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Effective T cell differentiation during acute virus infections leads to the generation of
effector T cells that mediate viral clearance, as well as memory T cells that confer
protection against subsequent reinfection. While inhibitory immune checkpoints have
been shown to promote T cell dysfunction during chronic virus infections and in tumors,
their roles in fine tuning the differentiation and responses of effector andmemory T cells are
only just beginning to be appreciated. We previously identified PSGL-1 as a fundamental
regulator of T cell exhaustion that sustains expression of several inhibitory receptors,
including PD-1. We now show that PSGL-1 can restrict the magnitude of effector T cell
responses and memory T cell development to acute LCMV virus infection by limiting
survival, sustaining PD-1 expression, and reducing effector responses. After infection,
PSGL-1-deficient effector T cells accumulated to a greater extent than wild type T cells,
and preferentially generated memory precursor cells that displayed enhanced
accumulation and functional capacity in response to TCR stimulation as persisting memory
cells. Although, PSGL-1-deficient memory cells did not exhibit inherent greater sensitivity to
cell death, they failed to respond to a homologous virus challenge after adoptive transfer into
naïve hosts indicating an impaired capacity to generate memory effector T cell responses in
the context of viral infection. These studies underscore the function of PSGL-1 as a key
negative regulator of effector andmemory T cell differentiation and suggest that PSGL-1may
limit excessive stimulation of memory T cells during acute viral infection.

Keywords: virus infection, PSGL-1, effector T cells, memory T cells, LCMV
INTRODUCTION

Immunological memory confers host protection through an immune response that is more robust
and effective at neutralizing a previously encountered pathogen. T cell-mediated immunity to virus
infections requires differentiation of effector T cells that contribute to pathogen clearance by
interfering with viral replication and by direct killing of virus-infected cells. As the infection is
org July 2021 | Volume 12 | Article 6778241
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resolved memory T cells are generated that promote long-term
host protection against re-infection (1). The signals determining
the generation of memory T cells remain incompletely
understood, and depend upon contextual cues that include the
duration of antigen exposure, the degree of inflammation, as well
as the tissue localization and distribution of infection. Both CD8+

and CD4+ T cells can be classified as central memory (TCM) and
effector memory (TEM) cells that are broadly distinguished by
their preferential migration through, and responses in lymphoid
and non-lymphoid tissues, respectively. An additional subset,
designated tissue resident memory cells (TRM), that are retained
at the sight of initial infection where they locally provide
protective immunity (2). It is the integration of a multitude of
signals in diverse microenvironments that regulates the
transcriptional and epigenetic programming, which determines
effector and memory T cell fates (3). The fine-tuning of T cell
responses to viral pathogens is in part achieved by appropriate
engagement of negative regulatory molecules to prevent
excessive T cell responses (4). It is now apparent that signals
through PD-1 regulate effector CD8+ T cell responses (5) and
both PD-1 and LAG-3 impact the generation and responses of
memory T cells in acute viral infections (6–8). We previously
identified that the adhesion receptor, P-selectin glycoprotein-1
(PSGL-1), is a key T cell-intrinsic inhibitory receptor that is
required for the development of T cell exhaustion in chronic
virus infection and determines the expression levels of multiple
inhibitory receptors that include PD-1, TIM-3, and LAG-3
among others (9). We now address whether PSGL-1 can also
play a fundamental role in the regulation of effector and memory
T cell differentiation and responses.

PSGL-1 (encoded by the gene Selplg) is expressed on the
surface of most hematopoietic cells and well-known for its role in
regulating leukocyte migration into sites of infection via binding
of P-selectin on inflamed vascular endothelium. Selectin-binding
requires post-translational modifications that include sulfation
and glycosylation, which are constitutively present on PSGL-1
expressed by innate immune cells (10). Naïve T cells lack these
modifications and are thus unable to bind selectins, but can
acquire selectin binding capacity during effector differentiation
(11), although expression is typically transient. On T cells,
however, PSGL-1 can engage additional ligands in the absence
of, or independently of selectin binding (12). These include the
lymphoid tissue chemokines, CCL19 and CCL21 (13), which
regulate the entry and positioning of T cells and dendritic cells in
secondary lymphoid organs (14), and VISTA (V-type
immunoglobulin domain-containing suppressor of T cell
activation) (15), a negative regulator of T cell responses, which
is primarily expressed on myeloid cells (16), respectively. The
role of PSGL-1 as a potential negative regulator of T cells was
initially identified in studies showing that PSGL-1-deficient
CD8+ T cells displayed greater homeostatic turnover in the
absence of overt activation, as well as enhanced persistence as
memory cells after acute infection with LCMV Armstrong (Arm)
strain (17). However, whether PSGL-1-deficiency cells alters T
cell function or differentiation, or secondary responses has not
been addressed.
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Here we report that PSGL-1 is a negative regulator of T cell
responses to LCMV Arm infection that limits the responses of
effector and memory T cells. With primary infection, virus-
specific CD8+ and CD4+ Selplg-/- T cells accumulated to a much
greater extent than wild type (WT) cells and displayed greater
persistence as memory T cells due to better intrinsic survival. As
effectors, Selplg-/- T cells expressed increased levels of the
receptors, IL-7Ra and IL-2Rb, as well as lower levels of PD-1
and developed a predominantly memory precursor/progenitor
phenotype when compared to WT T cells. We observed greater
numbers of cytokine-producing virus-specific CD4+ and CD8+ T
cells in Selplg-/- mice at both the effector and memory stages after
infection. In sharp contrast, however, although Selplg-/-memory
T cells responded effectively to restimulation by LCMV viral
peptides in vitro and did not exhibit greater susceptibility to
death in the context of TCR engagement in vivo, they failed to
respond to a secondary challenge with LCMVArm after adoptive
transfer with WT cells into the same naïve host, thus suggesting
that inhibition via PSGL-1 during memory T cell activation may
limit excessive stimulation induced by viral infection. These
studies underscore that PSGL-1 has a fundamental role as a
regulator of effector and memory T cell differentiation and
indicate that PSGL-1-dependent inhibition may be essential for
memory effector anti-viral responses.
MATERIALS AND METHODS

Mice
C57BL/6J and Selplg-/- mice (18) were purchased from Jackson
Laboratory and then bred in specific-pathogen-free (SPF)
facilities and maintained in biosafety level 2 (BSL-2) facilities
after infection in the vivaria at SBP and UC Irvine. Selplg-/- mice
were backcrossed to C57BL/6J mice for more than ten
generations. P14 and SMARTA mice were obtained from The
Scripps Research Institute (originally from Dr. Charles D. Surh).
These mice were bred to Ly5.1 (B6.SJL-Ptprca Pepcb/BoyJ) mice
and to Thy1.1 (B6.PL-Thy 1a/CyJ) Selplg-/- mice which were
purchased from Jackson Laboratory and bred in house. Both
male and female mice were used and were greater than 6 weeks of
age. All experiments were approved by the animal care and use
committees at SBP (A3053-01) and UC Irvine (AUP-18-148).

