:
1312-1320. https://doi.org/10.1053/jhep.2001.24269 PMID: 11343261

PLOS ONE | https://doi.org/10.1371/journal.pone.0181161 July 11,2017 12/14


https://doi.org/10.1038/cmi.2012.73
https://doi.org/10.1038/cmi.2012.73
http://www.ncbi.nlm.nih.gov/pubmed/23292308
http://www.ncbi.nlm.nih.gov/pubmed/16799138
https://doi.org/10.1007/s00018-011-0697-3
http://www.ncbi.nlm.nih.gov/pubmed/21553233
https://doi.org/10.1038/srep26296
http://www.ncbi.nlm.nih.gov/pubmed/27192960
https://doi.org/10.1073/pnas.1311861110
http://www.ncbi.nlm.nih.gov/pubmed/23878218
https://doi.org/10.3389/fimmu.2013.00259
http://www.ncbi.nlm.nih.gov/pubmed/24009611
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9
http://www.ncbi.nlm.nih.gov/pubmed/10653597
https://doi.org/10.1002/eji.201040959
http://www.ncbi.nlm.nih.gov/pubmed/21268005
https://doi.org/10.1038/nri3904
https://doi.org/10.1038/nri3904
http://www.ncbi.nlm.nih.gov/pubmed/26449179
https://doi.org/10.1126/science.1110267
http://www.ncbi.nlm.nih.gov/pubmed/15933162
https://doi.org/10.4049/jimmunol.1102654
http://www.ncbi.nlm.nih.gov/pubmed/22250090
https://doi.org/10.1073/pnas.0810059106
http://www.ncbi.nlm.nih.gov/pubmed/19171897
https://doi.org/10.1073/pnas.1002769107
https://doi.org/10.1073/pnas.1002769107
http://www.ncbi.nlm.nih.gov/pubmed/20413723
https://doi.org/10.3389/fimmu.2016.00675
https://doi.org/10.3389/fimmu.2016.00675
http://www.ncbi.nlm.nih.gov/pubmed/28119690
https://doi.org/10.1038/cmi.2013.26
http://www.ncbi.nlm.nih.gov/pubmed/23912782
https://doi.org/10.1182/blood-2003-04-1016
https://doi.org/10.1182/blood-2003-04-1016
http://www.ncbi.nlm.nih.gov/pubmed/12881309
https://doi.org/10.3389/fimmu.2014.00650
https://doi.org/10.3389/fimmu.2014.00650
http://www.ncbi.nlm.nih.gov/pubmed/25566261
https://doi.org/10.1016/j.intimp.2015.03.038
http://www.ncbi.nlm.nih.gov/pubmed/25864620
https://doi.org/10.1111/j.1365-2249.2007.03388.x
http://www.ncbi.nlm.nih.gov/pubmed/17425654
https://doi.org/10.1053/jhep.2001.24269
http://www.ncbi.nlm.nih.gov/pubmed/11343261
https://doi.org/10.1371/journal.pone.0181161

@° PLOS | ONE

Kinetics of yd T cells after influenza vaccination

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Agrati C, Alonzi T, De Santis R, Castilletti C, Abbate |, Capobianchi MR, et al. Activation of Vgamma9V-
delta2 T cells by non-peptidic antigens induces the inhibition of subgenomic HCV replication. Int Immu-
nol. 2006; 18: 11-18. https://doi.org/10.1093/intimm/dxh337 PMID: 16361319

Tuero |, Venzon D, Robert-Guroff M. Mucosal and Systemic yd * T Cells Associated with Control of Sim-
ian Immunodeficiency Virus Infection. J Immunol. 2016; 197: 4686—4695. https://doi.org/10.4049/
jimmunol.1600579 PMID: 27815422

Qin G, Liu'Y, Zheng J, Xiang Z, Ng IHY, Malik Peiris JS, et al. Phenotypic and functional characteriza-
tion of human yd T-cell subsets in response to influenza A viruses. J Infect Dis. 2012; 205: 1646—1653.
https://doi.org/10.1093/infdis/jis253 PMID: 22457284

Qin G, LiuY, Zheng J, Ng IHY, Xiang Z, Lam K-T, et al. Type 1 responses of human Vy9Vvd2 T cells to
influenza A viruses. J Virol. 2011; 85: 10109-10116. https://doi.org/10.1128/JVI.05341-11 PMID:
21752902

Qin G, Mao H, Zheng J, Sia SF, Liu Y, Chan P-L, et al. Phosphoantigen-expanded human gammadelta
T cells display potent cytotoxicity against monocyte-derived macrophages infected with human and
avian influenza viruses. J Infect Dis. 2009; 200: 858—865. https://doi.org/10.1086/605413 PMID:
19656068

