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High-affinity–antibody production, T-cell activation, and interferon upregulation all contribute to protective immunity that occurs
in humans following influenza immunization. Hematopoietic cell-specific PTPN22 encodes lymphoid phosphatase (Lyp), which
regulates lymphocyte antigen receptor and pattern recognition receptor (PRR) signaling. A PTPN22 variant, R620W (LypW), pre-
disposes to autoimmune and infectious diseases and confers altered signaling through antigen receptors and PRRs. We tested the
hypothesis that LypW-bearing humans would have diminished immune response to trivalent influenza vaccine (TIV). LypW carriers
exhibited decreased induction of influenza virus–specific CD4+ T cells expressing effector cytokines and failed to increase antibody
affinity following TIV receipt. No differences between LypW carriers and noncarriers were observed in virus-specific CD8+ T-cell
responses, early interferon transcriptional responses, or myeloid antigen-presenting cell costimulatory molecule upregulation. The
association of LypW with defects in TIV-induced CD4+ T-cell expansion and antibody affinity maturation suggests that LypW may
predispose individuals to have a diminished capacity to generate protective immunity against influenza virus.
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Influenza virus infection poses a substantial public health bur-
den, resulting in approximately 200 000 hospitalizations and
7505–37 102 deaths annually in the United States [1, 2]. Annual
influenza vaccination can provide protection against influenza
virus strains circulating during the influenza season, provided
there is good matching between viral vaccine strains and circu-
lating strains [3–5].

Protective immunity to influenza virus results from com-
bined humoral and cellular immune responses. Neutralizing
antibodies can provide sterilizing immunity to homologous
viral strains by preventing viral attachment and entry to host
epithelial cells [6]. Antibody neutralizing capacity is heavily
dependent upon specificity and epitope binding affinity [7].
However, owing to high mutation rates in influenza virus
genes encoding hemagglutinin (HA) and neuraminidase
(NA), most neutralizing antibodies elicited by vaccination are
strain specific and often do not provide heterosubtypic immu-
nity [8, 9].

T cells are important cellular effectors of antiviral immunity.
CD8+ T cells mediate direct lysis of infected epithelial cells [10],

and high levels of virus-specific CD8+ T cells correlate with
lower viral shedding and lower disease severity in humans
[11, 12]. CD4+ T cells contribute to antiviral immunity by pro-
viding help to B cells for efficient isotype switching [13] and af-
finity maturation [14] needed in the generation of virus-specific
antibodies [15] and by providing help to CD8+ T cells [16].
CD4+ T cells can also secrete interferon γ (IFN-γ) in the
lungs [17] and can directly lyse virus-infected, major histocom-
patibility complex (MHC) class II–expressing bronchial epithe-
lial cells in a perforin-dependent manner [18]. Both CD8+ and
CD4+ T cells are strongly implicated in heterosubtypic immu-
nity to influenza, owing to their recognition of viral proteins
that are largely conserved across strains [11, 18–20].

In addition to stimulating adaptive responses, influenza virus
infection or vaccination can induce transcription of numerous
IFN-regulated genes [21, 22]. An early IFN signature correlates
with B-cell responsiveness to vaccination and the development
of neutralizing antibodies, suggesting that IFN signaling plays a
role in anti–influenza virus antibody production [23]. Indeed, in
animals, type I IFNs are critical for the generation of both pro-
tective antibody and CD4+ T-cell responses to influenza vacci-
nation [24]. The requirements for type I IFN and innate
immunity in vaccine-induced protective immunity among hu-
mans remain incompletely defined.