Virus Infection and Titers
LCMVArmstrong (Arm) strain was propagated in baby-hamster
kidney cells and titrated on Vero African-green-monkey kidney
cells (19, 20). Frozen stocks were diluted in Vero cell media and
mice were infected by intraperitoneal (i.p.) injection of 2 x 105

plaque-forming units (PFUs) of LCMV Arm. Virus titers were
determined from serial dilutions of sera taken from mice at 4
days post infection (dpi) using a focus forming assay (21).

Adoptive Transfer
Naïve P14 WT or Selplg-/- T cells or SMARTA WT or Selplg-/- T
cells were isolated from the spleens by magnetic sorting (Stem
Cell Technologies, negative selection) according to the
July 2021 | Volume 12 | Article 677824
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manufacturers protocol. WT and Selplg-/- P14 or SMARTA cells
were transferred in equal numbers (1000 each) into C57BL/6
mice by i.v. injection. On the same day, the mice were infected
with LCMV Arm by i.p. injection. For memory cell adoptive
transfer, viable WT and Selplg-/- P14 cells were isolated from the
spleens of mice at 30dpi by FACS sorting based on the allelic
markers. WT and Selplg-/- P14 memory cells were coinjected into
naïve C57BL/6 recipients in a dose of 2000 each by i.v. injection,
followed by i.p. infection with LCMV Arm.
Flow Cytometry
Cells from the spleens or pooled lymph nodes (inguinal, axial,
brachial) were dissociated in HBSS. For cell surface staining,
2x106 cells were incubated with antibodies in staining buffer
(PBS, 2% fetal bovine serum (FBS) and 0.01% NaN3) for 20
minutes at 4°C and with H-2Db-GP33-41, H-2Db-GP276-286, H-
2Db-NP396-404, or IAb-66-77 tetramers (NIH core facility) for 1
hour and 5 minutes at room temperature. For functional assays,
cells from infected animals were cultured for 5 hours at 37°C
with 2ug/mL of GP33-41, GP276-286, NP396-404, and GP61-80
peptides (AnaSpec) in the presence of brefeldin A (1mg/ml;
Sigma-Aldrich). The cells were then stained with antibodies for
expression of surface proteins, fixed, permeabilized, and stained
with antibodies for intracellular cytokine detection. To evaluate
cell degranulation, splenocytes were incubated in the presence of
anti-CD107a-FITC (Biolegend). The culture media was RPMI-
1640 containing 10 mM HEPES, 1% non-essential amino acids
and L-glutamine, 1mM sodium pyruvate, 10% heat-inactivated
FBS, and penicillin/streptomycin antibiotics. The following anti-
mouse antibodies were used in this study: Biolegend CD4 (RM4-
5), CD8 (53-6.7), CD62L (MEL-14), CD127(A7R34), CD122
(TM-b1), CD107a (1D4B), IFN-g (XMG1.2), TNF-a (MP6-
XT22), CD11a (M17/4), CD49d (R1-2), CD45.1 (A20), CD90.1
(OX-7), KLRG-1 (2F1/KLRG1), PD-1 (29F.1A12), CD95 (Fas,
SA367H8), CD178 (FasL, MFC3). Caspase-3 staining was done
using CaspGLOW Fluorescein Active Caspase-3 staining kit
(ThermoFisher) and following manufacturer’s instructions.
In Vivo Proliferation
Mice were injected i.p. with 2 mg BrdU (Sigma-Aldrich) 16
hours before removing the spleens at 9dpi to measure
proliferation by flow cytometry after intracellular staining with
an anti-BrdU antibody. BrdU staining was done using a BrdU
Flow kit (BD Biosciences) following the manufacturer’s
instructions. Cells were acquired with a Novocyte3000
flow cytometer.
Data Analysis
Flow cytometry data were analyzed with FlowJo software
(TreeStar). Graphs were prepared with GraphPad Prism
software. GraphPad Prism was used for statistical analysis to
compare outcomes using a two-tailed unpaired Student’s t test;
significance was set to p <0.05 and represented as *<0.05,
**<0.005, ***<0.001, and ****<0.0001. Error bars show SEM.
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RESULTS

Selplg-/- Mice Infected With LCMV Have an
Increased Accumulation of Effector and
Memory T Cells
To investigate whether PSGL-1 expression regulated T cell
responses to primary virus infection, we infected WT and
Selplg-/- mice with LCMV Arm. We first quantified virus-
specific T cells in the spleen as indicated by co-expression of
CD11a+CD49d+ (22) and found increased numbers of effector
CD4+ and CD8+ T cells at 8dpi, indicating a larger population of
T cells was responding to the virus (Figure 1A). We next
quantified the numbers of virus-specific CD8+ T cells in the
spleens by staining with the MHC-I tetramers specific for GP33-41,
GP276-286, and NP396-404 LCMV epitopes recognized by CD8+ T
cells with differing TCR affinities (23). We also observed significant
increases in the numbers of virus epitope-specific CD8+ T cells in
Selplg-/- mice at 8dpi (Figure 1B) and importantly, these differences
were maintained at 30dpi (Figure 1C) long after viral clearance,
which occurs by 8dpi. However, the frequencies of virus-specific
CD8+ T cells were selectively increased in NP+

396−404 cells from
Selplg-/- mice compared to WT mice (Figures S1A, B), suggesting a
more pronounced effect of PSGL-1-deficiency on the highest affinity
LCMV-specific CD8+ T cell clone (23). We next investigated
whether CD4+ T cell responses were different in Selplg-/- mice
compared to WT mice and found that, like CD8+ T cells, the
numbers of virus-specific CD4+ T cells were significantly increased
at 8dpi (Figure 1D) as well as at 30dpi (Figure 1E) in the spleen
with Selplg-deficiency as were the frequencies (Figures S1C, D).
Furthermore, longitudinal analyses revealed that the differences in
the recovery of virus-specific CD8+ and CD4+ T cells in the spleens
of Selplg-/- mice were detectable as early as 5dpi and sustained
thereafter (Figures S2A, B). We found comparable results in the
lymph nodes (Figures S2C, D), indicating that impaired trafficking
into these sites with Selplg-deficiency did not account for the
differences in recovery that were observed. Together, these
findings show that with Selplg-deficiency, both virus-specific
CD4+ and CD8+ T cells exhibit an enhanced response to acute
LCMV infection as indicated by the significant increases in the
numbers that accumulated during the effector response, differences
that were maintained in the memory stage after viral clearance.

Selplg-/- CD8+ T Cells Exhibit Enhanced
Survival but Not Increased Proliferation
To address whether the increased recovery of virus-specific T
cells in Selplg-/- mice was a result of differences in their
proliferation and/or survival, we infected WT and Selplg-/- mice
and injected BrdU 16 hours prior to analysis at 8dpi. BrdU
incorporation by CD8+ T cells in vivo showed that both WT and
Selplg-/- CD8+ tetramer+ cells proliferated; however, Selplg-/-

CD8+ T cells had decreased frequencies of BrdU+ cells
compared to WT at 8dpi (Figure 2A). Since we did not
observe enhanced proliferation in Selplg-/- T cells, we next
analyzed apoptosis by evaluating virus-specific CD8+ T cells for
their levels of active caspase 3 and propidium iodide (PI) uptake,
and found that compared to WT cells, Selplg-/- CD8+ T cells had
July 2021 | Volume 12 | Article 677824
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lower frequencies of caspase 3+PI+ cells, indicating that these
cells had decreased apoptosis (Figure 2B).

