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PTPN22 contributes to exhaustion of T lymphocytes
during chronic viral infection
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The protein encoded by the autoimmune-associated protein tyrosine
phosphatase nonreceptor type 22 gene, PTPN22, has wide-ranging
effects in immune cells including suppression of T-cell receptor sig-
naling and promoting efficient production of type I interferons (IFN-I)
by myeloid cells. Here we show that mice deficient in PTPN22 resist
chronic viral infection with lymphocytic choriomeningitis virus clone
13 (LCMV cl13). The numbers and function of viral-specific CD4
T lymphocytes is greatly enhanced, whereas expression of the
IFNB-induced IL-2 repressor, cAMP-responsive element modulator
(CREM) is reduced. Reduction of CREM expression in wild-type CD4
T lymphocytes prevents the loss of IL-2 production by CD4 T lympho-
cytes during infection with LCMV cl13. These findings implicate the
IFNB/CREM/IL-2 axis in regulating T-lymphocyte function during
chronic viral infection.
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hronic viral infections including HIV, hepatitis B, and hep-

atitis C affect more than 500 million people worldwide. Viral
persistence is associated with loss of effector functions by CD4
and CD8 T cells, generally referred to as “exhaustion” (1, 2).
Exhausted T-cell responses have been reported in tumor settings
as well as in parasitic and bacterial infection (3-7). The clone 13
strain of lymphocytic choriomeningitis virus (LCMV cl13) is an
excellent tool for studying chronic infection because the exhausted
T-cell phenotype is molecularly similar to that observed in serious
human chronic infections and tumor immunity (1).

CD8 T cells are required for elimination of LCMV (8). Reduced
cytokine production and proliferation and the up-regulated ex-
pression of inhibitory cell surface markers, such as PD-1 (pro-
grammed death 1), LAG-3 (lymphocyte activation gene 3), and
TIM-3 (T-cell immunoglobulin and mucin domain-3), are charac-
teristic of the exhausted state of CD8 cells that contributes to viral
persistence following infection with LCMV cl13 (1, 9, 10). Strat-
egies to invigorate exhausted CDS8 T cells have proved successful in
some cases, suggesting that immune modulation is a viable and
efficacious therapy for these diseases (11, 12). CD4 T cells, in
particular, are a critical aspect of antiviral immunity, and their
impairment occurs during a number of chronic viral infections
(13-16). Depletion of CD4 T cells before LCMV cl13 infection
leads to increased viral persistence, whereas adoptive transfer of
antigen-specific CD4 T cells promotes viral clearance (16-18).
Loss of IL-2 production by CD4 cells is important in establishing
exhaustion, because treatment with low-dose IL-2 leads to in-
creased CD8 number, cytokine production, and reduced expres-
sion of the negative costimulatory molecule PD-1 on CD8 T cells
during LCMV cl13 infection (19). These results suggest that
functional CD4 cells have a critical role in CDS8 function in
this model.

Recent reports suggest that induction of T-cell exhaustion fol-
lowing infection with LCMV cl13 is related to excessive type I IFN
(IFN-I) production immediately postinfection (20-23). Specifi-
cally, blocking IFNp signaling before infection with LCMV cl13
resulted in enhanced viral clearance that was associated with in-
creased CD4 T-cell function early postinfection (23). There is, as
yet, no mechanism that explains the decrease in CD4 T-cell
function associated with IFN-I signaling.

www.pnas.org/cgi/doi/10.1073/pnas.1603738113

PTPN22 (protein tyrosine phosphatase nonreceptor type 22)
encodes lymphoid tyrosine phosphatase (LYP) in humans and
PEST (proline, glutamic acid, serine, threonine)-enriched protein
phosphatase (PEP) in mice (collectively referred to as PTPN22).
PTPN22 is expressed in all hematopoietic cells with highest ex-
pression in activated T cells. Genome-wide association studies
demonstrated the association of a minor allele of PTPN22 (R620W)
with a number of autoimmune diseases including type I diabetes,
rheumatoid arthritis, and systemic lupus erythematosus, among
others (24-26). PTPN22-deficient mice have been instrumental in
uncovering the role of this gene in T-cell function (27-32). Aged
mice develop splenomegaly and enlarged lymph nodes that exhibit
the accumulation of effector/memory T cells, enlarged spontaneous
germinal centers, and increased (non-autoreactive) serum IgG.
Following T-cell receptor (TCR) activation there are increases in
phosphorylation of ZAP-70 (70-kDa zeta-associated protein) and
LCK (lymphocyte-specific protein tyrosine kinase), molecules that
are direct substrates of PTPN22 in T cells, in the PTPN22~"~ mice
compared with WT mice (33).

A recent study has demonstrated a novel role for PTPN22 in
myeloid cell production of IFN-I through interaction with
TRAF3 (TNF receptor associated factor-3) in a non—phospha-
tase-dependent manner (34). The absence of PTPN22 or the
expression of the R620W mutant human form of PTPN22 results
in reduced IFN-I production by myeloid cells. We recently have
confirmed these findings in plasmacytoid dendritic cells (pDCs)
stimulated with TLR7 (Toll-like receptor 7) ligands (35). Based
on the reported functions of PTPN22 in T cells and innate im-
mune cells, we hypothesized that deficiency in PTPN22 would
result in improved clearance of chronic viral infection because of
enhanced T-cell responses and reduced IFN-I production. In this
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Fig. 1. PTPN22 deficiency leads to improved clearance of LCMV cl13.
PTPN227"~ (n = 10) and WT (n = 10) mice were infected i.v. with 10° pfu of
LCMV cl13, and serum was collected at the specified time points. (A) Plaque
assays were carried out to determine viral titer in the serum. (B) Weight loss
over time postinfection. Each experiment was done at least twice, and data
were combined. (C and D) PTPN22~'~ and WT mice were injected with CD4-
depleting antibody before infection with LCMV cl13, and viral titer was
measured in the serum (C) and in kidney and lung (D) on day 40. The
data in the graphs are shown as the mean + SEM; *P < 0.05; **P < 0.01;
***p < 0.001.

report we have used the LCMV cl13 chronic infection model to
test this hypothesis.