The protein tyrosine phosphatase nonreceptor 22 gene
(PTPN22) encodes lymphoid phosphatase (Lyp), a hematopoietic-
specific intracellular protein. Lyp functions as a negative regu-
lator of T-cell receptor (TCR) signaling [25] and positively
modulates interferogenic Toll-like receptor (TLR) signaling in
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macrophages and dendritic cells (DCs) [26, 27]. A human
PTPN22 coding polymorphism, C1858T, is associated with a
significantly increased risk of numerous autoimmune diseases,
including rheumatoid arthritis, systemic lupus erythematosus,
and type 1 diabetes and with altered susceptibility to select
gram-positive bacterial and mycobacterial infections [28–30].
C1858T is carried by 6%–9% of persons of European ancestry
[31]. C1858T encodes a single amino acid substitution–bearing
(R620W) protein variant, termed LypW, that exhibits altered
function in TCR signaling and in TLR-driven type I IFN
production.

To date, studies testing LypW function in primary human
lymphocyte and innate immune cell responses have used in
vitro or ex vivo approaches [32–38]. Information concerning
the role of human LypW during immunization responses has
not been reported. Since PTPN22 regulates both lymphocyte
and innate immune cell signaling and activation, we tested
the hypothesis that R620W carriers would mount diminished
or defective innate, cellular, and humoral responses to influenza
vaccination.

METHODS

Subject Recruitment and Sample Collection
Healthy adult volunteers submitted DNA for PTPN22
rs2476601 (C1858T) genotyping. Eighteen PTPN22 LypW car-
riers (17 heterozygotes and 1 homozygote) and 17 age- and sex-
matched noncarriers (LypR) received intramuscular Fluzone
(2013–2014 trivalent inactivated influenza vaccine [TIV]; Sano-
fi Pasteur). Subjects submitted blood before vaccine receipt and
on days 1, 14–15, and 25–28 following vaccination. Institutional
review board approval was obtained (University of Minnesota;
protocol 1210M21901), and all subjects provided informed
written consent.

Genotyping
DNA was extracted from participant blood, using the DNeasy
Blood and Tissue kit (Qiagen), and subjects were genotyped
for the PTPN22-C1858T single-nucleotide polymorphism by
the Taqman assay (Applied Biosystems). HLA-A genotype
was determined by BLAST analysis of sequenced HLA-A poly-
merase chain reaction amplicons [39], using the IMGT/HLA
database (available at: https://www.ebi.ac.uk/ipd/imgt/hla/).

Hemagglutination Inhibition Assay (HAI)
Serum was mixed with Aprotinin (Sigma) before freezing. HAIs
were performed using the World Health Organization 2013–
2014 influenza reagent kit and turkey red blood cells in Alsever
solution (Colorado Serum) according to the manufacturer’s
instructions.

Bio-layer Interferometry Assay of Human Serum Samples
Real-time binding assays of antibodies in human sera and puri-
fied hemagglutinin proteins were performed using bio-Layer in-
terferometry with an Octet RED system (ForteBio). Human sera

were heated at 56° for 30 minutes before the assay. Biotinylated
(EZ-link Micro NHS-PEG4-Biotinylation Kit, Thermo Scien-
tific) A/California/04/09 hemagglutinin proteins (20 µg/mL)
were immobilized onto streptavidin-coated biosensors (ForteBio)
for 5 minutes. After measuring baseline signal in kinetics buffer
(1× phosphate-buffered saline, 0.01% bovine serum albumin,
and 0.002% Tween-20) for 3 minutes, biosensor tips were im-
mersed into wells containing human sera (with a starting
dilution of 1:10 and 3-fold serial dilutions) for 5 minutes to
measure association. Biosensors were later immersed into kinet-
ics buffer to measure dissociation. Binding kinetics were calcu-
lated using the Octet RED software package (Data Acquisition
8.2), to fit the observed binding curves in a 1:1 binding model to
calculate the association and dissociation rate constants. Equi-
librium dissociation constants were calculated as the kinetic dis-
sociation rate constant divided by the kinetic association rate
constant.

