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Abstract

Obese patients are susceptible to increased morbidity and mortality associated with infec-
tious diseases such as influenza A virus. yd T cells and memory a3 T cells play key roles in
reducing viral load by rapidly producing IFN-y and lysing infected cells. In this article we an-
alyze the impact of obesity on T lymphocyte antiviral immunity. Obese donors exhibit a re-
duction in yd T cells in the peripheral blood. The severity of obesity negatively correlates
with the number of yd T cells. The remaining yd T cells have a skewed maturation similar to
that observed in aged populations. This skewed yd T cell population exhibits a blunted anti-
viral IFN-y response. Full yd T cell function can be restored by potent stimulation with 1-Hy-
droxy-2-methyl-buten-4yl 4-diphosphate (HDMAPP), suggesting that yo T cells retain the
ability to produce IFN-y. Additionally, y® T cells from obese donors have reduced levels of
IL-2Ra. IL-2 is able to restore yd T cell antiviral cytokine production, which suggests that yd
T cells lack key T cell specific growth factor signals. These studies make the novel finding
that the yO T cell antiviral immune response to influenza is compromised by obesity. This
has important implications for the development of therapeutic strategies to improve vaccina-
tion and antiviral responses in obese patients.

Introduction

Obesity has reached epidemic proportions in the United States where greater than one third of
adults are currently obese [1]. The clinical impact of obesity is substantial with adverse effects
on health and life expectancy due to co-morbidities including type 2 diabetes, insulin resis-
tance, and increased susceptibility to infection. In fact, obesity is an independent risk factor for
increased hospitalization and death associated with respiratory viruses, such as the 2009 influ-
enza A HINI pandemic [2-5]. Defects in primary and secondary off T cell responses to influ-
enza and reduced function of epithelial y3 T cells have been identified in murine models of
obesity [6-8]. Less is known about how obesity impacts influenza-specific T cell responses in
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humans including Vy9V&2 T cells, which make up a sizeable proportion of the antiviral T cells
able to rapidly respond to influenza virus [9-11].

Prior to the time required for conventional primary o8 T cells responses to develop,
Vy9Va2 T cells induce potent antiviral effector responses to influenza-infected cells [9-12].
They represent the predominant yd T cell subset in human peripheral blood making up 1-10%
of peripheral blood T lymphocytes. Vy9V82 T cells normally reside in the peripheral blood and
lymphoid organs where they undergo maturation from naive T cells to central memory T cells
to effector memory T cells and finally T effector memory cells with CD45RA+ (TEMRA) [13].
Vy9Va2 T cells play key roles in host defense via the production of IFN-y and lysis of target
cells infected with pathogens, including influenza A, Mycobacterium tuberculosis, HIV and
EBV [11,14-16]. Unlike conventional of T cells that recognize peptide associated with MHC,
human Vy9V82 T cells are activated by phosphorylated metabolites from microbes and
stressed cells[17,18]. Although the antigen(s) involved in Vy9V82 T cell activation by influenza
virus-infected cells is still unknown, it may be a virus-induced cellular phosphorylated metabo-
lite. Our group and others have demonstrated that Vy9V82 T cells exhibit broad cross-reactive
responses to cells infected with influenza viruses of all strains and subtypes known to infect hu-
mans [9], including the HIN1 pandemic strain [11]. Memory Vy9V&2 T cells have been shown
to migrate to the site of infection and perform effector functions that reduce disease severity
and mortality in a humanized mouse model of influenza virus infection [10,12]. The cross-re-
active and rapid nature of Vy9V32 T cell responses to influenza makes them an attractive target
for therapy.