Results

PTPN22~~ Mice Show Improved Clearance of LCMV cl13 Infection. To
investigate whether the loss of PTPN22 promotes antiviral ac-
tivity in chronic infection, we infected PTPN22~'~ and WT mice
with 10° pfu of LCMV cl13 i.v. and determined viral titers in
serum at the indicated time points (Fig. 14). Titers reached
similar levels and peaked between day 9 and 14 in both groups;
however a significant reduction (~1 log) was observed by day 28
in PTPN227'~ mice as compared with WT mice. By day 39 all
PTPN22~"~ mice had cleared the infection, whereas significant
levels of virus persisted in all WT mice (Fig. 14). In addition,
PTPN227'~ mice, but not WT mice, regained the weight loss
associated with LCMV cl13 infection (Fig. 1B). Viral clearance
was also observed in the organs of PTPN227~ mice by day 14,
whereas WT mice had detectable virus in the spleen, lung, liver,
and kidney at this time point (Fig. S1 4 and B).

At a lower dose of LCMYV cl13 (10° pfu) clearance was more
rapid, and virus was undetectable in the serum as early as 14 d
postinfection (Fig. S1C). Overall these results indicate that
deficiency in PTPN22 enhances viral clearance. Because our
goal was to assess immune function in WT and PTPN227/~
mice during comparable levels of infection, we chose to focus
on the 10° pfu dose in future studies.

Normally, functional CD4 cells are required for clearance of
LCMV. However, because PTPN22 deficiency has been reported
to enhance CD8 function (27, 31), it was of interest to determine
whether PTPN22~'~ CDS8 cells alone were capable of viral clear-
ance. To determine whether CD4 T cells were necessary for the
enhanced clearance of LCMV cl13 by PTPN22~~ mice, we in-
jected a group of mice with CD4-depleting antibody (Fig. 1 C and
D). In the PTPN227'~ group treated with CD4-depleting antibody,
LCMV cl13 persistence was similar to that in WT mice, suggesting
that CD4 T cells are necessary for the viral clearance mechanism
in PTPN227"~ mice.

PTPN22 Is Necessary for Efficient IFN-I1 Production During LCMV cl13

Infection. IFN-I is produced rapidly and in large quantities im-
mediately following LCMV cl13 infection and recently has been

E7232 | www.pnas.org/cgi/doi/10.1073/pnas.1603738113

found to contribute to T-cell exhaustion and viral persistence
(21, 22). Because PTPN22 affects the level of IFN-I production
by myeloid cells, we investigated this pathway following LCMV
cl13 infection. Twenty-four hours after infection with LCMV
cl13 the frequency of IFNa-producing pDCs was reduced sig-
nificantly (~50%) in spleen cells from PTPN227/~ mice as
compared with WT mice (Fig. 2.4 and B). In addition a signif-
icant reduction in the percentage of IFNS" pDCs was observed
in PTPN227/~ mice compared with WT mice (Fig. 2 A4 and C).
Consistent with previous reports (21), we also observed that
pDCs, rather than conventional dendritic cells (¢cDCs), macro-
phages, or B cells, were the cell type producing the most IFN-I at
this time point following infection with LCMV cl13.

To assess the consequences of reduced IFN-I production in
PTPN22~'~ mice, the levels of transcription of the IFN-inducible
gene irf7 (interferon regulatory factor f) were measured by
quantitative RT-PCR in DCs and T cells 8 d postinfection of WT
and PTPN22~"~ mice. There was significantly less expression of
irf7 in DCs and T cells of PTPN227"~ mice (Fig. 2 D and E).

PTPN22 deficiency does not alter the numbers of pDCs or
cDCs 24 h postinfection (Fig. S2 A and B). PTPN22-deficient
pDCs, but not c¢DCs, have slightly lower expression of PD-L1
(programmed death ligand 1) (Fig. S2C), which is generally
up-regulated on DCs during chronic infection, and both PTPN22-
KO pDCs and cDCs have slightly lower CD86 expression com-
pared with the WT cells (Fig. S2D).

Overall, these data indicate that PTPN22 is required for op-
timal IFN-I production in response to LCMYV cl13, resulting in a
reduced IFN-I signature in DCs and T cells in PTPN22~'~ mice.
No significant differences in the expression of costimulatory
molecules were observed in DCs in WT and PTPN22™'~ mice.

PTPN22 Deficiency Increases IL-10 Production During LCMV Infection.
Reports have indicated that IL-10 contributes to the induction
and maintenance of T-cell exhaustion (36, 37). In addition,
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Fig. 2. PTPN22 deficiency results in reduced IFN-I. PTPN227~ and WT mice were
infected with LCMV cl13 (10° pfu i.v.). Twenty-four hours later spleens were
removed, cultured in vitro with Brefeldin A for 3 h, and stained for IFNa and
IFNB. (A) Representative flow cytometric plots of pDC (CD19~ CD11c® PDCA-1%)
expression of IFNa and IFNB. (B) Combined data showing pDC expression of IFNo.
(C) Combined data showing pDC expression of IFN. B and C show combined
data from two independent experiments combined, each symbol represents
one mouse. (D and E) Eight days postinfection spleens were removed from WT
and PTPN22-KO mice, and DCs (D) and T cells (E) were isolated by MACS.
mRNA was purified, and quantitative RT-PCR was performed for irf7. D and E
are two independent experiments. Each bar has four data points; each point is
representative of two pooled mouse spleens. The data in graphs are shown as
the mean + SEM; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3. PTPN22 deficiency results in increased IL-10 production. (A and B)
PTPN227'~ and WT mice were infected i.v. with LCMV cl13 (10° pfu), and
serum levels of IL-10 were measured by ELISA at 24 h (A) and 96 h
(B) postinfection. (C) At day 8 postinfection splenocytes were cultured with
GP66 peptide in vitro for 48 h, and the IL-10 concentration in the culture
supernatant was measured by ELISA. Experiments were performed twice,
and data were pooled. Each symbol represents one mouse. The data in
graphs are shown as the mean + SEM; **P < 0.01; ***P < 0.001.