CD4+ T-Cell Assessments
Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood and stored at −80°C until batched analysis.
Thawed PBMCs were washed with complete prewarmed Ros-
well Park Memorial Institute 1640 medium. Cells were rested
before stimulating 6 hours in the presence of brefeldin A (eBio-
science) with either 2013–2014 Fluzone (10 µL), PMA (50 ng/
mL) and ionomycin (1 µg/mL; Sigma), or medium alone. Cells
were stained with fixable viability dye and surface antibodies
(Supplementary Materials) before permeabilization and intra-
cellular staining. Data were acquired on an LSR Fortessa (BD)
and were analyzed using FlowJo software (Tree Star). CD4+ T
cells were gated as shown in Supplementary Figure 4. The
influenza virus–specific CD4+ T-cell fraction was calculated
by subtracting numbers of cytokine-positive events observed
in no-stimulation control from total cytokine-producing events
observed in Fluzone stimulated conditions.

Statistical Analysis
The χ2 test was used to compare categorical variables of anti-
body seroconversion and seroprotection. The Student t test
was used to compare antibody titers, isotype, and affinity;
CD4+ and CD8+ T-cell frequency; and costimulatory molecule
mean fluorescence intensities between groups. Within-group
baseline and postvaccination values were compared using a
paired t test. The Mann–Whitney test was also performed as
an alternative nonparametric test. For transcriptional analyses,
the Mann–Whitney test was performed for each gene to com-
pare the expression levels between groups, followed by a gene-
set enrichment association test [40] with 10 000 permutations.
Bonferroni correction was used for multiple testing. Statistical
analysis was performed using Stata (version 13.1; StataCorp)
and GraphPad Prism 5 software.

For additional methods, refer to the Supplementary
Materials.

PTPN22 and Vaccine Response • JID 2016:214 (15 July) • 249

https://www.ebi.ac.uk/ipd/imgt/hla/
https://www.ebi.ac.uk/ipd/imgt/hla/
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiw126/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiw126/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiw126/-/DC1
http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jiw126/-/DC1


RESULTS

LypW Carriage Associates With Poor Antibody Affinity Maturation After
TIV
To examine the role of PTPN22 R620W variant (LypW) in human
in vivo responses to influenza vaccination, we immunized 18
healthy LypW carriers or 17 noncarriers with TIV (Table 1
shows subject characteristics). First, we compared TIV-induced an-
tibody levels in LypW carriers and noncarriers. We found that pre-
vaccination seroprotection, defined as HAI titer of ≥1:40, was
present in 82%–100% of subjects (Table 2). These results suggested
high rates of previous vaccination or infection. Twenty-five days
after vaccination, the majority of subjects exhibited significant in-
creases in mean neutralizing antibody titers for influenza A(H1N1)
and influenza A(H3N2) (Figure 1A). However, we noted no statis-
tically significant differences between LypW carriers and noncarri-
ers (LypR) in average absolute HAI titers, in rates of seroconversion
(defined as a fold increase in neutralizing titer of ≥4), or in rates of
seroprotection (100%) after TIV receipt (Table 2).

Antibody isotype switching and affinity maturation are impor-
tant for development of a neutralizing anti–influenza virus anti-
body repertoire [7]. To assess immunization-induced isotype
switching, we measured serum levels of immunoglobulin M
(IgM), immunoglobulin G (IgG), and immunoglobulin A (IgA)
specific for influenza A(H1N1) HA. LypW carriers and noncar-
riers showed equivalent enhancement of IgG and IgA anti-HA in
response to vaccination (Figure 1B and Supplementary Figure 1).
However, mean anti-HA IgM levels in LypW carriers were signif-
icantly higher than levels in LypR subjects at baseline (Figure 1C).
We also assessed the role of LypW in antibody affinity matura-
tion during the influenza response. Biolayer interferometry was
used to measure the dissociation constants (affinity) of serum an-
tibodies against influenza A(H1N1) HA. While serum from
LypR subjects displayed a significant increase in anti-HA binding
affinity (mean, 2.6-fold) after vaccination, LypW carrier serum
did not (Figure 1D and Supplementary Table 1). Together,
these results suggested that LypW carriage associates with in-
creased IgM anti-HA antibodies and with altered capacity to
form high-affinity antibody to TIV.