Since cytokines such as the gc cytokines, IL-2, IL-7 and IL-15,
can promote CD8+ T cell survival and can impact the
differentiation of effector and memory T cells (24), we
examined whether differences in expression of IL-7Ra or
CD122 (IL-2Rb), which is part of both the IL-2 and IL-15
receptors, distinguished WT and Selplg-/- CD8+ T cells. We
found dramatic increases IL-7Ra expression on Selplg-/- CD8+

T cells by 8dpi and higher expression compared toWT cells up to
30dpi (Figure 2C). We also found increased expression of IL-7
Ra (Figure 2D) and frequencies of IL-7Ra+ virus-specific CD8+

T cells (Figure 2E) with all 3 tetramer+ populations, shown at
8dpi. Increases in CD122 expression on Selplg-/-memory CD8+ T
cells were also found with all three CD8+ tetramer+ populations
(Figure 2F), shown at 30dpi. These findings indicate that PSGL-
1 expression can reduce the expansion of anti-viral effector T
cells by limiting their survival, to which lower levels of cytokine
receptor expression could contribute.

Virus-Specific Selplg-/- CD8+ T Cells
Become Enriched in Memory Precursor
and Central Memory Phenotype Cells
The increased levels of IL-7Ra on virus-specific CD8+ T cells
from Selplg-/- mice compared to WT mice suggested the
possibility of altered differentiation of CD8+ T cells during the
course of viral infection. Thus, we analyzed virus-specific CD8+

T cell subsets by examining the reciprocal expression of IL-7Ra
Frontiers in Immunology | www.frontiersin.org 4
and KLRG-1 which distinguishes memory precursor effectors
(MPECs: IL-7Ra+, KLRG-1−) from more terminally
differentiated and more short-lived effectors (SLECs: IL-7Ra−,
KLRG-1+) in the LCMV Arm model (25). Selplg-/- mice had an
increased accumulation of SLECs as early as 5dpi in both
NP+396−404 and GP+

33−41 CD8+ T cells (Figure 3A). These
differences were also evident at later stages of the response
(15dpi). A similar pattern was observed with respect to
accumulation of virus-specific Selplg-/- CD8+ T cells that bore a
MPEC phenotype (Figure 3B), although both NP+396−404 and
GP33−41+ CD8+ T cells showed significantly greater recovery
throughout the effector response and after memory formation in
Selplg-/- mice. Moreover, comparison of the ratios of MPEC to
SLEC phenotype cells showed that memory precursors
comprised a much greater proportion of virus-specific CD8+ T
cells in Selplg-/- mice (Figure 3C). Not only did memory T cells
from these mice express higher levels of IL-7Ra than WT cells
(Figures 2C, D), we also observed higher expression of CD62L
on the memory population as a whole, indicating greater
representation of TCM phenotype cells (Figure 3D). The results
show that PSGL-1 expression limited the development of both
SLECs and MPECs to regulate the size of the memory T cell pool,
but also suggest that the absence of PSGL-1-dependent
inhibition could alter the differentiation of CD8+ T cells
towards a MPEC phenotype or may promote a loss of SLECs
due to terminal differentiation. Greater representation of TCM

cells, which are also considered to be memory progenitors,
supports the concept that CD8+ T cells with greater memory
A B

D E

C

FIGURE 1 | Increased accumulation of Selplg-/- T cells during LCMV infection. WT and Selplg-/- mice were infected with LCMV Armstrong by i.p. injection. (A) The
numbers of antigen responding CD11a+CD49d+ T cells in spleen at 8dpi. Tetramer+ CD8+ T cells in the spleens were enumerated at 8dpi (B) and 30dpi (C).
Tetramer+ CD4+ T cells were enumerated in the spleens at 8dpi (D) and 30dpi (E). Data are representative of four independent experiments (n = 5 or more mice/
group). Graphs show the mean ± SEM. **p < 0.005, ***p < 0.001, ****p < 0.0001 by two-tailed unpaired t-test.
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potential are generated in the context of PSGL-1-deficiency after
LCMV Arm infection.

Increased Functional Anti-Viral T Cells Are
Generated in Selplg-/- Mice
We next evaluated whether functional differences existed
between WT and Selplg-/- T cells in response to LCMV Arm
infection. We thus examined cytokine production of anti-viral
T cells via ex vivo peptide stimulation and found that while both
WT and Selplg-/- T cells produced effector cytokines, significantly
greater numbers of virus-specific CD8+ T cells producing IFN-g,
IFN-g and TNF-a, and IFN-g, TNF-a, and IL-2 were detected in
Selplg-/- mice at 8dpi (Figure 4A). Greater frequencies were also
observed for NP+

396−404 cells (Figure S3A). In addition, we
detected increased frequencies of CD107+IFN-g+ CD8+ T cells
in Selplg-/-mice, indicating that they had increased degranulation
capacity, which reflects cytotoxic activity (Figure 4B). Consistent
Frontiers in Immunology | www.frontiersin.org 5
with the increase in cytokine-producing T cells in Selplg-/- mice,
we also observed increased numbers (Figure 4C) and frequencies
(Figure S3B) of cytokine+ CD4+ T cells. There were significant
increases in IFN-g+, IFN-g+TNF-a+, and IFN-g+TNF-a+IL-2+

cells in Selplg-/- mice and importantly, we detected more virus-
specific CD4+ and CD8+ T cells that produced all three cytokines
(Figures 4A, C). These studies showed that both WT and
Selplg-/- T cells differentiated into functional effector T cells,
but that that greater numbers and frequencies of polyfunctional
T cells were generated in Selplg-/- mice.

We previously found that Selplg-/- CD8+ T cells generated
during chronic LCMV infection had reduced expression of PD-1
as well as other inhibitory receptors (9). Since PD-1 is
upregulated on effector CD8+ T cells responding to LCMV
Arm (5), we examined whether Selplg-/- virus-specific CD8+ T
cells expressed differences in PD-1 levels during acute infection.
We found comparable high frequencies of PD-1+ tetramer+
A B

D

E F

C

FIGURE 2 | Selplg-/- effector and memory T cells have increased survival. WT and Selplg-/- mice were infected with LCMV Armstrong by i.p. injection. (A) CD8+ T
cells were analyzed for the frequencies of BrdU incorporating CD8+ tetramer+ T cells, with a representative histogram for GP33−41+ cells. (B) Frequencies of Caspase
3+PI+ CD8+ tetramer+ T cells at 8dpi, with a representative dot plot showing the frequencies for GP33−41+ T cells. (C) Geometric mean fluorescence intensity (MFI) of
IL-7Ra levels expressed on CD8+ tetramer+ cells from the blood at the indicated time points and (D) at 30dpi from the spleen, with a representative histogram for
GP33−41+ cells. (E) The frequencies of IL-7Ra+, tetramer+ CD8+ T cells. (F) The levels CD122 expressed on tetramer+ cells in spleen at 30dpi expressed as MFI, with
a representative histogram for GP33−41+ cells. Data are representative of three independent experiments (n = 5 or more mice/group). Graphs show the mean ± SEM.
*p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 by two-tailed unpaired t-test (A–F).
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A