Obesity is associated with an increased susceptibility to both viral and bacterial pathogens,
suggesting that immunity is compromised [7]. However, it is unknown how obesity impacts in-
fluenza-specific T cell responses in humans. Here we make the novel finding that VyoVvé2 T
cells are reduced in the peripheral blood of obese donors. We show that the remaining VyoV2
T cells in obese donors exhibit enhanced differentiation to T effector memory populations and
an aberrant effector response to influenza infection. Obesity does not fully suppress the ability
of Vy9V&2 T cells to function, as the potent phosphoantigen, 1-Hydroxy-2-methyl—buten-4yl
4-diphosphate (HDMAPP), is able to stimulate IFN-y production by Vy9Vé2 T cells isolated
from obese patients. Vy9V32 T cell dysfunction in obesity can be reversed with the addition of
IL-2 signaling during influenza infection, suggesting that there may be a lack, or suppression,
of appropriate cytokine reception in the obese environment. These findings represent novel
therapeutic strategies to improve y3 T cell function in obese patients and lessen the severity of
influenza infection.

Research Design and Methods
Human Subjects

Acquisition of blood samples and all scientific studies was reviewed and approved by the Insti-
tutional Review Board of Scripps Health (HSC-09-5116). Donors were enrolled at Scripps Clin-
ic and the Scripps Research Institute Normal Blood Donor Services. Written informed consent
was obtained from all donors. We restricted enrollment to subjects between the ages of 18 and
65 due to declining Vy9Va2 T cell numbers in patients over 80 years of age [19,20]. Patients
with a body mass index (BMI) of 20-25 were considered non-obese and subjects with a BMI
equal to or greater than 30 were categorized as obese. Demographics for all subject samples are
presented in Table 1.

PLOS ONE | DOI:10.1371/journal.pone.0120918 March 18,2015 2/16



@’PLOS | ONE

Obesity Alters yd T Cell Number and Function

Table 1. Demographics of donor samples.

NOD oD

Age (yrs) 34 (22-52) 46 (19-67)
BMI (kg/m?) 24 34
Females 13 9
Males 5 6
White 16 12
African American 0 0
Asian 2 0
Native American 0 0
Hispanic 0 0
Unknown 0 3

Patients with a body mass index (BMI 20-25) were considered non-obese donors (NOD) and donors with a
BMI equal to or greater than 30 were categorized as obese donors (OD).

doi:10.1371/journal.pone.0120918.t001

Cell Isolation and Staining

Whole blood was obtained from donors and peripheral blood mononuclear cells (PBMC) were
isolated using Ficoll-Hypaque (VWR, Radnor, PA) density gradient centrifugation as previous-
ly described [9]. Isolated cells were stained with monoclonal antibodies immediately or post-
culture with various stimuli. PBMC were stained with fluorescent-labeled antibodies CD3
(UCHT1), o TCR (IP26), V52 (B6), CD4 (OKT4), CD8 (RPA-T8X2), CD69 (FN50),
CD45RA (HI100), IFN-y (B27), CD28, CD54 (HCD54), CCR5 (HEK/1/85a) (Biolegend, San
Diego, CA), CD27 (LF.7F9) (eBioscience, San Diego, CA), CD25 (2A3) (BD Biosciences, San
Diego, CA), NKG2D (1D11), and Granzyme B (GB11). Annexin-V and PI staining was per-
formed using an Annexin-V Apoptosis Detection Kit (BD Biosciences).

Stimulation of cells with HDMAPP

HDMAPP was purchased from Echelon (Salt Lake City, UT). 4.0x10° PBMC in cRPMI 1640
containing 10% FCS were stimulated with 0.032uM or 0.316uM HDMAPP for 8 hours at 37°C.
5ug/ml brefeldin A (Sigma, St. Louis, MO) was added for the final 4 hours of stimulation. Fol-
lowing stimulation, cells were stained with antibodies using the BD Cytofix/Cytoperm Fixa-
tion/Permeabilization Kit (BD Biosciences), data was acquired on a LSR-II flow cytometer and
data was analyzed by Flow]Jo software (Tree Star, Inc., Ashland, OR).