LypW Carriers Show Diminished CD4+ T-Cell Responses to TIV
CD4+ T-cell help is critical for optimal isotype switching
and affinity maturation [13, 14]. To study the role of LypW in
CD4+ T-cell immunization responses, we exposed PBMCs from
immunized subjects to TIV in vitro. Vaccine-stimulated CD4+

T-cell production of any of 3 cytokines—IFN-γ, tumor necrosis
factor, or interleukin 2 (IL-2)—was used as an indicator of in-
fluenza virus specificity (Figure 2A) [41]. Unstimulated and
PMA/ionomycin-stimulated CD4+ T cells were used as negative
and positive controls for cytokine production, respectively, and
no difference between LypR and LypW subjects was detected in
either of these stimulation conditions (Supplementary Table 2).
The frequency of influenza virus–specific CD4+ T cells among
PBMCs increased in LypR subjects (noncarriers) 2 weeks after
vaccination (Figure 2B and 2C). However, LypW carriers
showed no vaccination-induced increase in the frequency of in-
fluenza virus–specific CD4+ T cells, either by analysis of pooled
cytokine producers (Figure 2C) or of CD4+ T cells producing
individual cytokines (Supplementary Figure 2). A similar pat-
tern was seen with enumeration of absolute numbers of TIV-
specific CD4+ T cells (Supplementary Figure 3). The geometric
mean fold change increase in TIV-induced influenza virus–
specific CD4+ T cells among noncarriers was 2.6 (95% confidence
interval [CI], 2.019–3.426), compared with 1.3 among LypW
carriers (95% CI, .926–2.018; Figure 2D). The percentage of
TIV-induced influenza virus–specific CD4+ T cells showing ev-
idence of prior activation (CD45RA−CD27+) increased signifi-
cantly in LypR subjects but not in LypW carriers. These data
suggested that LypW carrier CD4+ T cells might be subject to
impaired TCR-dependent priming (Figure 3A). We observed
no alteration in expression of PD1, a marker for dampened
T-cell responsiveness, in either basal or vaccine-induced influ-
enza virus–specific CD4+ T cells between LypR subjects and
LypW carriers (Figure 3B). We observed no differences in

Table 1. Subject Characteristics

Characteristic
LypW Carriersa

(n = 18)
LypR Subjects

(n = 17)
Overall
(n = 35)

Age, y, median (range) 21 (18–55) 21 (18–51) 21 (18–55)

Sex

Female 13/18 (72) 12/17 (71) 25/35 (71)

Ethnicity

White 18/18 (100) 17/17 (100) 35/35 (100)

American Indian 1/18 (5.5) 0/17 (0) 1/35 (2.9)

Previous influenza
immunization

17/18 (94) 16/17 (94) 33/35 (94)

Data are proportion (%) of subjects, unless otherwise indicated.
a Seventeen were PTPN22-R620W heterozygous (R/W), and 1 was homozygous (W/W).

Table 2. Hemagglutination Inhibition Assay (HAI) Seroconversion and
Seroprotection