B

D

C

FIGURE 3 | Virus-specific CD8+ T cells in Selplg-/- mice are enriched for memory precursor and central memory phenotype cells. WT and Selplg-/- mice were
infected with LCMV Arm and the numbers of short-lived effector phenotype cells (SLECs: IL7Ra-, KLRG-1+) (A) and memory precursor effector cells (MPECs,
IL-7Ra+, KLRG-1-) (B) were evaluated for GP33−41+ CD8+ T cells and NP396−404+ CD8+ T cells in the spleens. (C) The ratios of MPEC to SLEC phenotype CD8+

T cells for each of the tetramer+ populations. (D) Expression levels (MFI) of CD62L on CD8+ tetramer+ T cells from the spleens at 30dpi, with a representative
histogram for GP33−41+ CD8+ T cells. Data are representative of three independent experiments (n = 5 or more mice/group). Graphs show the mean ± SEM *p <
0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 by two-tailed t-test.
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FIGURE 4 | Virus-specific T cells in Selplg-/- mice have increased effector function and altered PD-1 expression. WT and Selplg-/- mice were infected with LCMV
Arm and their spleens isolated at 8dpi. Splenocytes were stimulated ex vivo with the indicated LCMV peptides and assessed for the (A) and the numbers of
cytokine+ CD8+ T cells (B) and the frequencies of IFN-g+CD107a+ CD8+ T cells, (C) in addition to the numbers of cytokine+ CD4+ T cells. (D, E) % PD-1+ tetramer+,
CD8+ T cells and expression of PD-1(MFI). (F) % PD-1+ tetramer+, CD4+ T cells and expression of PD-1 (MFI). (G) Virus titers measured from the spleens at 4dpi by
focus forming units (FFU) and expressed/g of tissue. Data in (A–F) are representative of three independent experiments (n = 5 or more mice/group). Data in (G) are
from one experiment. Graphs show the mean ± SEM *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 by two-tailed unpaired t-test.
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CD8+ T cells in WT and Selplg-/- mice at 5dpi, and these cells
initially upregulated PD-1 expression to similar levels as WT
cells. However, by 8dpi, the frequencies of PD-1+ tetramer+

CD8+ T cells in both groups of mice began to drop, with
dramatically decreased expression levels on Selplg-/- tetramer+

CD8+ T compared to their WT counterparts (Figures 4D, E).
Greater frequencies of PD-1+ cells were sustained in both WT
and Selplg-/- mice, particularly in the NP396-404 tetramer+

population up to 30dpi, the length of our analysis in this
experiment. Similar outcomes were observed with GP+66−76.
CD4+ T cells (Figure 4F). However, by 48dpi, PD-1 expression
was lost on WT as well as Selplg-/- T cells (not shown). Together
the data suggest that PSGL-1 impacts PD-1 levels on virus-
specific T cells particularly during the transition to memory cells,
which may indicate differences in activation status by WT
compared to Selplg-/- T cells. Overall our results suggest that
lower expression of PD-1 with PSGL-1-deficiency could
contribute to the greater representation of MPECs and TCM

cells at the memory phase (Figure 3). Notably, we did not detect
differences in expression of other inhibitory receptors (LAG-3 or
TIM-3, not shown).

Since greater T cell functionality accompanied PSGL-1
deficiency, we considered the possibility that a more effective
response could reduce viral loads, thereby hastening the
effector to memory transition and limiting the differentiation
Frontiers in Immunology | www.frontiersin.org 8
of SLECs. Thus, we measured viral load at 4dpi (5) when
LCMV Arm is detectable in the spleen although not in the
blood. We did not find differences in viral titers at this time
(Figure 4G), although the virus levels were variable. The
results suggest that capacity for early viral containment is
not affected by the subsequent greater accumulation of
effector T cells with PSGL-1-deficiency.
Increased Functionality of Memory
Anti-Viral T Cells in Selplg-/- Mice
We next assessed the functional capacity of virus-specific
memory T cells from WT and Selplg-/- mice as measured by
cytokine production. As observed at 8dpi, at 30dpi we detected
increased numbers of CD8+ T cells in Selplg-/- mice that were
IFN-g+, IFN-g+, TNF-a+, and IFN-g+TNF-a+IL-2+ after
restimulation with viral peptides (Figure 5A). The Selplg-/-

CD4+ T cell population also contained more IFN-g+, IFN-
g+TNF-a+, and IFN-g+TNF-a+IL-2+ producers at 30dpi
(Figure 5B). Furthermore, we observed increased frequencies
and numbers of cytokine+CD8+ T cells (Figures S4A, B) and
CD4+ T cells (Figure S4C). Together, our findings indicate that
with LCMV Arm infection, functional Selplg-/- memory T cells
persist in greater numbers, and that a greater fraction produce
effector cytokines after restimulation with viral antigens.
A

B

FIGURE 5 | Selplg-/- mice have increased accumulation of cytokine producing memory T cells. WT and Selplg-/- mice were infected with LCMV Armstrong and the
spleens were isolated at 30dpi. Splenocytes were stimulated with the indicated viral peptides and the numbers of cytokine+ CD8+ T cells (A) and CD4+ T cells (B)
were enumerated. Data are representative of three independent experiments (n = 5 or more mice/group). Graphs show the mean ± SEM *p < 0.05, **p < 0.005,
***p < 0.001, ****p < 0.0001 by two-tailed unpaired t-test.
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The Accumulation of Selplg-/- T Cells
During Viral Infection Is Cell-Intrinsic
Since Selplg-/- mice mounted a more robust CD8+ T cell response
during acute LCMV infection, we next determined whether this
accumulation was cell-intrinsic. We co-transferred WT and
Selplg-/- TCR transgenic (P14) CD8+ T cells at a 1:1 ratio in
WT mice and examined their expansion after LCMV Arm
infection. We found that Selplg-/- P14 T cell frequencies were
increased in the blood from 7dpi through 30dpi (Figure 6A)
during which time a ~1.5 ratio of knockout to WT cells within
P14 cells was maintained. However, both WT and Selplg-/- P14
cells decayed over time (Figure S5). To address whether the
survival differences were further sustained, we compared the
frequencies of P14 cells in the blood at 7dpi and 156dpi
(Figure 6B, left panel) as well as the numbers in the spleens
156dpi (Figure 6B, right panel). The results demonstrate that
consistently greater recovery of Selplg-/- P14 cells compared to
their WT counterparts. We next co-transferred WT and Selplg-/-

T cell receptor transgenic CD4+ (SMARTA) T cells at a 1:1 ratio
into naive WT mice that were subsequently infected with LCMV
Arm. We observed significantly greater recovery of Selplg-/-

SMARTA cells compared to WT SMARTA cells in the blood
from 7dpi to 30dpi, which stabilized at a ~3 fold difference by
15dpi (Figure 6C). Both populations decayed with time (Figure
S5). We also found that increased frequencies of Selplg-/-

SMARTA+ T cells were sustained at 156dpi in the blood, at
which time increased numbers of Selplg-/- SMARTA T cells in the
spleens were also observed (Figure 6D). Our findings show that
the greater persistence of Selplg-/- virus-specific CD8+ and CD4+
Frontiers in Immunology | www.frontiersin.org 9
T cells is cell-intrinsic, and that PSGL-1-deficiency increased the
numbers of memory T cells that were maintained long-term.