blockade of IFN-I signaling results in reduced IL-10 production
following LCMV cl13 infection (21, 22). We analyzed IL-10
levels in the serum at 24 h (Fig. 34) and 96 h (Fig. 3B) post-
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infection by ELISA. At 24 h postinfection IL-10 is elevated in
both WT and PTPN227"~ mice compared with uninfected con-
trols, and by 96 h postinfection the concentration of IL-10 in the
serum is significantly higher in PTPN22~~ mice than in WT
mice. To measure IL-10 production by antiviral CD4 T cells, we
cultured day 8 infected splenocytes with GPg,_gy peptide for 48 h
and measured IL-10 in the supernatant (Fig. 3C). PTPN227/~
mice produced significantly more IL-10 than WT mice, sug-
gesting that the mechanism of enhanced viral clearance in
PTPN22-deficient mice does not involve a reduction of IL-10.

PTPN22 Deficiency Enhances Numbers and Functions of CD4 T Cells
Early Postinfection. CD4 cells are required to retain the function
of CD8 cells during chronic infection with LCMYV cl13 (16, 38).
Th1 cytokines such as TNFa and IL-2 are particularly important
in this regard (19). Specifically, depletion of CD4 T cells
in PTPN227~ mice leads to viral persistence, indicating that CD4
T cells are critical to viral clearance (Fig. 1C). Therefore we
decided to investigate CD4 cells in more detail. Eight days after
infection with LCMYV cl13, the numbers of LCMV GPg¢ 77 tetramer-
positive CD4 T cells were significantly increased in PTPN22~'~ mice
compared with WT mice (Fig. 44 and Fig. S34). IFNy, TNFo, and
IL-2 production in response to GPg gy peptide was strongly in-
creased in both frequency and absolute number in CD4/CD44"
T cells from PTPN22-deficient mice compared with cells from WT
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Fig. 4. PTPN227'~ enhances numbers and function of viral-specific CD4 T cells. PTPN22~~ and WT mice were infected i.v. with LCMV cl13 (10° pfu), and
spleens were collected and restimulated with GPgq_go peptide. (A) The number of GPgg 77 tetramer-positive CD4 T cells in the spleen on day 8. (B-D) In-
tracellular staining for IFNy (B), TNFa (C), and IL-2 (D) was performed and is shown for CD4/CD44" T cells on day 8. (E) Viral-specific CD4 T cells were stained
with the GPgg_77 tetramer and counted by flow cytometry on day 5. (F and G) Tetramer-positive CD4 T cells were stained with Ki-67 (F) and cleaved caspase 3
(G) for flow cytometry analysis on day 5. (H-J) Spleens were restimulated with GPg;_go peptide on day 5 postinfection, and intracellular staining of CD4/CD44"
cells for IFNy (H), TNFa (/), and IL-2 (J) was performed. Data in A-D are combined from three independent experiments; data in E-J are combined from two
independent experiments. Each symbol represents one mouse. The data in graphs are shown as the mean + SEM; ***P < 0.001.

Maine et al.

PNAS | Published online October 31, 2016 | E7233

wv
=2
=
a
w
<
=
[

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603738113/-/DCSupplemental/pnas.201603738SI.pdf?targetid=nameddest=SF3

L T

/

D\

o
I
<]
«
~
@
2
=
3
<
=
S
@
o
=
>
>
)
]
5]
k=]
T
&
=
H
3
o

mice (Fig. 4 B-D and Fig. S3 B and D). This trend was also observed
at the low dose of LCMV cl13 (Fig. S3F). In addition, GPg 77 tet-
ramer binding PTPN227"~ CD4 T cells showed more of a bias toward
a Th1 phenotype (SLAM™ CXCR5") than a follicular helper T cell
(Tth) phenotype (SLAM! CXCR5") than did WT cells (Fig. S4).

To understand the basis for the greatly increased frequency of
GPg_77 tetramer -positive CD4 T cells in PTPN227'~ mice (Fig.
44), we analyzed the expression of proliferation and apoptotic
markers in GPg¢ 77 tetramer-positive T cells 5 d after infection
with LCMV cl13. The frequency of GPgs 77 tetramer-positive
cells in PTPN22~'~ mice was increased significantly, and these
cells divided more frequently (based on the expression of Ki-67)
than did the cells from WT mice (Fig. 4 E and F and Fig. S34).
In addition, cleaved caspase 3, a marker of apoptosis, was sig-
nificantly lower among GPg_77 tetramer-positive CD4 cells in
PTPN22~'~ mice than in WT mice (Fig. 4G). Overall these data
suggest that the greater frequency of GPgs_77 tetramer-positive
CD4 T cells in PTPN227'~ mice can be attributed to both in-
creased proliferation and reduced cell death.

In addition to the increased frequency of GPgs 77 tetramer-
positive cells at day 5 postinfection, the increased cytokine pro-
duction observed at day 8 by PTPN227'~/CD4/CD44" T cells is
clearly evident at 5 d postinfection. At this time point CD4/CD44"
T cells from PTPN22~'~ mice had a significantly higher percentage
and absolute numbers of IFNy-, TNFa-, and IL-2—positive cells in
response to GPg_go peptide (Fig. 4 H-J and Fig. S3 C and E).
Overall, these data indicate that PTPN22 deficiency has an early
effect on the expansion and effector function of CD4 T cells.