Serostatus, Strain LypR Subjects, % LypW Carriers, % P Valuea

Seroconversionb

H1N1 23.5 27.7 .774

H3N2 35.3 44.4 .581

Seroprotectionc

Baseline

Influenza A(H1N1) 88 100 .134

Influenza A(H3N2) 82 94 .261

1 mo

Influenza A(H1N1) 100 100 NA

Influenza A(H3N2) 100 100 NA

Abbreviation: NA, not applicable.
a By the χ2 test.
b Seroconversion is defined as a fold increase in titer of ≥4.
c Seroprotection is defined as an HAI titer of ≥40.
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Figure 1. LypW carriers have reduced affinity maturation after trivalent influenza vaccine (TIV). A, Hemagglutinin (HA) inhibition assays were performed on sera obtained
from subjects, to determine influenza A(H1N1) and influenza A(H3N2) titers. B–C, Immunoglobulin isotype enzyme-linked immunosorbent assay for influenza A(H1N1) HA-
specific antibodies for immunoglobulin G (IgG) and immunoglobulin M (IgM). B, Anti-HA IgG binding curves for LypR subjects and LypW carriers from serial dilutions of serum
specimens obtained at baseline and 1 month after vaccine. Bars represent standard deviations. C, IgM curves and scatterplot for LypR subjects and LypW carriers from serial
dilutions of serum specimens obtained at baseline and 1 month after vaccine. D, Dissociation constants from biolayer interferometry analysis of influenza A(H1N1) HA-specific
antibodies in sera from 14 LypR subjects and 14 LypW carriers at baseline and 1 month after vaccination. Circle with an x denotes LypW homozygote. *P < .05 and **P < .01, by
a paired t test (A, B, and D); *P < .05, by an unpaired t test (C). Abbreviation: NS, not significant.
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responder T-cell polyfunctionality [42] between noncarriers
and LypW carriers, as the fractions of influenza virus–specific
CD4+ T cells expressing single or multiple cytokines were un-
changed by vaccination or genotype (Figure 3C). Together,
these findings suggest that LypW carriage confers reduced ca-
pacity for TIV-induced expansion and activation of CD4+ T
cells but that restricted T-cell expansion is not a result of in-
creased PD1 expression in LypW carrier T cells.

LypW Carriage Does Not Affect TIV Induction of Costimulatory
Molecules
Antigen-presenting cell (APC) activation and IFN signaling
represent T-cell–extrinsic factors that enhance CD4+ T-cell

responses to immunization [24, 26]. PTPN22 variants differen-
tially modulate these processes in animals [26, 43]; therefore, we
investigated potential roles for LypW in human T-cell–extrinsic
immunization responses. Optimal T-cell activation and clonal
expansion depend upon costimulatory signals delivered
through CD86 and CD40 expressed on APCs [44, 45]. In ani-
mals, Ptpn22 deficiency results in blunted CD80/CD86 and
CD40 upregulation on myeloid APCs after viral infection,
and carriage of the LypW allele results in reduced CD80 and
CD40 upregulation on macrophages after TLR stimulation
[26]. To assess LypW carrier capacity for upregulation of costi-
mulatory molecules, we stimulated PBMCs with Fluzone, me-
dium alone (unstimulated), or lipopolysaccharide (LPS). We

Figure 2. LypW carriers exhibit a reduced CD4+ T-cell response to influenza vaccine. Subject peripheral blood mononuclear cells were stimulated in vitro with the 2013–2014
inactivated influenza vaccine Fluzone and assayed for cytokine production to denote influenza virus–specific CD4+ T cells. A, Representative cytokine staining for CD4+ T cells
with indicated stimulus. B, Representative interferon γ (IFN-γ) staining of CD4+ T cells stimulated with Fluzone before and 2 weeks after immunization. C, Total frequency of
influenza virus–specific CD4+ T cells. D, Fold change of influenza virus–specific CD4+ T cells in response to vaccination. Circles with an x denotes LypW homozygote. *P < .05
and ***P < .0001, by paired and unpaired t tests (C); **P < .01, by the Mann–Whitney test (D). Abbreviations: IL-2, interleukin 2; NS, not significant; SSC, side scatter; TNF-α,
tumor necrosis factor α; Unstim, unstimulated.
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monitored CD86 and CD40 expression on myeloid subsets, in-
cluding monocytes (HLA-DR+CD14+), conventional DCs
(cDCs; HLA-DR+CD11c+), CD123+CD11c+ DCs, and plasma-
cytoid DCs (pDCs; HLA-DR+CD11c−CD123+BDCA-2+; Sup-
plementary Figure 5) [21]. We found that TIV induced
significant upregulation of CD40 expression on monocytes,
CD123+CD11c+ DCs, and pDCs (Figure 4A) and drove upregu-
lation of CD86 on pDCs (Figure 4B). However, LypW carriers
and noncarriers showed no difference in costimulatory mole-
cule upregulation. Additionally, myeloid cell subsets from
LypR subjects and LypW carriers showed no difference in up-
regulation of CD86 (Supplementary Table 3) or CD40 (Supple-
mentary Table 4) in response to LPS. Taken together, these

results suggest that LypW carriage does not alter the capacity
for APCs to become activated by TIV.