Greater MPEC Representation
Does Not Support Selplg-/- Memory
T Cell Responses After Secondary
Viral Challenge
Since we observed increased representation of memory precursor/
progenitor CD8+ T cells after primary LCMV infection in Selplg-/-

mice, we assessed their whether their altered differentiation was T
cell intrinsic. Thus, we followed the recovery of adoptively co-
transferred WT and Selplg-/- P14 cells in the blood with time after
infection and found maintenance of ~2 fold higher Selplg-/- cells
compared to WT cells (Figure 7A). Selplg-/- P14 cells displayed
greater recovery of MPECs and decreased recovery of SLECs
compared to WT P14 cells (Figure 7B). At 30dpi, we found PD-
1+ cells both the WT and Selplg-/- P14 populations, although PD-1
expression by these cells was at low levels (Figure 7C). We next
assessed the impact of PSGL-1-deficiency on the response of
memory P14 cells to viral challenge. In order to avoid the
confounding T cell memory response of the initial host,
differences in the frequencies of virus-specific T cells and the
existence of LCMV-specific antibodies, we sorted WT and
Selplg-/- P14+ T cells from WT mice at 30dpi after they had that
received both populations in a 1:1 ratio at the time of infection.We
co-injected these memory populations in equal numbers into naive
WT hosts that were then infected with LCMV Arm. We detected
robust expansion/recovery of WT P14 T cells at 6dpi, with
contraction occurring by 8dpi in the spleens. However, few
A

C

B

D

FIGURE 6 | Selplg-/- T cells display increased cell-intrinsic accumulation as effector and memory T cells. (A) Frequencies of WT and Selplg-/- P14 T cells in the blood after
adoptive transfer into naïve WT recipients and infection with LCMV Arm. (B) Frequencies and numbers of P14 T cells in the spleens at 7- and 156dpi. (C) Frequencies of
WT and Selplg-/- SMARTA T cells in the blood after adoptive transfer and infection with LCMV Arm. (D) Frequencies and numbers of SMARTA T cells in the spleens at
7- and 156dpi. Data are representative of three independent experiments (n = 5 or more mice/group). Graphs show the mean ± SEM *p < 0.05, **p < 0.005, ***p < 0.001,
****p < 0.0001 by two-tailed unpaired t-test.
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Selplg-/- P14 T cells were recovered (Figures 7D, E). Selplg-/-

memory T cells were also not detected at 4- or 6dpi in in the
peripheral lymph nodes, mesenteric lymph nodes, Peyer’s patches,
lungs or liver (not shown). These data indicate that redistributionof
P14 memory T cells is not likely to account for their lack of
accumulation upon viral challenge.

To address the potential for preferential cell death by Selplg-/-

P14 cells, we assessed the impact of TCR restimulation in vivo by
injecting GP33-41 peptide together with LPS as an adjuvant. As
observed previously, Selplg-/- P14 cells were recovered in greater
frequencies than WT P14 cells at 30dpi. However, there were no
differences in the frequencies of Caspase 3+ cells (Figure S6B), or
of CD95+ and CD95L+ cells (Figure S6C) after TCR stimulation
in vivo. These findings suggest that TCR-induced cell death or
death receptor-mediated cell death does not account for the
disappearance of PSGL-1-deficient memory T cells. The data
support the possibility that PSGL-1 expression by memory T
cells is required to limit memory effector CD8+ T cell stimulation
and responses, thereby sustaining effector activity in the context
of the extensive inflammatory milieu that develops with acute
LCMV infection.
Frontiers in Immunology | www.frontiersin.org 10
DISCUSSION

In this study we demonstrated that PSGL-1, in its function as a T
cell-intrinsic inhibitory receptor, limits the magnitude of CD4+

and CD8+ T cell responses to acute infection with LCMV Arm,
and correspondingly constrains the size of the memory cell pool.
Accordingly, Selplg-/- mice had notable increases in the numbers
of virus-specific CD4+ and CD8+ T cells following acute LCMV
infection that were evident by 5dpi as well as at the peak of the
effector T cell response (8dpi), and they maintained increased
numbers of persisting memory T cells (≥30dpi). Phenotypic
analyses of CD8+ T cells indicated that there were greater
numbers of effector cells in both the SLEC and MPEC
populations in Selplg-/- mice compared to WT mice, but that
the representation of MPECs compared to SLECs was
significantly increased. Previous studies showed that dendritic
cells from Selplg-/- mice have a greater capacity to stimulate naïve
T cells in vitro (26), which suggests that changes P innate
immune cells could also impact the magnitude of T cell
responses in the context of germ-line deficiency of PSGL-1.
However CD8+ T cells displayed intrinsic greater generation of
A B

D

E

C

FIGURE 7 | Greater MPEC representation does not support Selplg-/- memory T cell responses after secondary viral challenge. WT and Selplg-/- memory P14 CD8+

T cells were isolated from the spleens of WT mice at 30 days after cotransfer in a 1:1 ratio and infection with LCMV Armstrong. These cells were then re-injected in
equivalent numbers into WT naïve hosts and mice that were then infected with LCMV Armstrong. (A) The frequencies of WT and Selplg-/- P14 T cells in the blood
with time. (B) The frequencies of the memory precursor effector cells (MPECs, IL-7Ra+, KLRG-1-) and short-lived effector phenotype cells (SLECs: IL7Ra-, KLRG-1+)
as a % of WT and Selplg-/- P14 cells. (C) Frequencies PD-1+ cells and their and expression levels of PD-1 (MFI). (D) representative flow cytometry plots for the pre-
injection populations of P14 cells, and (E) their recovery at 6 and 8 dpi (B). Data are representative of three independent experiments (n = 5 or more mice/group).
Graphs show the mean ± SEM *p < 0.05, ***p < 0.001, ****p < 0.0001 by two-tailed unpaired t-test.
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MPECs, supporting a conclusion that PSGL-1-deficiency favors
the differentiation of cells with memory progenitor potential.
This conclusion is supported by our finding of increased
representation of CD8+ TCM compared to TEM phenotype cells
with PSGL-1-deficiency, as indicated by expression of CD62L.
Importantly, the accumulation of greater numbers of Selplg-/-

T cells was a result of increased survival and not proliferation,
as shown in our previous study of LCMV Clone 13 infection
(9). In addition, Selplg-/- T cell survival was cell-intrinsic as both
CD4+ and CD8+ virus-specific T cells exhibited greater persistence
as memory cells in WT hosts after viral infection.

Consistent with this result, memory T cells from Selplg-/- mice
had increased expression IL-7Ra and IL-2Rb, components of the
receptors that regulate responses to the gc cytokines IL-7, IL-2
and IL-15, which regulate T cell survival (27). These results
corroborate a previous study showing that Selplg-/- T cells exhibit
elevated homeostatic turnover in WT mice, and are in partial
agreement with the finding in that study which showed that
Selplg-/- T cells proliferate in response to high levels of IL-2 or IL-
15 in vitro. Importantly, we did not find differences in expression
levels of IL-7Ra on naïve T cells fromWT and Selplg-/- mice (not
shown), indicating that the inhibitory function of PSGL-1, which
impacts the expression levels of gc cytokine receptors, occurs in
the context of T cell activation.