PTPN22 Deficiency Affects CD4 T-Cell Number and Function in a
T-Cell-Extrinsic Manner. PTPN22 is expressed in all hematopoietic
cells, and LCMYV cl13 infection of PTPN22-deficient mice reveals
a number of phenotypic differences in both antigen-presenting cells
and T cells (Figs. 2 and 4). To determine whether the increased

number and function of viral-specific CD4 T cells observed in
PTPN227'~ mice is intrinsic or extrinsic to the T cell, we purified
CD4 T cells (CD45.1%) from SMARTA TCR transgenic mice
[expressing a TCR specific for the immuno-dominant CD4 LCMV
epitope (GPss_s0) (39)] and transferred these cells into either WT
or PTPN227/~ (CD45.2™) hosts (Fig. 54). Eight days postinfection
spleens were harvested and were restimulated with GPg;_g9 pep-
tide, and SMARTA production of IFNy, TNFa, and IL-2 was
measured by flow cytometry (Fig. 5B). Significant increases in
SMARTA cytokine production were observed in PTPN22~'~ hosts
compared with WT hosts. These results suggest that host expres-
sion of PTPN22 affects the outcome of infection. A similar experi-
ment using SMARTA PTPN227~ cells could not be performed,
because the cells were rejected by WT hosts.

We repeated this experiment using TCRB™~87~ hosts to
avoid rejection of PTPN22~'~ SMARTA cells and also to avoid
competition with endogenous viral-specific CD4 cells. Hosts re-
ceived either WT or PTPN227/~ SMARTA cells and were in-
fected with LCMV cl13 on the following day; the spleens were
analyzed on day 8 postinfection (Fig. 5C). There was a significant
host effect on the percentage of SMARTA cells recovered; the
accumulation of both PTPN22-deficient and WT cells was
greater in the PTPN227~ host than in the WT host (Fig. 5D and Fig.
S5A4). There also was a slight increase in the percentage of PTPN227~
SMARTA cells compared with WT SMARTA cells in the PTPN227~
host, although this increase did not achieve significance. PTPN22
deficiency in the host results in a significant increase in the pro-
duction of TNFa and IL-2 (Fig. 5 E and F). PTPN22 deficiency in
either the host or T cells results in increased production of IFNy
(Fig. 5G and Fig. S5 B-D). Taken together, these data suggest that
PTPN22 affects CD4 T-cell function in a predominantly cell-
extrinsic manner during chronic infection.
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Fig. 5. PTPN22 deficiency controls CD4 T-cell number and function in a T-cell

—extrinsic manner. (A) CD45.1" SMARTA cells (10%) were purified by MACS and

transferred into CD45.2* WT or PTPN227'~ T-cell-sufficient hosts. The following day these mice were infected with 10° pfu LCMV cl13. (B) Spleens were
restimulated with GPg;_go peptide on day 8 postinfection, and intracellular staining for IFNy, TNFa, and IL-2 was performed. (C) CD45.1* PTPN227"~ SMARTA
and WT SMARTA cells (10*) were purified by MACS and transferred into CD45.2* WT or PTPN22~'~ (TCRB™~57"") hosts. The following day the four groups of
mice were infected with 10° pfu LCMV cl13. (D) The percentage of SMARTA cells in the lymphocyte gate on day 8 postinfection in the spleen. (E-G) Spleens
were restimulated with GPgq_go peptide on day 8 postinfection, and intracellular staining for TNFa (E), IL-2 (F), and IFNy (G) was performed. Experiments were

performed twice and pooled. Each symbol represents one mouse. The data in
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the graphs are shown as the mean + SEM; *P < 0.05; **P < 0.01; ***P < 0.001.
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To assess the potential contribution of differences in homeostatic
proliferation leading to the differences between host PTPN22
genotypes in the expansion of SMARTA cells, 10* carboxy-
fluorescein succinimidyl ester (CFSE)-labeled SMARTA cells were
transferred into WT and PTPN227~ TCRB™=67~ hosts without
LCMV cl13 infection. Eight days later no detectable SMARTA
cells were recovered in the spleens of either host type, indicating
that lymphopenic-driven expansion of SMARTA cells is minimal in
this model (Fig. S5E). This result is consistent with reports showing
that naive SMARTA cells do not proliferate in various lymphopenic
hosts (40, 41). Furthermore, production of IL-7, which is important
for the homeostatic proliferation and survival of naive CD4 T cells,
is produced mainly by cell types that do not express PTPN22 and
would not be expected to differ in these hosts (42).

cAMP Responsive Element Modulator Is Involved in IL-2 Repression
During LCMV cl13 Infection. To explore the T-cell-extrinsic mecha-
nism by which CD4 function is restored in PTPN227'~ mice, we
investigated expression of an IFN-I-inducible gene, crem (cAMP
response element modulator), that is known to inhibit IL-2 tran-
scription (43, 44). Recently it was reported that CREM expres-
sion, which is induced by IFNB, is up-regulated in T cells following
LCMV cl13 infection (45). To confirm this IFN-dependent up-
regulation of CREM during LCMV c13 infection, we transferred
SMARTA cells into WT B6 mice along with blocking antibodies
to IFNB or IFN-1 receptor (IFNAR) 1 d before infection (Fig.
64). SMARTA cells were sorted from the spleens of mice 7 d
postinfection, and crem transcript was measured by quantitative
RT-PCR. Blocking either IFNp or IFNAR significantly reduce the
crem transcript in CD4 T cells following LCMYV cl13 infection.