LiH, Xiang Z, Feng T, Li J, Liu Y, Fan Y, et al. Human Vy9V&2-T cells efficiently kill influenza virus-
infected lung alveolar epithelial cells. Cell Mol Immunol. 2013; 10: 159—164. https://doi.org/10.1038/
cmi.2012.70 PMID: 23353835

Knossow M, Skehel JJ. Variation and infectivity neutralization in influenza. Immunology. 2006; 119: 1—
7. https://doi.org/10.1111/j.1365-2567.2006.02421.x PMID: 16925526

Jurchott K, Schulz AR, Bozzetti C, Pohimann D, Stervbo U, Warth S, et al. Highly predictive model for a
protective immune response to the A(H1N1)pdm2009 influenza strain after seasonal vaccination. PloS
One. 2016; 11: e0150812. https://doi.org/10.1371/journal.pone.0150812 PMID: 26954292

WHO. Recommended composition of influenza virus vaccines for use in the 2011-2012 northern hemi-
sphere influenza season. Relevé Epidémiologique Hebd Sect Hygiene Secrétariat Société Nations
WKkly Epidemiol Rec Health Sect Secr Leag Nations. 2011; 86: 86—90.

Rambal V, Milller K, Dang-Heine C, Sattler A, Dziubianau M, Weist B, et al. Differential influenza H1N1-
specific humoral and cellular response kinetics in kidney transplant patients. Med Microbiol Immunol
(Berl). 2014; 203: 35—45. https://doi.org/10.1007/s00430-013-0312-3 PMID: 24057515

Allwinn R, Geiler J, Berger A, Cinatl J, Doerr HW. Determination of serum antibodies against swine-ori-

gin influenza A virus H1IN1/09 by immunofluorescence, haemagglutination inhibition, and by neutraliza-
tion tests: how is the prevalence rate of protecting antibodies in humans? Med Microbiol Immunol (Berl).
2010; 199: 117-121. https://doi.org/10.1007/s00430-010-0143-4 PMID: 20162304

R Core Team. R: a language and environment for statistical computing [Internet]. Vienna, Austria;
2012. Available: http://www.R-project.org/

Wickham H. ggplot2: elegant graphics for data analysis. 1st ed. 2009. Corr. 3rd printing 2010. Springer;
2009.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and powerful approach to mul-
tiple testing. J R Stat Soc Ser B Methodol. 1995; 57: 289-300.

Lee N, Shin MS, Kang I. T-cell biology in aging, with a focus on lung disease. J Gerontol A Biol Sci Med
Sci. 2012; 67: 254—263. https://doi.org/10.1093/gerona/glr237 PMID: 22396471

Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli S. Inflammaging and “Garb-aging.” Trends Endo-
crinol Metab. 2017; 28: 199-212. https://doi.org/10.1016/j.tem.2016.09.005 PMID: 27789101

Roux A, Mourin G, Larsen M, Fastenackels S, Urrutia A, Gorochov G, et al. Differential Impact of Age
and Cytomegalovirus Infection on the yd T Cell Compartment. J Immunol. 2013; 191: 1300-1306.
https://doi.org/10.4049/jimmunol.1202940 PMID: 23817410

Klenerman P, Oxenius A. T cell responses to cytomegalovirus. Nat Rev Immunol. 2016; 16: 367-377.
https://doi.org/10.1038/nri.2016.38 PMID: 27108521

Wistuba-Hamprecht K, Frasca D, Blomberg B, Pawelec G, Derhovanessian E. Age-associated alter-
ations in y® T-cells are present predominantly in individuals infected with Cytomegalovirus. Immun Age-
ing A. 2013; 10: 26. https://doi.org/10.1186/1742-4933-10-26 PMID: 23822093

Kaji M, Watanabe A, Aizawa H. Differences in clinical features between influenza AH1N1, A H3N2, and
B in adult patients. Respirology. 2003; 8: 231-233. https://doi.org/10.1046/j.1440-1843.2003.00457 .x
PMID: 12753540

Huang SSH, Banner D, Fang Y, Ng DCK, Kanagasabai T, Kelvin DJ, et al. Comparative analyses of
pandemic H1N1 and seasonal HIN1, H3N2, and influenza B infections depict distinct clinical pictures in
ferrets. PloS One. 2011; 6: e27512. https://doi.org/10.1371/journal.pone.0027512 PMID: 22110664