The effects on survival that led to an overall increase in the
availability of effector T cells after infection thereby increased the
numbers of cytokine-producing T cells in Selplg-/- mice that were
maintained during memory development. Polyfunctionality was
also exhibited by greater frequencies of T cells from Selplg-/- mice
compared to those from WT mice. To a large extent, this
outcome was linked to a more rapid decrease in PD-1
expression on virus-specific Selplg-/- T cells. PD-1, which is
induced T cells shortly after activation, was previously shown
to inhibit the P14 effector T cell response during the first few days
after LCMV Arm infection (5). Since virus-specific WT and
Selplg-/- cells expressed comparable high levels of PD-1 at the
peak of viral replication at 5dpi, but then more quickly lost
expression, our results imply that PSGL-1-deficiency supports a
more rapid effector to memory transition. The results also show
that PSGL-1 does not directly regulate PD-1 at the peak of the
viral replication, and possibly thereafter. Our finding that PD-1
expression is retained by virus-specific cells for an extended
period after viral clearance suggests that maintenance of PD-1 is
not likely to be due to residual antigen. However, PD-1
expression is linked to antigen recognition by the TCR, and
different affinities might be expected lead to changes in PD-1
expression as shown by the different LCMV epitopes examined.
It is possible that PSGL-1 signals sustain PD-1 expression onWT
cells (NP396+ CD8+ cells as well as WT GP66+ CD4+ cells), but
this will require further study. Overall, we conclude that PSGL-1
could potentially contribute to effector T cell death during the
contraction phase of the response by sustaining greater
activation, and thus PD-1 expression.

Other studies of PD-1 regulation of T cell anti-viral responses
support the conclusion that inhibitory signals function to limit the
magnitude of effector T cell responses. In response to acute
Frontiers in Immunology | www.frontiersin.org 11
infection with Friend’s Virus, PD-1- or PD-L1-deficiency
resulted in enhanced effector CD8+ T cell development that was
associated with greater survival and polyfunctionality (28). A
study of acute vaccinia virus infection showed that PD-1-
deficiency not only dramatically increased virus-specific T cell
recovery at the effector and memory stages, but in contrast to our
study, that memory effector CD8+ T cell responses after adoptive
transfer and challenge of naïve hosts were also significantly
greater. Yet another study of PD-1-axis deficiency with influenza
virus infection showed greater effector responses, but more
dramatic effector contraction and decreased memory CD8+ T
cell function (8). Together the data imply that the fine tuning of T
cell effector responses by inhibitory receptors is influenced by the
tissue sites of infection, viral loads, and/or inflammatory
conditions engendered by individual viruses.

Our results showing that effector generation is greater in Selplg-/-

mice indicates thatPSGL-1dampens the responsewithLCMVArm
infection. Greater numbers of virus-specific effector CD4+ and
CD8+ T cells in Selplg-/- mice were found early after infection, and
MPEC phenotype T cells with significantly elevated expression of
IL-7R predominated by 8dpi. Interestingly, PD-1 blockade during
LCMV Arm infection also demonstrated increased numbers of
MPECspossiblydue toearlier viral control (5).Thus,weanticipated
that the virus might be more rapidly controlled in Selplg-/- mice
thereby limiting the extent of antigen stimulation and hastening the
effector to memory transition. However, we did not detect
differences in viral titers in the spleens of WT and PSGL-1-
deficient mice at 4dpi, implying that differences in the regulation
of T cell differentiation with PSGL-1-deficiency rather than earlier
viral controlhadagreater impacton thememorydevelopment.Our
finding of increased expression of CD62L on Selplg-/- T cells at this
time further supports an interpretation that differentiation of TCM

phenotype cells with memory progenitor potential (29) are favored
with PSGL-1-deficiency.

Although strong TCR stimulation is typically identified with
terminal T cell differentiation (30), a recent study demonstrated
that greater TCR stimulation can favor TCM differentiation when
coupled to high levels of Bim and Bcl2 (31), which would not be
dependent on differences in viral loads. However, it is also possible
that PSGL-1-deficiency allows for greater activation of SLECs due to
more limited PD-1 expression, thereby driving their terminal
differentiation and promoting increased representation of MPECs.
In contrast to our results, a recent study identified a key role for PD-1
in combination with LAG-3 in maintaining memory CD8+ T cell
precursors early during infection (7). As additional evidence for roles
of inhibitory receptors in regulating T cell responses, both CTLA-4
and PD-1 were found to restrain aberrant effector T cell
differentiation and profound inflammation that occurs with their
genetic deficiency either early or late in life, respectively (32).
However, CTLA-4 primarily prevented the generation of aberrant
CD4+ T cell phenotypes whereas PD-1 restricted CD8+ T cell
differentiation. It is noteworthy that PSGL-1 appears to regulate
bothCD4+ andCD8+T cells comparablywith respect to survival and
function, and we do not find that Selplg-/- mice develop spontaneous
inflammatory responses or signs of autoimmunity as domice that are
deficient in PD-1 and CTLA-4.
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Implicit in our results is the conclusion that limiting PSGL-1-
signaling during T cell priming after infection or vaccinationwould
favor a generation of a larger memory cell pool, but wewere unable
to identify a PSGL-1 blocking reagent to directly test this concept.
Our data showing significantly better functionality of effector and
persisting memory Selplg-/- CD8+ T cells in response to TCR
stimulation in vitro further support a conclusion that the capacity
for high quality memory responses is potentially improved when
the contributions of PSGL-1-dependent inhibition are removed.
However, although Selplg-/- mice sustained greater numbers and
frequencies of effector andmemoryT cells throughout the course of
viral infection,with anadoptive transfer approach toprimeWTand
Selplg-/- T cells together in a PSGL-1-sufficient environment by
LCMV Arm infection, they failed to mount a detectable memory
effector response to a secondary viral challenge in naïve hosts as
indicated by a failure to recover Selplg-/- T cells compared toWT T
cells. This outcome reveals that despite an intrinsic survival
advantage of Selplg-/- T cells even under conditions of
competition with WT cells during their responses to the virus in
WT hosts, the inhibitory effects of PSGL-1 resulted in a memory
population with greater potential for secondary effector responses.
Our results indicate that PSGL-1 can be a critical inhibitor of
memory effector T cell responses as was also recently shown with
the combined deficiency of both PD-1 and LAG-3 on memory
CD8+ T cells with LCMVArm where deficiency in these receptors
supported greater recovery of effector T cells (7). We propose that
Selplg-/- memory T cells may be less inhibited than their WT
memory counterparts, as indicated by their increased cytokine
responses to peptide restimulation in vitro. In the context of TCR
signals, diminished inhibition could result in enhanced responses to
stimulatory signals (e.g., CD28 or proinflammatory cytokines) that
would potentially be detrimental to memory T cell survival and
ultimately their function if overstimulation occurred. Importantly,
we did not detect greater susceptibility of Selplg-/- memory T cells to
TCR/peptide-mediated activation-induced cell death in vivo,
suggesting that the virus challenge is coupled to their impaired
memory effector responses in WT hosts.