To determine whether the enhanced IL-2 production observed
in PTPN22~"~ mice may be caused by the reduced expression of
CREM, quantitative RT-PCR was performed using mRNA from
sorted CD4*/CD44™ T cells from spleens harvested at day 8
postinfection. Crem transcript levels were lower in PTPN227~
CD4/CD44™ T cells than in WT T cells (Fig. 6B). To measure
crem transcript levels at day 5 postinfection, SMARTA adoptive
transfer was used to increase antiviral CD4 numbers. PTPN227/~
or WT SMARTA cells were transferred into PTPN227'~ or WT
hosts, respectively. Five days after infection with LCMV cl13,
SMARTA cells were sorted by FACS, and crem mRNA was
measured. As found at day 8 postinfection, the crem transcript at
day 5 postinfection is higher in WT CD4 T cells than in PTPN227~
T cells (Fig. 6C). To determine whether CREM expression directly
regulated cytokine production in antiviral CD4 T cells, we used
shRNA to knock down CREM in SMARTA CD4 T cells. Retro-
viral transduction of anti-crem shRNA led to efficient knockdown
of crem transcripts (Fig. S64). Transduced SMARTA cells were
adoptively transferred into WT B6 hosts and allowed to rest for at
least 5 d before infection with LCMV cl13. Recovery of SMARTA
cells at 8 d postinfection was similar in the scramble and CREM
knockdown groups (Fig. S6B). Eight days later SMARTA cells
were restimulated with GPg;_go peptide, and IL-2 (Fig. 6 D and E)
and TNFa (Fig. 6 F and G) production were measured by in-
tracellular cytokine staining. Knockdown of CREM led to signifi-
cantly increased IL-2 and TNFa production compared with
SMARTA cells transduced with scramble shRNA. Of interest,
IFNy production was not affected by CREM knockdown (Fig.
S6C). Overall these data show that CREM knockdown pheno-
copies the increase in IL-2 and TNFoa production observed in
PTPN227'~ CD4 T cells and is sufficient to prevent the loss of CD4
T-cell function following LCMV cl13 infection.

PTPN22 Deficiency Prevents Exhaustion of Viral-Specific CD8 T Cells.
CD4 help, especially by IL-2, affects the number and function of
CDS8 T cells during chronic infection (16, 19, 38). Because CD4
T-cell function was increased in PTPN22~'~ mice after infection
with LCMV cl13, we hypothesized that antiviral CD8 T cells would
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Fig. 6. PTPN227'~ CD4 T cells do not up-regulate CREM, which can lead to
enhanced antibody production. (A) CD45.1* SMARTA cells (10%) were
adoptively transferred into WT B6 mice along with blocking antibodies
against IFNp, IFNAR, or isotype control. Twenty-four hours later, the mice
were infected i.v. with LCMV cl13 (10° pfu). SMARTA cells were sorted from
spleens 7 d postinfection, and the crem transcript was measured by quan-
titative RT-PCR. (B) PTPN22~"~ and WT mice were infected i.v. with LCMV cl13
(10° pfu), and CD4/CD44" cells were sorted by FACS on day 8. Quantitative
RT-PCR was performed to measure crem transcript levels. (C) SMARTA cells
or PTPN227'~ SMARTA cells were adoptively transferred into WT or PTPN22/~
mice, respectively, and mice were infected with LCMV cl13. Transferred
cells were sorted on day 5, and mRNA was isolated. Quantitative RT-PCR
was used to measure crem transcript. A-C show data points; each point was
pooled from two mouse spleens from two independent experiments.
(D-G) SMARTA cells were transduced with a retrovirus expressing shRNA
targeting CREM or control (scramble) and were reinjected into WT mice. After
at least 5 d of rest, mice were infected with LCMV cl13 (10° pfu i.v.), and
spleens were collected on day 8. SMARTA T cells were restimulated with GPgq_go
peptide, and TNFa™ IFNy™ (D and E) and IL-2" IFNy™ (F and G) cells were counted
by flow cytometry. D and F are representative flow cytometric plots gated on
SMARTA cells. £ and G are representative of two independent experiments;
each symbol represents one mouse. The data in graphs are shown as the mean +
SEM; *P < 0.05; **P < 0.01.

also retain function. Depletion of CD4 T cells in PTPN227'~ mice
leads to viral persistence (Fig. 1C) and exhaustion of CDS8 T cells
(Fig. S7A), further substantiating the importance of CD4 cells in viral
elimination. PTPN227~ and WT mice were infected with LCMV
cl13, and spleens were collected and analyzed on day 14. Similar
numbers of GP33 4; tetramer-positive CDS8 T cells were found in the
spleens of PTPN227'~ and WT mice (Fig. 74). PD-1 expression
on tetramer-positive cells was measured, and the percentage of
PD-1" CDS8 T cells was lower in the majority of PTPN22~/~ mice
than in WT mice by day 14, as is consistent with less T-cell ex-
haustion (Fig. 7B). To assess the function of the CD8 T cells,
splenocytes were restimulated with GP33_4; peptide, and in-
tracellular staining for cytokines was performed on GPs;3 4; tet-
ramer-positive cells. The GP33_4; tetramer-positive cells from
PTPN227'~ mice showed broader polyfunctionality than the cells
from WT mice, with a larger pool of triple- and double-cytokine—
positive cells (Fig. 7C). Although the percentage of GP33 4
tetramer-positive cells that can produce TNFa or IL-2 is very low
in WT mice, a significantly higher percentage of GPs3_4; tetra-
mer-positive CD8 T cells from PTPN22~~ mice produce both
cytokines (Fig. 7 D-F).

Viral titers were found to be lower in the spleens of PTPN227/~
mice than in spleens from WT mice at day 14 postinfection. To be
certain that reduced virus load was not responsible for enhanced
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Fig. 7. Virus-specific CD8 T cells are not exhausted in PTPN227"~ mice. PTPN227"~ and WT mice were infected i.v. with LCMV cl13 (10° pfu). (A) GP33_4; tetramer-
positive CD8 T-cell numbers in the spleen at day 14. (B) PD-1 expression on GPs3_41 tetramer-positive CD8 T cells. Spleens were collected on day 14 and restimulated
with GP3341 peptide. TNFa, IFNy, and IL-2 were measured by intracellular FACS. (C) Piecharts showing polyfunctionality of GP3341 tetramer-positive cells with
respect to cytokine production. (D) Representative FACS plots of TNFa and IFNy staining on GPs3 41 tetramer-positive cells. (E) Combined intracellular cytokine
staining data from two independent experiments. (F) Representative FACS plots of IL-2 and IFNy staining on GP33 4; tetramer-positive cells. (G) Combined in-
tracellular cytokine staining data from two independent experiments. Experiments were performed twice and pooled. Each symbol represents one mouse. In A, B,
E, and G data are shown as the mean + SEM. In C data represents the mean (WT n = 6, KO n = 8). *P < 0.05; **P < 0.01.