Viruses and viral infection

Influenza A virus, A/Puerto Rico/8/34 (HIN1), was generously provided by Linda Sherman
and propagated as previously described [21]. Virus was added to 4.0x10° PBMC at a multiplici-
ty of infection (MOI) of 5 for 8 hours at 37°C. 5ug/ml brefeldin A (Sigma, St. Louis, MO) was
added for the final 4 hours of stimulation. Cells were stained with antibodies using the BD
Cytofix/Cytoperm Kit, data acquired on a LSR-II flow cytometer and analyzed by Flow]Jo soft-
ware (Tree Star, Inc., Ashland, OR). Alternatively, human monocytic U937 cells (ATCC, Ma-
nassas, VA) were infected with HIN1 influenza virus at a MOI of 5 for 19 hours at 37°C.
Following incubation, U937 target cells were washed and incubated at an effector to target
(E:T) ratio of 1:10 with 4.0x10° PBMC effectors in RPMI containing 10% FCS for 8 hours at
37°C. 5ug/ml brefeldin A (Sigma, St. Louis, MO) was added for the final 4 hours of stimulation,
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cells were stained with antibodies using the BD Cytofix/Cytoperm Fixation/Permeabilization
Kit (BD Biosciences), data acquired on a LSR-II flow cytometer and analyzed by Flow]o soft-
ware (Tree Star, Inc., Ashland, OR). In some experiments 50U/ml IL-2 (NIH) was added to in-
fected and uninfected cells.

Statistics

All statistical analysis of Student’s unpaired  test and f test for variance were conducted using
Microsoft Excel and Prism Graph Pad software. All findings are considered significant at P < 0.05.

Results
Vy9Va2 T cells are reduced in obese subjects

Due to the increased susceptibility of obese patients to more severe influenza virus infection,
we investigated how obesity impacts known regulators of influenza infection such as T lym-
phocytes. PBMC were isolated from obese donors (OD) (BMI > 30) and non-obese donors
(NOD) (BMI < 20-25) and analyzed for the composition of T lymphocyte populations in the
blood (Table 1, Fig. 1). Cumulative data from obese and non-obese donors shown in Fig. 1 in-
dicate that there are comparable percentages of total CD3" T cells in the PBMC (Fig. 1). How-
ever, within the CD3" T cell compartment obese donors demonstrate a skewed distribution of
of} versus Y8 TCR-bearing cells. VY9V32 T cells are reduced with a 4.5 fold reduction from
2.715% in non-obese donors to 0.618% in obese donors (Fig. 1). In fact, there is a significant in-
verse relationship between body mass index (BMI) and the percentage of VyY9V82 T cells in the
PBMC (Fig. 1). The overall number of V§2+ cells in the PBMC of obese donors is also signifi-
cantly reduced (Fig. 1). Conversely, the proportion of off T cells increases from 96.2% in non-
obese donors to 97.3% in obese donors, but there is no significant change in CD4 or CD8 o T
cell distribution (Fig. 1). Overall, obesity is associated with reduced Vy9V82 T cells, while af T
cells are sustained and even increased.

Reduced activation and increased differentiation of Vy9Vd2 T cells in
obese donors