Since we previously showed that PSGL-1 inhibitory signaling
promoted the generation of exhausted T cells (9), it is significant
that this inhibitory axis also regulates T cell differentiation
during acute viral infection. Overall our results indicate that
PSGL-1 is a fundamental negative regulator of T cells that
ensures that TCR signals are fine-tuned to promote the
generation of memory T cells that respond optimally to confer
protection upon re-exposure to previously encountered viral
pathogens. But importantly in the acute setting, PSGL-1 could
be uniquely required to limit the responses of memory T cells,
which are considered to be more readily activated by lower levels
Frontiers in Immunology | www.frontiersin.org 12
of antigen stimulation and costimulation than naïve T cells.
Further studies will be required to identify how PSGL-1
contributes to the integration of co-inhibitory and co-
stimulatory signals, cytokines, and the strength of TCR signals
that together dictate the quantity and quality of the memory T
cell pool.
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Pharma, Marseilles, France) for critical review of the manuscript.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.677824/
full#supplementary-material
REFERENCES
1. Kaech SM, Wherry EJ. Heterogeneity and Cell-Fate Decisions in Effector and

Memory CD8+ T Cell Differentiation During Viral Infection. Immunity
(2007) 27:393–405. doi: 10.1016/j.immuni.2007.08.007

2. Hope JL, Stairiker CJ, Bae EA, Otero DC, Bradley LM. Striking a Balance-
Cellular and Molecular Drivers of Memory T Cell Development and
Responses to Chronic Stimulation. Front Immunol (2019) 10:1595.
doi: 10.3389/fimmu.2019.01595

3. Chen Y, Zander R, Khatun A, Schauder DM, Cui W. Transcriptional and
Epigenetic Regulation of Effector and Memory Cd8 T Cell Differentiation.
Front Immunol (2018) 9:2826. doi: 10.3389/fimmu.2018.02826

4. Attanasio J, Wherry EJ. Costimulatory and Coinhibitory Receptor Pathways in
Infectious Disease. Immunity (2016) 44:1052–68. doi: 10.1016/j.immuni.2016.04.022
July 2021 | Volume 12 | Article 677824

https://www.frontiersin.org/articles/10.3389/fimmu.2021.677824/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.677824/full#supplementary-material
https://doi.org/10.1016/j.immuni.2007.08.007
https://doi.org/10.3389/fimmu.2019.01595
https://doi.org/10.3389/fimmu.2018.02826
https://doi.org/10.1016/j.immuni.2016.04.022
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tinoco et al. PSGL-1 Regulates Anti-Viral Responses
5. Ahn E, Araki K, Hashimoto M, Li W, Riley JL, Cheung J, et al. Role of PD-1
During Effector CD8 T Cell Differentiation. Proc Natl Acad Sci USA (2018)
115:4749–54. doi: 10.1073/pnas.1718217115

6. Allie SR, Zhang W, Fuse S, Usherwood EJ. Programmed Death 1 Regulates
Development of Central Memory CD8 T Cells After Acute Viral Infection.
J Immunol (2011) 186:6280–6. doi: 10.4049/jimmunol.1003870

7. Johnnidis JB, Muroyama Y, Ngiow SF, Chen Z, Manne S, Cai Z, et al.
Inhibitory Signaling Sustains a Distinct Early Memory CD8(+) T Cell
Precursor That Is Resistant to DNA Damage. Sci Immunol (2021) 6(55):
eabe3702. doi: 10.1126/sciimmunol.abe3702

8. Pauken KE, Godec J, Odorizzi PM, Brown KE, Yates KB, Ngiow SF, et al. The
PD-1 Pathway Regulates Development and Function of Memory Cd8(+) T
Cells Following Respiratory Viral Infection. Cell Rep (2020) 31:107827.
doi: 10.1016/j.celrep.2020.107827

9. Tinoco R, Carrette F, Barraza ML, Otero DC, Magana J, Bosenberg MW,
et al. Psgl-1 Is an Immune Checkpoint Regulator That Promotes T Cell
Exhaustion. Immunity (2016) 44:1190–203. doi: 10.1016/j.immuni.2016.04.015

10. Carlow DA, Gossens K, Naus S, Veerman KM, Seo W, Ziltener HJ. PSGL-1
Function in Immunity and Steady State Homeostasis. Immunol Rev (2009)
230:75–96. doi: 10.1111/j.1600-065X.2009.00797.x

11. Lord GM, Rao RM, Choe H, Sullivan BM, Lichtman AH, Luscinskas FW, et al.
T-Bet is Required for Optimal Proinflammatory CD4+ T-Cell Trafficking.
Blood (2005) 106:3432–9. doi: 10.1182/blood-2005-04-1393

12. DeRogatis JM, Viramontes KM, Neubert EN, Tinoco R. Psgl-1 Immune
Checkpoint Inhibition for CD4(+) T Cell Cancer Immunotherapy. Front
Immunol (2021) 12:636238. doi: 10.3389/fimmu.2021.636238

13. Veerman KM, Williams MJ, Uchimura K, Singer MS, Merzaban JS, Naus S,
et al. Interaction of the Selectin Ligand PSGL-1 With Chemokines CCL21 and
CCL19 Facilitates Efficient Homing of T Cells to Secondary Lymphoid
Organs. Nat Immunol (2007) 8:532–9. doi: 10.1038/ni1456

14. Hauser MA, Legler DF. Common and Biased Signaling Pathways of the
Chemokine Receptor CCR7 Elicited by Its Ligands CCL19 and CCL21 in
Leukocytes. J Leukoc Biol (2016) 99:869–82. doi: 10.1189/jlb.2MR0815-380R

15. Johnston RJ, Su LJ, Pinckney J, Critton D, Boyer E, Krishnakumar A, et al.
VISTA Is an Acidic pH-Selective Ligand for PSGL-1. Nature (2019) 574:565–
70. doi: 10.1038/s41586-019-1674-5

16. Wang L, Rubinstein R, Lines JL, Wasiuk A, Ahonen C, Guo Y, et al. VISTA, a
Novel Mouse Ig Superfamily Ligand That Negatively Regulates T Cell
Responses. J Exp Med (2011) 208:577–92. doi: 10.1084/jem.20100619

17. VeermanKM,CarlowDA, Shanina I, Priatel JJ, HorwitzMS, ZiltenerHJ. PSGL-1
Regulates theMigration and Proliferation of CD8(+) T Cells Under Homeostatic
Conditions. J Immunol (2012) 188:1638–46. doi: 10.4049/jimmunol.1103026

18. Yang J, Hirata T, Croce K, Merrill-Skoloff G, Tchernychev B, Williams E, et al.
Targeted Gene Disruption Demonstrates That P-Selectin Glycoprotein Ligand
1 (PSGL-1) Is Required for P-Selectin-Mediated But Not E-Selectin-Mediated
Neutrophil Rolling and Migration. J Exp Med (1999) 190:1769–82.
doi: 10.1084/jem.190.12.1769