T-cell function, we analyzed the spleen for CD8 function at day 8
postinfection, a time when viral titer was high (Fig. S7). Following
GP334; peptide restimulation, PTPN227~ mice had increased
numbers of IFNy-producing CD8 T cells as well as significantly
increased numbers of TNF& and IL-2—positive cells (Fig. S7 B-D).

Similarly, at the low dose of LCMV cl13 CD8 T cells are more
functional at 25 d postinfection in PTPN22~'~ mice than in WT
mice (Fig. S7 E and F).

Discussion

PTPN22 encodes a tyrosine phosphatase that is expressed in
multiple immune cell types and has numerous reported func-
tions. In particular, mice deficient in PTPN22 have increased
accumulation of effector and memory T cells and impaired
production of IFN-I by myeloid cells (27, 34). In light of these
phenotypes, we hypothesized that PTPN22 deficiency would
benefit the clearance of LCMV cl13 under conditions that nor-
mally result in the exhaustion of antiviral T-cell responses and in
chronic infection. In contrast to WT mice, PTPN22~'~ mice
retained T-lymphocyte function and cleared the LCMV cl13
infection. Because PTPN22 is present in numerous immune cell
types that could promote T-cell activity, we sought to charac-
terize the immune response at various times postinfection.

DCs from PTPN22~~ mice produce less IFN-I in response to
LCMV cl13 infection, in keeping with recent reports that PTPN22
is involved downstream of TLR- and nucleic acid-sensing path-
ways in myeloid cells SFig. 2 A-C) (34, 35). Furthermore DCs
and T cells in PTPN227"~ mice exhibit a reduced IFN-I signature at
8 d postinfection (Fig. 2 D and E). IFN-I is strongly induced im-
mediately after LCMV cl13 infection and is induced in much
larger amounts by LCMV cl13 than by the rapidly cleared Arm-
strong strain of LCMV (21). Recent reports demonstrate that

E7236 | www.pnas.org/cgi/doi/10.1073/pnas.1603738113

overproduction of IFN-I during LCMV cl13 infection is detri-
mental to the host immune system and contributes to T-cell ex-
haustion and viral persistence (20-23). Blockade of the IFNAR,
genetic ablation of this receptor, or blocking IFNp leads directly to
improved clearance of LCMV cl13 that is associated with in-
creased antiviral CD4 function. A similar outcome was seen
PTPN22~'~ mice infected with LCMV cl13, suggesting that the
reduction in IFN production in these mice could contribute to
viral clearance.

Following LCMV cl13 infection, PTPN22~'~ mice have in-
creased percentages of viral-specific CD4 T cells and significantly
higher percentages of CD4 T cells that produce IL-2, TNFa, and
IFNy (Fig. 4). The expansion of the GPgq7; tetramer-positive
population in PTPN22~~ mice appears to be the result of both
increased proliferation and reduced cell death (Fig. 4). CD4 re-
sponses during LCMV cl13 infection contribute to the clearance
of the virus, as demonstrated the rapid exhaustion of antiviral
CD8 T cells and the persistence of LCMV cl13 following the
depletion of CD4 T cells (Fig. 1C) (16, 38). In addition, adoptive
transfer of SMARTA CD4 T cells into mice before LCMV cl13
infection results in lower viral titers, which are associated with
increased function of GP33 4i-specific CD8 T cells and antibody
production (18).

The blockade of IFN-I signaling also correlates with reduced
PD-L1 expression on DCs and lower serum levels of IL-10 (21,
22). Both of these molecules are known to suppress T-cell re-
sponses to LCMV cl13; however, the expression of PD-L1 was
not altered significantly at early time points in PTPN22~/~ mice
(Fig. S2), but the IL-10 concentration in serum was increased
significantly in these mice (Fig. 3). An increase in CD4 numbers
and function in PTPN22-deficient mice despite unaltered PD-L1
expression on DCs is perhaps not surprising, given that blockade
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of PD-1 does not affect the number or function of LCM V-specific
CD4 T cells (19). Many cell types, including CD4 T cells, produce
IL-10 during chronic LCMV infection (2). Stimulation of
PTPN22-deficient splenocytes from mice at day 8 postinfection
with the CD4 epitope GPg;_go resulted in a significantly increased
IL-10 concentration in the culture medium compared with results
from WT mice (Fig. 4B). CD4 T-cell IL-10 production has been
attributed to the BLIMP* Thl subset during chronic LCMV in-
fection, and increased production of IL-10 by CD4 T cells from
PTPN227"~ mice may reflect the larger GPgg 77 tetramer-positive
Th1 pool in these mice compared with WT mice rather than a per-
cell increase in IL-10 production (Fig. S4) (46). Overall, despite
unaltered PD-L1 expression and increased IL-10 production,
PTPN22 deficiency enhances T-cell function during chronic in-
fection. Our results are consistent with a recent report showing
that partial blockade of IFN-I signaling (by blocking IFN-B as
opposed to the IFNAR) can lead to enhanced LCMV cl13
clearance and increased CD4 numbers and cytokine production
despite unaltered levels of IL-10 and PD-L1 on DCs (23). We
hypothesize that CD4 function during LCMV cl13 infection may
be determined by a balance between suppressive IL-10 signaling
and IL-2/TNFo/IFNy signaling, resulting in exhaustion or re-
tention of function. In the case of PTPN227~ mice, the production
of IL-2, TNFa, and IFNy by CD4 T cells is significantly enhanced
to the point that IL-10 signaling may not be sufficient to impose an
exhausted phenotype.