The majority of Vy9V32 T cells in the peripheral blood are central memory cells, with a strong
capacity for proliferation but weaker cytokine producing abilities [22]. CD27 and CD45RA
have been previously identified as maturation markers for Vy9Vé2 T cells. CD27 is expressed
by immature lymphocytes and central memory cells (CM), but not on differentiated effector
memory lymphocytes (EM) or T effector memory CD45RA™* (TEMRA) lymphocytes [13,23].
To determine whether obesity impacts v T cell maturation we compared CD27 and CD45RA
expression on Vy9Va2 T cells in obese and nonobese donors. Obese donors exhibited higher
percentages of terminally differentiated TEMRA cells at the expense of central memory cells
(Fig. 2). TEMRA cells are a reproducibly small population representing approximately 1-10%,
of Vy9Va2 T cells. However, TEMRA populations in obese donors make up as many as 20% of
total VY9V 2 T cells. This data implies that the obese environment leads to enhanced Vy9V§2
T cell differentiation, while o T cell expression of CD27 and CD45RA differentiation markers
are not significantly impacted by obesity (Fig. 2). Thus obesity induces increased differentiation
of VY9V82 T cells from central memory to T effector memory and TEMRA populations. In-
creased differentiation indicates that the antiviral function of Vy9V&2 T cells may be impaired.
Since reduced numbers of Vy9V32 T cells have been previously observed in elderly subjects
between the ages of 80 and 100 [19,20], we confined enrollment of subjects to those aged 18-65
(Table 1). As observed in previous studies using similarly aged subjects [19], the correlation
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Fig 1. Obesity induces a dramatic loss of Vy9V32 T cells. PBMC isolated from whole blood of obese and non-obese donors were analyzed by flow
cytometry. (A) Gating strategy of peripheral T cell subsets used to examine CD3*, af*, and V52" T cells in non-obese and obese donors. (B) Percentage of
total T cells (CD3* cells) in NOD and OD. Each dot represents an individual donor and horizontal lines represent the mean. (C) Percentage of V&2* T cells in
NOD and OD. Median 2.715% NOD and 0.618% OD. (D) Correlation of body mass index (BMI) to V2™ T cell percentages. (E) Number of yd T cells per
1x10° human PBMC in NOD and OD. Mean 18,576 NOD and 8,783 OD. (F) Percentage of af * T cells in NOD and OD. Median 96.2% NOD and 97.3% in
OD. (G) Percentage of CD4* and CD8* aB T cells in NOD and OD. P-values calculated from Pearson’s unpaired Student’s t-test.

doi:10.1371/journal.pone.0120918.g001

between Vy9V52 T cell percentages in the PBMC and age is not significant in subjects aged
18-65 (Fig. 2E). In addition, no impairment of CD28, ICAM-1 (CD54) or CCR5 expression
was observed, suggesting obesity does not impair the expression of these key receptors involved
in Vy9V&2 T cell co-stimulation or homing (Fig. 2).

Vy9Va2 T cells from obese subjects exhibit blunted antiviral IFN-y
responses

Work from our lab and others have demonstrated that Vy9Vé2 T cells rapidly respond to influ-
enza infection by producing IFN-y and lysing infected cells [9,11,12]. Obese patients are at an
increased risk for more severe complications associated with influenza infection [2-4]. Thus,
we examined whether the functional response of Vy9V82 T cells to influenza infection is im-
paired by obesity. Vy9V62 T cells from obese donors are significantly less responsive to HIN1
A/PR/8/34 (PR/8) influenza virus infection in vitro (Fig. 3). Both the number of cells producing
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Fig 2. Obesity induces an aging Vy9V52 maturation phenotype. PBMC isolated from whole blood of obese and non-obese donors were analyzed by flow
cytometry. (A) Representative plot of V32* naive, central memory (CM), effector memory (EM) and T effector memory RA* (TEMRA) subsets based on CD27
and CD45RA expression. Quadrants were determined using unstained negative controls. The number in each quadrant represents the percentage of V&2* T
cells. (B) Compilation of V&2* T cell maturation in NOD and OD. P-values calculated from Pearson’s unpaired Student’s t-test, n = 10. (C) Representative plot
of af naive, central memory (CM), effector memory (EM) and T effector memory RA* (TEMRA) subsets based on CD27 and CD45RA expression. Quadrants
were determined using unstained negative controls. The number in each quadrant represents the percentage of af T cells. (D) Compilation of a3 T cell
maturation in NOD and OD. P-values calculated from Pearson’s unpaired Student’s t-test, n = 5. (E) Correlation of age to Vd2* T cell percentages. (F-H) % of
Vd2* T cells expressing receptors including CD28, CD54, and CCR5. P-values calculated from Pearson’s unpaired Student’s t-test, n = at least 4.