LypW Carriage Does Not Affect IFN Transcriptional Response to TIV
An early transcriptional response dominated by IFN-stimulated
genes has been linked with development of adaptive immune
responses after TIV [21–23]. LypW carrier myeloid cells show
defects in IFN-stimulated gene upregulation after TLR stimuli
[26, 27]. We therefore measured transcriptional responses 1 day
after TIV receipt, using a limited array enriched for IFN signaling
and response genes. Thirteen of 96 analytes were significantly
induced 1 day after TIV receipt (Figure 4C). LypW carriers
and noncarriers did not differ in either upregulation of individual
gene transcripts or in grouped global responses, as assessed by
gene-set enrichment association testing [40]. These data suggest
that TIV-induced in vivo IFN-induced transcriptional responses
are not affected by LypW carriage. Together with vaccine-
induced APC activation results (Figure 4A), these findings are
consistent with the hypothesis that diminished LypW-associated
CD4+ T-cell immunization responses stem from T-cell–intrinsic
mechanisms of LypW action.

TIV Does Not Impact Peripheral Blood CD8+ T-Cell Numbers or Function
In animals, Ptpn22 deficiency is associated with decreased
expansion of virus-specific CD8+ T cells after RNA virus infec-
tion [26].We assessed the role of LypW carriage in expansion of
human antigen-specific CD8+ T cells after TIV receipt. We used
tetramers to determine the frequency of influenza virus–specific
CD8+ T cells among PBMCs in vaccine recipients found to har-
bor MHC class I HLA-A*02 (9 in the LypR group and 8 in the
LypW group). We observed no vaccine-inducible change in the
frequency of influenza virus–specific CD8+ T cells 2 weeks after
TIV receipt in either LypR or LypW subjects (Figure 5A). More-
over, neither group showed evidence of vaccine-inducible in-
creases in influenza virus–specific CD8+ T-cell proliferation,
activation state, or development of effector function, as detected
by upregulation of Ki-67 (Figure 5B), by a change in frequency
of CD38+HLA-DR+ (Figure 5C), or by expression of granzyme
B (Figure 5D), respectively. These data strongly suggest that sea-
sonal TIV does not induce detectable expansion or activation of
peripheral blood influenza virus–specific CD8+ T cells at 2
weeks following TIV receipt. The data do not permit conclu-
sions about a potential role for LypW in human CD8+ T-cell
responses to vaccine.

DISCUSSION

This study addresses PTPN22 variant LypW effects on human
immune responses induced in vivo. After TIV vaccination, we
found that LypW carriers exhibit markedly impaired influenza
virus–specific CD4+ T-cell expansion and show no significant
increase in anti–influenza virus antibody affinity, compared
with LypR subjects (noncarriers). While both LypR subjects
and LypW carriers showed equal induction of isotype-switched

Figure 3. Influenza virus–specific CD4+ T cells from LypW carriers exhibit de-
creased activation but equal polyfunctionality and PD-1 expression. A, Frequency
of influenza virus–specific CD4+ T cells that are CD45RA−CD27+ in LypW carriers
and LypR subjects. Circles with an x denotes LypW homozygote. B, Surface PD-1
expression depicted as fold change of influenza virus–specific CD4+ T cells in
LypW carriers (black) and LypR subjects (gray) before and after immunization. C, Fre-
quency of influenza-specific CD4+ T cells that produce 1, 2, or 3 cytokines. Error bars
represent standard deviation. *P < .05 and **P < .01. Abbreviation: NS, not
significant.
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antibodies against HA, LypW carriers harbored significantly
higher HA-specific IgM titers at baseline and after vaccination.
The immunological implication of our findings is that human
LypW carriage results in multiple alterations in adaptive im-
mune responses to antiviral immunization. Our results also
have potential clinical significance. Since numbers of influenza
virus–specific CD4+ T cells correlate with protection against

influenza virus infection [18, 46], and since high affinity anti–
influenza virus antibodies associate with reduced viral titers
after infection [7], the reduced CD4+ T-cell expansion and im-
paired affinity maturation observed in LypW carriers could
translate to increased vulnerability to influenza virus infection
following vaccination [18, 46]. One important caveat to our
findings is the small sample size of this study. Nevertheless,