Because PTPN22 affects TCR signaling, we performed ex-
periments aimed at discovering whether the increased expansion
and function of antiviral CD4 T cells in PTPN22-deficient mice is
intrinsic to the T cell or is modulated through extrinsic factors.
To do so, we used an adoptive transfer model in which LCMV-
specific CD4 T cells (SMARTA) are transferred into mice de-
ficient in T cells (Fig. 5 and Fig. S5). We observed only a small
increase in the numbers of PTPN22-deficient SMARTA cells
compared with WT SMARTA cells. In contrast, PTPN22 de-
ficiency in the host was found to increase the number and
function of both WT and KO SMARTA CD4 T cells. As a ca-
veat, these experiments were performed in T-cell-deficient mice
(Fig. 5 C-G), and although similar results were observed when
SMARTA cells were transferred into either WT or PTPN227/~
T-cell-sufficient hosts (Fig. 5 4 and B), the reciprocal transfer of
PTPN227'~ SMARTA cells into WT hosts could not be performed
because these cells were rejected in T-cell-sufficient mice. Nev-
ertheless, these results suggest that deficiency of PTPN22 in a non-T
cell influences the CD4 response following viral infection. A
recent report characterizes the early cytokine production after
LCMV cl13 infection and after Armstrong infection and shows
that a number of cytokines, including IFN-I, are differentially
expressed (20). It is not known whether any of these cytokines
could contribute to the T-cell-extrinsic effect we observed, but it is
known that PTPN22 is not involved in the expression of NF-xB—
dependent cytokines by myeloid cells (34). Based on our current
understanding of PTPN22 in production of IFN-I, IFN-I is a
major candidate for the host factor responsible for this phenotype.

To expand on the mechanism by which IFN-I may mediate its
effects on T-cell exhaustion, we explored the role of CREM in T
cells. CREM is part of the cAMP responsive element modulator
family responsible for regulation of gene expression (47). The
crem gene encodes numerous proteins produced through alter-
native splicing and alternative promoter use (48). CREM has been
shown to inhibit IL-2 expression by recruiting histone deacetylases
that close the chromatin structure in the IL-2 promoter and pre-
vent transcription following TCR stimulation (43-45). Importantly
for our studies, CREM expression is induced by IFN-I, and the
protein can be detected in T cells following LCMV cl13 infection
(45). Our data show that we can reduce CREM expression in CD4
T cells significantly by blocking IFN-I signaling during LCMV cl13
infection (Fig. 64). We hypothesized that because of the reduced
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IFN-I production by PTPN22-deficient mice following LCMV
cl13 infection, CREM levels in T cells would be lower than in WT
mice, thus allowing more efficient IL-2 transcription. In support of
this hypothesis, we found that CD4 T cells in PTPN227~ mice
express lower levels of CREM than do CD4 T cells in WT mice, as
determined by quantitative RT-PCR (Fig. 6 B and C). To establish
a direct link between increased CREM expression following cl13
infection and the loss of cytokine production by virus-specific CD4
cells, shRNA was used to knock down CREM expression in WT
SMARTA CD4 T cells. CREM reduction resulted in increased
IL-2 and TNFua following LCMV cl13 infection, thus phenoco-
pying PTPN227"~ mice (Fig. 6 D-G). These results implicate the
regulation of CREM as a potential factor responsible for the loss
of IL-2 and TNFa production during LCMV cl13 infection. We
hypothesize that increasing the production of Crem in PTPN22-
deficient CD4 cells following viral infection may reestablish ex-
haustion, although it may be difficult to achieve the physiological
levels of Crem that normally occur during infection.

Alternative splicing products from the crem gene include the
inducible cAMP repressor (ICER) protein, which acts as a strong
transcriptional repressor and is transcribed from the alternative
P2 promoter (49). In human medullary thymocytes ICER has
been shown to inhibit transcription at NFAT/AP-1 composite
DNA sites that are essential for the expression of both IL-2 and
TNFa, suggesting that CREM and its alternative protein prod-
ucts such as ICER have wide-ranging suppressive effects on cy-
tokine production in immune cells (50). CREM and its related
protein products are poorly understood in the context of immune
cell function and represent important targets for preventing the
induction and maintenance of T-cell exhaustion.

Chronic TCR signaling in LCMV cl13 coupled with the loss of
CD4 help underlies the exhaustion of CD8 T cells (1, 51).
PTPN22-KO mice have increased numbers of functional antiviral
CDS8 T cells at day 8 postinfection, when serum and splenic viral
titers are equally high in WT mice, suggesting that there is re-
sistance to exhaustion in these mice (Fig. S7 B-D). Following
the increase in CDS function at day 8, the splenic viral titer in
PTPN22~'~ mice is reduced significantly by day 14, with most mice
clearing the infection (Fig. S1 A and B). This course correlates
with the enhanced function of PTPN227"~ CDS8 T cells compared
with the exhaustion of CD8 T cells in WT mice (Fig. 7). Depletion
of CD4 T cells in PTPN227'~ mice results in persistence of virus
(Fig. 1 C and D) and CD8 exhaustion (Fig. S74), suggesting that
CDS8 function and viral clearance are controlled by the increased
CD4 function in these mice. These results are consistent with the
hypothesis that the early restoration of CD4 function, in particular
IL-2 production, may inhibit exhaustion of CD8 T cells at later
times during infection. In keeping with our observations, the
Ahmed laboratory has reported that low-dose IL-2 therapy en-
hances antiviral CD8 responses in LCMV cl13-infected mice, in-
creasing both the number and the cytokine production of CD8
T cells as well as lowering PD-1 expression (19).

Because the loss of PTPN22 leads to the clearance of chronic
viral infection, it is interesting to speculate that the presence of
the autoimmune-predisposing allele in a high percentage of
European populations has been evolutionarily retained for this
reason. Although the data generated in this report used mice
deficient in PTPN22 rather than mice deficient in the minor allele,
many of the effects observed in PTPN227~ mice, including re-
duced production of IFN-I, are mirrored in the PTPN22 R619W
mutant mice (52, 53). In addition there are reports that the minor
allele of PTPN22 is protective against tuberculosis infections (54).
We hypothesize that, despite the increased susceptibility to auto-
immunity caused by PTPN22 R620W in humans, the resistance
conferred by this allele to both bacterial and viral infections may
have resulted in a selective advantage. Furthermore healthy car-
riers of the PTPN22 R620W variant have exaggerated Thl re-
sponses with increased IFNy, TNFa, and IL-2 production, similar
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to the data presented in this report (55). It will be interesting to
extend this genotypic analysis to other infectious diseases in
the future.