doi:10.1371/journal.pone.0120918.9002

IFN-v and the amount of IFN-y produced per cell are negatively impacted by obesity suggest-
ing a blunting of the Y3 T cell antiviral cytokine response. In fact, obese donors have very few
Vy9V32 T cells able to produce high amounts of IFN-v in response to influenza virus (Fig. 3).
Upregulation of the activation marker CD69 is an early marker for T cell activation in response
to influenza virus. Obesity does not impact the ability of Vy9V52 T cells to upregulate CD69,
suggesting that early signaling is preserved in Vy9V&2 T cells from obese subjects (Fig. 3). Ad-
ditionally, Vy9V82 T cells have the ability to lyse influenza infected cells using a mechanism
that depends greatly on NKG2D and granzyme B [11]. Vy9V82 T cells from obese donors ex-
hibit similar expression levels of NKG2D and intracellular granzyme B as lean donors suggest-
ing these key mechanisms of cytotoxicity are preserved (Fig. 3). NKG2D expression increased
upon activation with influenza virus in both obese and lean donors showing that obese donors
retain the ability to upregulate NKG2D in response to infection (Fig. 3). Thus the impairment
in the remaining Vy9V82 T cells of obese donors is specific to antiviral cytokine secretion.

Influenza-specific oy T cell responses could be detected after in vitro influenza infection. As
expected, influenza-specific T cells make up a small proportion of the total of T cell popula-
tion. In contrast the percentage of Vy9V2 T cells able to respond to influenza is much higher
(Fig. 3). This underlines the point that although Vy9V82 T cells make up 1-2 percent of total T
cells in the peripheral blood, the proportion that rapidly produces IFN-v in response to influ-
enza is comparable to that of memory off T cells. Obese donors exhibit a slight reduction in o
T cell IFN-y responses, however the change is not significant (Fig. 3).

Vy9Va2 T cells are less able to produce IFN-y in response to nonobese
APCs

VYy9V32 T cells in obese donors are able to upregulate NKG2D, CD69 and granzyme B suggest-
ing that the influenza-infected antigen presenting cells (APCs) in the obese donor remain effec-
tive. To further investigate whether APC dysfunction in obesity contributes to the blunted
Vy9Va2 T cell responses to influenza virus, we utilized nonobese APCs to monitor activation
and function of Vy9V82 T cells isolated from obese patients. In previous work [11], PR/8-in-
tfected U937 APCs activate VY9V32 T cells to produce low levels of IFN-y in a reproducible
manner (Fig. 4). However, VY9V32 T cells in obese donors have reproducibly diminished IFN-
v production even in the presence of virus-infected U937 APCs (overall mean = 2.7% lean,
1.4% obese) (Fig. 4). When the individual experiments are analyzed together the difference is
just short of significance (p = 0.09). However, in each individual experiment the number of
IFN-v-producing vy T cells in obese donors was reduced by half. Again CD69 upregulation is
similar between obese and non-obese donors (Fig. 4). These results suggest that despite the
presence of nonobese APCs, Vy9V82 T cell IFN-y responses could not be fully restored.
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Fig 3. Vy9V32 T cell antiviral IFN-y production is blunted in obese patients. PBMC were isolated from whole blood of OD and NOD, stimulated with
influenza virus for 8 hours and analyzed for IFN-y production and CD69 upregulation by flow cytometry. (A) Representative plot of IFN-y* production by V32"
CD3* gated cells. Large numbers in upper right quadrant represent the percent of V32* T cells producing IFN-y, while small numbers inside the gate denote
the percent of V52" T cells producing high amounts of IFN-y. (B) Compilation of six separate experiments illustrating IFN-y cytokine production by V32 T
cells. Lines connect paired donor sets for each experiment. (C) Vd2* T cells upregulate CD69 in NOD and OD following viral infection regardless of BMI.
Histograms are gated on V52" CD3* T cells. Grey histograms represent uninfected PBMC and black lines represent influenza-infected PBMC. Bar graph
represents change in MFI +/- SD following influenza infection of PBMC from five OD and NOD. (D) Compilation of four separate experiments illustrating
Granzyme B (D) or NKG2D (E) expression by unstimulated (open circles) or influenza virus stimulated (filled squares) V&2 T cells. Lines connect paired
donor sets for each experiment. (F) Representative plot of IFN-y* production by af* CD3* gated cells. Large numbers in upper right quadrant represent the
percent of aB* T cells producing IFN-y, while small numbers inside the gate denote the percent of a* T cells producing high amounts of IFN-y. (G)
Compilation of five separate experiments illustrating IFN-y cytokine production by a T cells. Lines connect paired donor sets for each experiment. P-values
calculated from Pearson’s unpaired Student’s t-test.