PLOS ONE | https://doi.org/10.1371/journal.pone.0181161 July 11,2017 13/14


https://doi.org/10.1093/intimm/dxh337
http://www.ncbi.nlm.nih.gov/pubmed/16361319
https://doi.org/10.4049/jimmunol.1600579
https://doi.org/10.4049/jimmunol.1600579
http://www.ncbi.nlm.nih.gov/pubmed/27815422
https://doi.org/10.1093/infdis/jis253
http://www.ncbi.nlm.nih.gov/pubmed/22457284
https://doi.org/10.1128/JVI.05341-11
http://www.ncbi.nlm.nih.gov/pubmed/21752902
https://doi.org/10.1086/605413
http://www.ncbi.nlm.nih.gov/pubmed/19656068
https://doi.org/10.1038/cmi.2012.70
https://doi.org/10.1038/cmi.2012.70
http://www.ncbi.nlm.nih.gov/pubmed/23353835
https://doi.org/10.1111/j.1365-2567.2006.02421.x
http://www.ncbi.nlm.nih.gov/pubmed/16925526
https://doi.org/10.1371/journal.pone.0150812
http://www.ncbi.nlm.nih.gov/pubmed/26954292
https://doi.org/10.1007/s00430-013-0312-3
http://www.ncbi.nlm.nih.gov/pubmed/24057515
https://doi.org/10.1007/s00430-010-0143-4
http://www.ncbi.nlm.nih.gov/pubmed/20162304
http://www.R-project.org/
https://doi.org/10.1093/gerona/glr237
http://www.ncbi.nlm.nih.gov/pubmed/22396471
https://doi.org/10.1016/j.tem.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27789101
https://doi.org/10.4049/jimmunol.1202940
http://www.ncbi.nlm.nih.gov/pubmed/23817410
https://doi.org/10.1038/nri.2016.38
http://www.ncbi.nlm.nih.gov/pubmed/27108521
https://doi.org/10.1186/1742-4933-10-26
http://www.ncbi.nlm.nih.gov/pubmed/23822093
https://doi.org/10.1046/j.1440-1843.2003.00457.x
http://www.ncbi.nlm.nih.gov/pubmed/12753540
https://doi.org/10.1371/journal.pone.0027512
http://www.ncbi.nlm.nih.gov/pubmed/22110664
https://doi.org/10.1371/journal.pone.0181161

@° PLOS | ONE

Kinetics of yd T cells after influenza vaccination

51.

52.

53.

54.

55.

Bissel SJ, Wang G, Carter DM, Crevar CJ, Ross TM, Wiley CA. H1N1, but not H3N2, influenza A virus
infection protects ferrets from H5N1 encephalitis. J Virol. 2014; 88: 3077-3091. https://doi.org/10.1128/
JVI1.01840-13 PMID: 24371072

Fisher JPH, Yan M, Heuijerjans J, Carter L, Abolhassani A, Frosch J, et al. Neuroblastoma Killing Prop-
erties of V 2 and V 2-Negative T Cells Following Expansion by Artificial Antigen-Presenting Cells. Clin
Cancer Res. 2014; 20: 5720-5732. https://doi.org/10.1158/1078-0432.CCR-13-3464 PMID: 24893631

Motamedi M, Xu L, Elahi S. Correlation of transferrin receptor (CD71) with Ki67 expression on stimu-
lated human and mouse T cells: The kinetics of expression of T cell activation markers. J Immunol
Methods. 2016; 437: 43-52. https://doi.org/10.1016/j.jim.2016.08.002 PMID: 27555239

Bauvois B, Durant L, Laboureau J, Barthelemy E, Rouillard D, Boulla G, et al. Upregulation of CD38
Gene Expression in Leukemic B Cells by Interferon Types | and Il. J Interferon Cytokine Res. 1999; 19:
1059-1066. https://doi.org/10.1089/107999099313299 PMID: 10505750

Wistuba-Hamprecht K, Pawelec G, Derhovanessian E. OMIP-020: phenotypic characterization of
human yd T-cells by multicolor flow cytometry. Cytom Part J Int Soc Anal Cytol. 2014; 85: 522—-524.
https://doi.org/10.1002/cyto.a.22470 PMID: 24756989

PLOS ONE | https://doi.org/10.1371/journal.pone.0181161 July 11,2017 14/14


https://doi.org/10.1128/JVI.01840-13
https://doi.org/10.1128/JVI.01840-13
http://www.ncbi.nlm.nih.gov/pubmed/24371072
https://doi.org/10.1158/1078-0432.CCR-13-3464
http://www.ncbi.nlm.nih.gov/pubmed/24893631
https://doi.org/10.1016/j.jim.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27555239
https://doi.org/10.1089/107999099313299
http://www.ncbi.nlm.nih.gov/pubmed/10505750
https://doi.org/10.1002/cyto.a.22470
http://www.ncbi.nlm.nih.gov/pubmed/24756989
https://doi.org/10.1371/journal.pone.0181161