Materials and Methods

Mice. Experimental procedures were carried out according to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (56).
PTPN22~"~ mice were obtained from Andrew Chan. Genentech, San Fran-
cisco, and have been described previously (27). SMARTA CD45.1" mice were
bred to PTPN227"~ mice.

Virus Infection and Plaque Assays. LCMV cl13 strains were grown, stored, and
quantified according to published methods (57). For determination and
quantification of viremia, 10 uL of serum was used to perform 10-fold serial
dilutions for plaque assays on VERO cells (58). Tissues were harvested and
frozen at —80 °C. At the time of the assay, tissues were thawed, weighed,
and homogenized in medium to 10% (wt/vol) and were clarified by low-
speed centrifugation; 10 pL of the supernatant was used in plaque assays.

Antibody Treatments. For CD4 T-cell depletion, mice were treated with 500 ug
of the monoclonal GK1.5 antibody or isotype control on days —1 and 0 and
with 250 pg on days 3 and 5 postinfection. One milligram of anti-IFNAR
(clone MAR-5A3; Leinco Technologies), 250 pg of anti-IFNB (clone HD-4A7)
(23), or 1 mg of mouse IgG1 isotype control (Bio X Cell) was injected i.p. at
day —1.

Flow Cytometry. Cells were resuspended in HBSS containing 1% FCS and were
incubated with the indicated antibodies for 15 min on ice. Cells then were
washed before acquisition on an LSR-Il flow cytometer (BD Biosciences), and
analysis was performed using FlowJo (TreeStar). Antibodies (all from
BioLegend unless otherwise stated) used were anti-mouse CD4 PerCP-Cy5.5,
CD45.1 FITC/Pacific blue, SLAM PE, CD8 PerCP-Cy5.5/APC Cy7, PD-1 FITC,
CXCR5-biotin (BD Bioscience), CD44 Pacific Blue/PE-Cy7, streptavidin APC,
CD11c APC, PDCA-1 Pacific Blue, CD19 APC-Cy7, MHC class Il Pe-Cy7, PD-L1 PE,
and CD86 FITC. For intracellular staining of markers, an intracellular staining
kit (Fix/Perm; eBioscience) was used together with anti-mouse Ki-67 APC
(BioLegend). Staining of cleaved caspase 3 used the Cytofix/Cytoperm Kit (BD
Bioscience) with anti-cleaved caspase 3 (Cell Signaling Technology) and anti-
rabbit Alexa Fluor 647 (Life Technologies).

Tetramers were obtained from the NIH tetramer core facility. Phycoery-
thrin (PE)-conjugated H2DP® GP33_4; tetramer was used to stain CD8 T cells for
30 min on ice. BV421-conjugated I-A° GPgg_7, tetramer was used to stain CD4
T cells for 1 h at 37 °C.

For FACS, cell suspensions were labeled with antibody as described above,
and the desired populations were sorted using FACSAria (BD Bioscience) by
the Scripps Research Institute flow cytometry core facility.
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(GPg1_80 and GPs3_4q) for 4 h in the presence of Brefeldin A (Sigma Aldrich).
For pDC intracellular cytokine staining, splenocytes were cultured as above
in the presence of Brefeldin A for 3 h. Cells were stained for surface markers
and then were fixed in Cytofix/Cytoperm buffer (BD Bioscience). Cells then
were permeabilized in Perm buffer (BD Bioscience), and cytokines were
stained using antibodies against IL-2 BV421/PE, TNFa PerCP-Cy5.5/PE, IFNy
APC (all from BioLegend), IFNa FITC, and IFNp FITC (PBL Bioassay).

Adoptive T-Cell Transfer. Magnetic-activated cell sorting (MACS) of CD4*
T cells was carried out using biotinylated antibodies to deplete unwanted
cells types as described in ref. 59. Streptavidin-coated IMag beads (BD Bio-
science) were used to deplete labeled cells. SMARTA* CD45.1% CD4 T cells
were transferred into recipients by i.v. injection. The exact numbers vary by
experiment and are noted in the figure legends.

Quantitative RT-PCR. FACS or MACS was used to purify desired cell pop-
ulations, and then mRNA was extracted using the RNeasy RNA extraction kit
according to the manufacturer’s instructions (Qiagen). cDNA was produced
using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems)
according to the manufacturer’s instructions. Quantitative RT-PCR was per-
formed to measure levels of crem and irf7 (sequences are available on re-
quest) using a Bio-Rad CFX96 machine (Bio-Rad). Cycle threshold (Ct) values
were normalized to p-actin using the 224" method.

Retroviral Transduction of SMARTA T Cells. shRNAs (shERWOOD-UltraMar set)
targeting the crem gene [Gene ID 12916, National Center for Biotechnology
Information (NCBI)] were cloned into the pLMP-d Ametrine vector (TransOMIC
Technologies) and packaged into retroviral vectors using the Plat-E pack-
aging cell line (Cell Biolabs, Inc.). Transduction of CD3/CD28-activated MACS-
purified SMARTA cells was carried out as described in ref. 60 using two
90-min spinfections on consecutive days. FACS-sorted Ametrine-positive cells
were adoptively transferred into B6 hosts and rested for at least 5 d before
LCMV cl13 infection.

IL-10 ELISA. Quantitation of IL-10 in the serum and cell-culture supernatants
was carried out using the Quantikine IL-10 ELISA kit according to the man-
ufacturer’s instructions (R&D Systems).

Statistical Analysis. Graphs were assembled and analyzed using Prism 5
software (GraphPad). For multiple group analyses, one-way ANOVA with
Tukey's posttest was carried out. For comparison of two-group datasets
Student’s t test was used.
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