doi:10.1371/journal.pone.0120918.9003
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obese (NOD) or obese (OD) donors were co-cultured with a monocytic cell line U937 to determine if the dysfunction was T cell intrinsic. (A, B) Representative
plots of IFN-y production by V32" CD3" gated cells. PBMC were either cultured alone (uninfected), with U937 cells (U937 ctrl) or with influenza infected U937
cells (U937 infected). (C) Percentage of Vd2* T cells producing IFN-y in NOD and OD in response to infected U937 cells (corrected for controls, n = 8).
Horizontal lines represent the mean. (D) Change in MFI of CD69 expression on V32" CD3" gated cells following 8 hour incubation with uninfected or infected
U937 cells. Data represents five separate donor pairs and their standard deviation. P-values calculated from Pearson’s unpaired Student's t-test. (E) Data
represents the percentage of V52* T cells staining positive for Annexin-V but not Pl (dark bars) or positive for both Annexin-V and PI (white bars) by flow
cytometry (n = 5) with standard deviation.

doi:10.1371/journal.pone.0120918.g004
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To assess whether the Vy9V62 T cells themselves become apoptotic leading to their ultimate
reduction in number, we used Annexin-V/PI staining to identify apoptotic VyY9V32 T cells
from obese and lean donors. We observed a shift from Annexin-V+ PI- VY9V82 T cells, toward
Annexin-V+ PI+ Vy9V82 T cells in obese donors. Lean donors had a similar percent of their
VYyOV32 T cells entering (Annexin-V+ PI-) and undergoing apoptosis (Annexin-V+ PI+),
while obese donors exhibited a significant difference between their low numbers of Vy9Vs2 T
cells entering apoptosis (Annexin-V+ PI-) as compared to their fully apoptotic cells (Annexin-
V+ PI+) (P =0.036). This data suggests that the Vy9V32 T cells in obese donors are more sen-
sitive to cell death perhaps rendering them less able to produce cytokines.

Together the increase in Vy9V32 TEMRA cells within obese patients and the increased sen-
sitivity of VY9V82 T cells to apoptosis suggest a terminal differentiation that results in Vy9V32
T cell dysfunction and death. To identify whether TEMRA cells are the only Vy9V32 T cells
that lose the ability to produce large amounts of IFN-y, we examined the ability of naive, cen-
tral memory, EM, and TEMRA cells to produce IFN-y in response to influenza infection. Obe-
sity results in a reproducible reduction in IFN-y production during all of the states of T cell
maturation with naive T cells showing significance when the experiments are analyzed together
(p = 0.03) (Fig. 5).

Obesity does not impair Vy9Vé2 T cell IFN-y production in response to
strong ligands

Vy9V&2 T cells recognize and are activated by non-prenylpeptidic antigens such as those in the
mevalonate pathway [18]. One potent activator is HDMAPP, produced by many types of bac-
teria [24], although it is still somewhat controversial how HDMAPP activates Vy9V82 T cells.
Activation by other phosphoantigens such as isopentenyl pyrophosphate (IPP) requires cell-
cell contact, but does not require cellular processing [25,26]. To determine if a strong stimulus,
such as that delivered by the phosphoantigen HDMAPP, can induce normal IFN-y production
by VY9V82 T cells isolated from obese subjects, PBMC were stimulated in vitro with HDMAPP
and IFN-y production examined. Strikingly, HDMAPP fully restored IFN-vy responses in obese
donors at all concentrations of HDMAPP tested (Fig. 5 and data not shown). Not only were
the number of IFN-y-producing Vy9V82 T cells the same in obese donors as compared to their
lean counterparts, but also the ability to produce high levels of IFN-y was similar between
obese and lean donors. As expected IFN-y production and CD69 upregulation by off T cells in
response to PMA and ionomycin were comparable between obese and lean donors (Fig. 5).
The restoration of Vy9V&2 T cell function suggests that Vy9V32 TCR signaling remains func-
tional in obesity. However, cytokine signals, such as signal 3, may be limiting or dysfunctional.