19. Ahmed R, Salmi A, Butler LD, Chiller JM, Oldstone MB. Selection of Genetic
Variants of Lymphocytic Choriomeningitis Virus in Spleens of Persistently
Infected Mice. Role in Suppression of Cytotoxic T Lymphocyte Response and
Viral Persistence. J Exp Med (1984) 160:521–40. doi: 10.1084/jem.160.2.521

20. Borrow P, Evans CF, Oldstone MB. Virus-Induced Immunosuppression:
Immune System-Mediated Destruction of Virus-Infected Dendritic Cells
Results in Generalized Immune Suppression. J Virol (1995) 69:1059–70.
doi: 10.1128/jvi.69.2.1059-1070.1995
Frontiers in Immunology | www.frontiersin.org 13
21. Battegay M, Cooper S, Althage A, Banziger J, Hengartner H, Zinkernagel RM.
Quantification of Lymphocytic Choriomeningitis Virus With an
Immunological Focus Assay in 24- or 96-Well Plates. J Virol Methods
(1991) 33:191–8. doi: 10.1016/0166-0934(91)90018-U

22. McDermott DS, Varga SM. Quantifying Antigen-Specific CD4 T Cells During
a Viral Infection: CD4 T Cell Responses are Larger Than We Think.
J Immunol (2011) 187:5568–76. doi: 10.4049/jimmunol.1102104

23. Wherry EJ, Blattman JN, Murali-Krishna K, van der Most R, Ahmed R. Viral
Persistence Alters CD8 T-Cell Immunodominance and Tissue Distribution
and Results in Distinct Stages of Functional Impairment. J Virol (2003)
77:4911–27. doi: 10.1128/JVI.77.8.4911-4927.2003

24. D’Cruz LM, Rubinstein MP, Goldrath AW. Surviving the Crash:
Transitioning From Effector to Memory CD8+ T Cell. Semin Immunol
(2009) 21:92–8. doi: 10.1016/j.smim.2009.02.002

25. Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J, et al.
Inflammation Directs Memory Precursor and Short-Lived Effector CD8(+)
T Cell Fates Via the Graded Expression of T-bet Transcription Factor.
Immunity (2007) 27:281–95. doi: 10.1016/j.immuni.2007.07.010

26. Urzainqui A, Martinez del Hoyo G, Lamana A, de la Fuente H, Barreiro O,
Olazabal IM, et al. Functional Role of P-Selectin Glycoprotein Ligand 1/P-
Selectin Interaction in the Generation of Tolerogenic Dendritic Cells.
J Immunol (2007) 179:7457–65. doi: 10.4049/jimmunol.179.11.7457

27. Rochman Y, Spolski R, Leonard WJ. New Insights Into the Regulation of T
Cells by Gamma(C) Family Cytokines. Nat Rev Immunol (2009) 9:480–90.
doi: 10.1038/nri2580

28. David P, Megger DA, Kaiser T, Werner T, Liu J, Chen L, et al. The PD-1/PD-
L1 Pathway Affects the Expansion and Function of Cytotoxic Cd8(+) T Cells
During an Acute Retroviral Infection. Front Immunol (2019) 10:54.
doi: 10.3389/fimmu.2019.00054

29. Obar JJ, Lefrancois L. Early Signals During CD8 T Cell Priming Regulate the
Generation of Central Memory Cells. J Immunol (2010) 185:263–72.
doi: 10.4049/jimmunol.1000492

30. Snook JP, Kim C, Williams MA. TCR Signal Strength Controls the
Differentiation of CD4(+) Effector and Memory T Cells. Sci Immunol
(2018) 3 (25):eaas9103. doi: 10.1126/sciimmunol.aas9103

31. Li KP, Ladle BH, Kurtulus S, Sholl A, Shanmuganad S, Hildeman DA. T-Cell
Receptor Signal Strength and Epigenetic Control of Bim Predict Memory
CD8(+) T-Cell Fate. Cell Death Differ (2020) 27:1214–24. doi: 10.1038/
s41418-019-0410-x

32. Wei SC, Sharma R, Anang NAS, Levine JH, Zhao Y, Mancuso JJ, et al.
Negative Co-stimulation Constrains T Cell Differentiation by Imposing
Boundaries on Possible Cell States. Immunity (2019) 50:1084–98.e10.
doi: 10.1016/j.immuni.2019.03.004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tinoco, Neubert, Stairiker, Henriquez and Bradley. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
July 2021 | Volume 12 | Article 677824

https://doi.org/10.1073/pnas.1718217115
https://doi.org/10.4049/jimmunol.1003870
https://doi.org/10.1126/sciimmunol.abe3702
https://doi.org/10.1016/j.celrep.2020.107827
https://doi.org/10.1016/j.immuni.2016.04.015
https://doi.org/10.1111/j.1600-065X.2009.00797.x
https://doi.org/10.1182/blood-2005-04-1393
https://doi.org/10.3389/fimmu.2021.636238
https://doi.org/10.1038/ni1456
https://doi.org/10.1189/jlb.2MR0815-380R
https://doi.org/10.1038/s41586-019-1674-5
https://doi.org/10.1084/jem.20100619
https://doi.org/10.4049/jimmunol.1103026
https://doi.org/10.1084/jem.190.12.1769
https://doi.org/10.1084/jem.160.2.521
https://doi.org/10.1128/jvi.69.2.1059-1070.1995
https://doi.org/10.1016/0166-0934(91)90018-U
https://doi.org/10.4049/jimmunol.1102104
https://doi.org/10.1128/JVI.77.8.4911-4927.2003
https://doi.org/10.1016/j.smim.2009.02.002
https://doi.org/10.1016/j.immuni.2007.07.010
https://doi.org/10.4049/jimmunol.179.11.7457
https://doi.org/10.1038/nri2580
https://doi.org/10.3389/fimmu.2019.00054
https://doi.org/10.4049/jimmunol.1000492
https://doi.org/10.1126/sciimmunol.aas9103
https://doi.org/10.1038/s41418-019-0410-x
https://doi.org/10.1038/s41418-019-0410-x
https://doi.org/10.1016/j.immuni.2019.03.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	PSGL-1 Is a T Cell Intrinsic Inhibitor That Regulates Effector and Memory Differentiation and Responses During Viral Infection
	Introduction
	Materials and Methods
	Mice
	Virus Infection and Titers
	Adoptive Transfer
	Flow Cytometry
	In Vivo Proliferation
	Data Analysis

	Results
	Selplg-/- Mice Infected With LCMV Have an Increased Accumulation of Effector and Memory T Cells
	Selplg-/- CD8+ T Cells Exhibit Enhanced Survival but Not Increased Proliferation
	Virus-Specific Selplg-/- CD8+ T Cells Become Enriched in Memory Precursor and Central Memory Phenotype Cells
	Increased Functional Anti-Viral T Cells Are Generated in Selplg-/- Mice
	Increased Functionality of Memory Anti-Viral T Cells in Selplg-/- Mice
	The Accumulation of Selplg-/- T Cells During Viral Infection Is Cell-Intrinsic
	Greater MPEC Representation Does Not Support Selplg-/- Memory T Cell Responses After Secondary Viral Challenge

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