Figure 4. LypW carriers show no defect in the innate response to influenza vaccine. Geometric mean fluorescence intensity (GMFI) of CD40 (A) and CD86 (B) expression on
indicated peripheral blood mononuclear cell subsets from LypR subjects and LypW carriers stimulated with Fluzone (Flu) vaccine in vitro for 18 hours. x’s denotes LypW
homozygote. C, Fold change in interferon signaling and response genes significantly induced by trivalent influenza vaccine at 1 day for LypR subjects (gray) and LypW carriers
(black). Error bars represent standard deviations. *P < .05. Abbreviations: cDC, conventional dendritic cell; pDC, plasmacytoid dendritic cell; Un, unstimulated.
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our data suggest that LypW should be studied further in larger
cohorts as a candidate genetic modifier of protective responses
to immunization against influenza.

Impaired augmentation of antibody affinity for HA in immu-
nized LypW carriers might stem from altered function in either
T-cell or B-cell compartments. Antigen-specific CD4+ T-cell
help to B cells is a limiting factor in generating germinal centers
and influenza virus–specific antibodies during influenza virus
infection [15]. Such CD4+ T-cell help promotes somatic hyper-
mutation that results in affinity maturation [47]. Thus, reduced
CD4+ T-cell proliferation in LypW carriers could translate into
less help to B cells for initiating immunization-induced germi-
nal center responses. A second possible contributor to blocked

immunization-induced anti-HA affinity maturation could be
the significantly higher baseline anti-HA IgM levels we ob-
served in LypW carriers. Preexisting anti-HA antibodies can
impair vaccine antibody responses [48]. Accordingly, higher
prevaccination HA-specific IgM levels in LypW carriers could
hamper efficient affinity maturation. Additionally, overall
serum HA affinity represents a summation of all affinity-
matured immunoglobulin, including IgM, which is less subject
than IgG or IgA to hypermutation-mediated affinity boosting.
Even if immunization-induced affinity maturation is occurring
among IgG subtype antibodies in LypW carriers, affinity mod-
ulation may not be detectable because greater amounts of less
mutable anti–influenza virus IgM overwhelm the signal arising
from hypermutation-matured IgG.

The underlying cause of elevated HA-specific IgM levels in
immunized LypW carriers is not clear. Studies of B-cell func-
tion suggested a role for LypW in altering B-cell receptor and
CD40 signaling [32–34], both of which are involved in isotype
switching [48]. Further quantifying frequency and phenotype of
IgM+ B cells generated in LypW carriers after TIV receipt will
likely provide insight into how LypW contributes to elevated
IgM levels in carriers.

Animal studies have explored roles of PTPN22 variants in
immunization responses. Early observations in Ptpn22-deficient
mice suggested a T cell–intrinsic effect of Ptpn22 in restraining
T-cell expansion to peptide immunization [36]. Two groups
have studied animals bearing knock-ins for Ptpn22-R619W, a
murine LypW ortholog [49, 50]. R619W-expressing T cells pro-
duce more antigen-stimulated IL-2 following OVA/adjuvant im-
munization [49]. Further, R619W knock-in mice show increased
antibody titers against T-dependent antigens after adjuvanted
peptide immunization [49, 50]. Together, these data are evidence
that, in mice, Ptpn22 functions to repress immunization-induced
T-cell expansion/activation and that R619W is a loss-of-function
variant in T-cell responses to vaccination.