IL-2 reverses dysfunctional Vy9Vd2 T cell responses in obese and non-
obese subjects

IL-2 regulates Vy9V82 T cell proliferation and survival and enhances cytokine responses in-
cluding IEN-y production [18] [27]. Studies have identified reduced IL-2 levels in the serum of
obese subjects [28]. We investigated whether obesity impacts the ability of T cells to express
the IL-2 receptor alpha, CD25, homeostatically. In obese donors, CD25 and CD69 expression
was slightly reduced in Vy9V82 T cells (Fig. 6), although no significant difference in expression
was observed in o T cells (data not shown). Thus, obesity causes reduced expression of CD25
on Vy9Va2 T cells, suggesting altered IL-2 cytokine reception in Vy9Va2 T cells in obesity.
With IL-2 levels limiting in obesity, we investigated whether Vy9V82 T cell antiviral functional
responses could be restored by the addition of this cytokine. When IL-2 was added to the
PBMC of obese donors during stimulation with influenza virus, we found that IL-2 successfully
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Compilation of four separate experiments illustrating IFN-y cytokine production by V32 T cells. Lines connect paired donor sets for each experiment. Circles
represent NOD and squares represent OD. (C-D) The Vy9Vd2 T cell ligand HDMAPP was added to PBMC from non-obese (NOD) and obese (OD) subjects
to induce IFN-y production by V&2* T cells (C) Representative plots showing IFN-y production by V32* cells from the PBMC of NOD and OD without
infection, following virus infection, or upon activation with HDMAPP. (D) Compilation of HDMAPP stimulation in five separate donor sets with standard
deviation. Mean percent of V32* CD3* gated cells producing IFN-y from NOD and OD. (E) Representative plots of PBMC from NOD and OD stimulated with
or without PMA and ionomycin. Experiments are representative of at least three donor sets. P-values calculated from Pearson’s unpaired Student’s t-test.

doi:10.1371/journal.pone.0120918.g005

restored the ability of Vy9V&2 T cells to produce IFN-y (Fig. 6). The average fold-increase in
IFN-y producing cells after the addition of IL-2 was 2.5 fold over the addition of virus alone.
When the experiments were grouped together this increase was just short of obtaining signifi-
cance (P = 0.07), but increased IFN-y production was observed in each individual experiment
in a reproducible manner. IL-2 also improved Vy9V82 T cell IFN-y production in response to
influenza virus-infected U937 APCs (data not shown). o T cell IFN-y production specific for
influenza was slightly improved in both NOD and OD donors (Fig. 6). Comparison of the fold
increase in V&2 T cell IFN-y production in IL-2 treated PBMC in NOD and OD suggests V52
T cells in obese patients are responsive to the addition of growth factor. These findings indicate
that IL-2-promotes the activation of IFN-y production by activated T cells in obese patients
and that this pathway may be targeted to overcome yd T cell dysfunction in obesity.

Discussion

This study demonstrates the dramatic impact of obesity on a key T cell population in the pe-
ripheral blood. We demonstrate that VyY9V2 T cells become significantly reduced with in-
creased BMI. VY9V32 T cell numbers are a relatively minor population at birth, but become
the predominant Y3 T cell subset in the peripheral blood and secondary lymphoid organs
around 7 years of age through peripheral antigen-driven expansion [29]. In adults the number
of Vy9V&2 T cells remains stable until 80-100 years of age when Vy9Va2 T cells decline
[19,20,29]. The data herein identify a premature reduction in Vy9Vé2 T cells in obese subjects
prior to age 80. This has negative implications for antiviral immunity in obese subjects as yo T
cells have demonstrated roles in the immune response to infectious agents via cytokine produc-
tion and cytolysis [9,11,14-16]. VY9V32 T cells likely home from the peripheral blood to the
lung upon influenza infection as has been shown in a humanized mouse model [10]. This sug-
gests that reduced number and function of y8 T cells in obesity would exacerbate morbidity
and mortality caused by influenza virus infection.

Beyond the loss in Vy9V32 T cell number, obesity accelerates y3 T cell differentiation. Obe-
sity leads to an accumulation of more terminally differentiated memory y8 T cells. It is impor-
tant to note that patients aged 80-100 years of age exhibit reduced expression of the
maturation marker CD27 on Vy9V82 T cells [20]. Thus, obese patients experience premature
differentiation of the Vy9V&2 T cell compartment causing an increased prevalence of TEMRA
cells similar to that observed in centennial subjects. TEMRA 3 T cells are known to home to
sites of inflammation where they produce inflammatory cytokines such as IFN-y [13]. In our
studies the TEMRA 3 T cells are also limited in their ability to produce IFN-y. The association
of chronic inflammation in obesity with Vy9V32 T cell terminal differentiation and loss of cen-
tral memory will be an important avenue for investigation. Recent studies have also correlated
aging with a low level of chronic inflammation, providing further support to the hypothesis
that obesity causes premature aging of Vy9V82 T cells [30,31]. It is interesting to speculate
whether a prematurely aged Vy9V&2 T cell compartment in an obese patient can be reversed
upon weight loss or treatment with anti-inflammatory therapeutics.
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Obesity induces metabolic exhaustion of epidermal y3 T cells in mice, resulting in defects in
the ability of these cells to produce cytokines and growth factors upon activation [32]. The ex-
haustion is reversible upon removal of epidermal y3 T cells from the obese environment or
treatment with anti-TNF-o antibodies [32]. Here our data show that obese subjects exhibit
blunted production of IFN-y by Vy9V82 T cells responding to influenza-infected cells. Potent
TCR stimulation with a strong pyrophosphate antigen can countermand the loss of VyoVeé2 T
cell effector function within obese patients. Thus, it appears that the ability of VyY9V&2 T cells
to function remains intact in obesity; however strong stimulation is needed to circumvent T
cell intrinsic defects in obese donors.

Taken together, reduced VyY9V32 T cell numbers, reduced IL-2Ra (CD25) expression, sensi-
tivity to apoptosis, and accelerated terminal differentiation suggest that y3 T cells are lacking
signals required for homeostatic proliferation and enhancement of cellular function. Obese
subjects have reduced IL-2 levels in the serum [28] suggesting that IL-2 signals appropriate for
the maintenance of Vy9Vo2 T cells are absent. Vy9V82 T cells are very responsive to IL-2 for
metabolic activity that results in proliferation, increased cytokine production, and survival
[18,33,34]. Additionally, IL-2 is able to restore normal proliferation to Vy9Va2 cells in the ab-
sence of CD28 costimulation [35]. The ability of IL-2 to restore antiviral function of Vy9vé2 T
cells isolated from obese patients suggests that signal 3 is sufficient to improve IFN-y transcrip-
tion. IL-2 deficient mice have reduced levels of o T cells producing IFN-y in response to virus
infection further suggesting a key role for IL-2 in IFN-y production [36]. Future studies will be
important to investigate how IL-2 levels become reduced in obese patients. The sources of IL-2
in the peripheral blood include CD4 T cells, CD8 T cells, dendritic cells, NK cells or NK T cells
so it will be important to delineate whether one or more of these cell types are suppressed [37].
It is possible that the IL-2 transcriptional repressor BLIMP1 is increased in T lymphocytes
from obese patients, which could result in reduced IL-2 production. Our studies suggest that
investigation into pyrophosphate antigens or cytokine-based therapeutic strategies may prove
fruitful for improving antiviral responses in obese patients through the enhancement of
Vy9V32 T cell TCR or cytokine signaling. With the increasing number of obese patients in the
United States and abroad, changes that occur within the immune system need to be explored
and novel strategies for improving immune function in obese patients developed.
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