Multiple factors could contribute to apparent discordance
between the above-described animal study results and our find-
ing of diminished CD4+ T-cell expansion in TIV-exposed
human LypW carriers. First, T-cell responses in naive, synge-
neic mice may differ from those elicited in antigen-experienced,
outbred humans. Second, the present study documents human
responses to a nonadjuvanted “split” viral protein preparation,
whereas animal immunizations were conducted with adjuvanted
neo-antigen. Third, functional differences between murine 619W
and human 620W in T-cell signaling could contribute to diver-
gent outcomes of immunization observed in human and animal
systems.

Controversy exists regarding the net effect of LypW on TCR
signaling in human cells. Some in vitro studies suggest that
LypW carriage confers increased TCR signal strength and in-
creased cytokine responsiveness among both naive and memory
human CD4+ T cells [37, 50]. These data suggest that LypW acts

Figure 5. Inactivated influenza vaccine does not induce peripheral CD8+ T-cell
response. Peripheral blood mononuclear cells were stained ex vivo with influenza
virus peptide–major histocompatibility complex class I tetramers to identify virus-
specific CD8+ T cells at baseline and at 2 weeks after immunization. Representative
staining and total frequency of tetramer binding CD8+ T cells (A), Ki-67+ influenza
virus–specific CD8+ T cells (B), CD38+HLA-DR+ influenza virus–specific CD8+ T cells
(C), and GrzB+ influenza virus–specific CD8+ T cells (D).
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as a loss-of-function negative regulator. In contrast, other stud-
ies suggest that, in antigen-experienced human T cells, LypW
exerts gain of function as a TCR signaling suppressor, perhaps
because of higher phosphatase enzymatic activity [38, 51, 52].
Such gain-of-function behaviors, which would be consistent
with the T-cell expansion defects described here, have not
been reported for murine 619W. In the face of uncertainty
about the T-cell–intrinsic function of LypW, our findings of di-
minished CD4+ T-cell expansion in immunized LypW carriers
will require validation in larger studies of genotyped humans.
Further studies should also address possibilities that LypW car-
riage could modulate secretion capacity for cytokines such as
IL-10 [51] and IL-2 [53] by immunization-induced CD4+ T
cells. Discrepancy in data concerning in vivo LypW function
might also be approached through the study of immunization
responses by LypW-expressing memory T cells in murine mod-
els and by studies of adjuvanted neo-antigen immunizations in
human LypW carriers. Finally, previous studies raise the possi-
bility that effector T-cell–extrinsic mechanisms such as altered
regulatory T cell (Treg) frequency or function could contribute
to the decreased CD4+ T-cell response to TIV in LypW carriers
[37, 49, 54]. Whether the size or function of the human Treg
compartment is altered by LypW carriage after vaccination re-
quires further investigation.

Reports that LypW acts as a loss-of-function variant in my-
eloid cell pattern recognition receptor signaling [26] lead us to
hypothesize that LypW could also differentially regulate vac-
cine-induced CD4+ T-cell expansion by altering innate immune
activation. Vaccine-induced, IFN-driven transcriptional re-
sponses and costimulatory molecule upregulation on APC sub-
sets have been linked to pattern recognition receptor signaling
[24]. Therefore, we were surprised that we detected no LypW-
dependent alterations in APC activation after TIV exposure in
the present study (Figure 4). However, interpretation of these
results is complicated by the fact that LypW-bearing influenza
virus–specific T cells present in PBMCs could be modulating
APC responses via cytokine secretion or contact-dependent
processes. In addition, O′Gorman et al found that TIV could
engage human innate immune cells through Fc receptors,
independently of TLRs [55]. In the current study, we observed
no effect of LypW carriage on innate immune cell–produced
cytokines (eg, CXCL10; data not shown) or transcriptional re-
sponses to IFN-γ, both of which are reportedly induced by
TIV–immune complex stimulation of Fc receptors [55]. Thus,
the degree to which diminished CD4+ T-cell expansion to TIV
in LypW carriers reflects differential modulation of innate im-
mune responses remains to be determined.
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