
ARTICLE

IMMUNOTHERAPY

Antibody blockade of the PSGL-1 immune checkpoint
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Despite advancements in cancer immunotherapy, most lymphomas remain unresponsive to checkpoint inhibitors. P-selectin
glycoprotein ligand-1 (PSGL-1), recently identified as a promoter of T-cell exhaustion in murine melanoma models, has emerged as
a novel immune checkpoint protein and promising immunotherapeutic target. In this study, we investigated the potential of PSGL-
1 antibody targeting in B-cell lymphoma. Using allogeneic co-culture systems, we demonstrated that targeted antibody
interventions against human PSGL-1 enhanced T-cell activation and effector cytokine production in response to lymphoma cells.
Moreover, in vitro treatment of primary lymphoma cell suspensions with PSGL-1 antibody resulted in increased activation of
autologous lymphoma-infiltrating T cells. Using the A20 syngeneic B-cell lymphoma mouse model, we found that PSGL-1 antibody
treatment significantly slowed tumor development and reduced the endpoint tumor burden. This antitumoral effect was
accompanied by augmented tumor infiltration of CD4+ and CD8+ T cells and reduced infiltration of regulatory T cells. Finally, anti-
PSGL-1 administration enhanced the expansion of CAR T cells previously transferred to mice bearing the aggressive Eμ-Myc
lymphoma cells and improved disease control. These results demonstrate that PSGL-1 antibody blockade bolsters T-cell activity
against B-cell lymphoma, suggesting a potential novel immunotherapeutic approach for treating these malignancies.
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INTRODUCTION
Lymphomas are generally classified as Hodgkin (~10% of cases) or
non-Hodgkin lymphomas (NHLs, ~90% of cases), with NHL
comprising several subtypes of B-cell (85–90%) and T-cell
(10–15%) lymphomas [1, 2]. Although treatment options for
B-cell lymphomas are generally based on chemotherapy cycles
and, in specific cases, radiotherapy [1–3], other strategies such as
immunotherapy (e.g., rituximab and brentuximab vedotin), stem
cell transplantation and chimeric antigen receptor (CAR) T-cell
therapy have also been applied in clinical practice [2, 4, 5]. The
advent of immune checkpoint blockade therapies has led to high
response rates in patients with lymphoma subtypes characterized
by an inflamed microenvironment and frequent expression of
programmed-cell death protein 1 (PD-1) ligands, such as Hodgkin
lymphoma and primary mediastinal large B-cell lymphoma
[2, 4, 6, 7]. Clinical trials have demonstrated particularly high
response rates to the nivolumab and pembrolizumab PD-1
inhibitors in patients with relapsed or refractory Hodgkin

lymphoma [5, 8, 9]. However, for most NHL subtypes, patients
often show reduced response rates to immune checkpoint
blockade therapies [5, 9, 10], likely because most of these
malignancies are noninflamed and exhibit low PD-1 ligand
expression [5, 7, 11, 12].
The P-selectin glycoprotein ligand-1 (PSGL-1), encoded by the

SELPLG gene, has recently been identified as an immune response
modulatory protein. Since it was first described in neutrophils as a
ligand for P-selectin, PSGL-1 has been shown to interact with all
selectin adhesion molecules (P-, E- and L- selectin) and to be
associated with lymphoid and myeloid cell adhesion, migration
and motility [13–20]. Furthermore, PSGL-1 has been reported to
negatively regulate T-cell function. In fact, PSGL-1-deficient T cells
from Selplg knockout (KO) mice exhibited enhanced proliferation
compared to wild-type T cells following either TCR stimulation or
homeostatic cytokine stimulation [21, 22]. More recently, PSGL-1
was shown to function as an immune checkpoint regulator by
promoting mouse T-cell exhaustion, a dysfunctional state linked to
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persistent antigenic stimulation in inflammatory contexts [23], and
restricting effector T-cell responses and memory T-cell develop-
ment upon viral or tumoral challenges [24, 25]. Following viral
infection, Selplg-deficient (Selplg−/−) T cells exhibited enhanced
survival, reduced expression of the inhibitory receptors PD-1,
CD160, and BTLA, and increased production of effector cytokines
[24, 25]. Moreover, Selplg−/− T cells responded more robustly to
anti-PD-L1 treatment in vivo compared to wild-type T cells [26].
Similarly, anti-PD-1 therapy promoted tumor regression in
melanoma-bearing Selplg−/− mice [27]. Furthermore, targeting
PSGL-1 with a monoclonal antibody (mAb), either alone or in
combination with PD-1 antibody blockade, enhanced effector
CD4+ and CD8+ T-cell responses within tumors and reduced
melanoma progression [27]. Beyond its role in regulating immune
responses in T cells, recent evidence indicates that PSGL-1 also
functions as an immunosuppressive checkpoint in tumor-
associated macrophages [28].
Here, we addressed whether PSGL-1 blockade with specific

antibodies could enhance T-cell activity against B-cell lymphoma.
We show that in vitro treatment of human T cells with anti-PSGL-1
leads to increased T-cell activation in response to cocultured
allogeneic lymphoma cells or autologous patient-derived lym-
phoma cells. Additionally, using B-cell lymphoma mouse models,
we demonstrate the therapeutic potential of PSGL-1 blockade,
either as a standalone treatment or in combination with CD19 CAR
T-cell therapy.

MATERIALS AND METHODS
Generation of a PSGL-1-deficient Jurkat cell line
Three guide RNA (gRNA) sequences (#1, AATTACGCACGGGGTACAT; #2,
GACAACTCGACTGACGGCCA; #3, TGGGGGAGTAATTACGCACGG) targeting
the SELPLG second exon [29] were designed in the CRISPOR and Synthego
software platforms [30] and selected for their high specificity, low off-
target activity, high activity and early coding region. The gRNAs were
inserted into the lentiCRISPR v2 plasmid, which was a gift from Feng Zhang
(Addgene plasmid #52961; http://n2t.net/addgene:52961; RRID:
Addgene_52961), after plasmid digestion with the Esp3I restriction enzyme
(cat. no. ER0451, Thermo Scientific). To produce lentiviral particles,
lentiCRISPR plasmids were transfected into HEK293T cells together with
pRRE, pRev, and pMD2.G packaging plasmids, a gift from D. Trono
(Addgene plasmids #12251, #12253, #12259), and pCEP4-tat, a gift from S.
Kasparov (Addgene plasmid #22502), with Lipofectamine 2000 reagent
(Invitrogen). After 72 h, collected supernatants were filtered through
0.22 µm filters (Whatman) and added immediately to 1 × 106 Jurkat cells
growing in complete RPMI medium without antibiotics. Two days later, the
transduced cells were selected by the addition of puromycin (0.5 µg/ml for
two days and 1 µg/ml for two more days). The gRNA #2 showed increased
efficacy in knocking out SELPLG, as verified by flow cytometry. Puromycin-
resistant Jurkat cells infected with empty lentiCRISPR lentiviral particles
(Jurkat/Mock) were obtained as controls. The Jurkat/SELPLG KO #2 PSGL-1-
negative cells were isolated by flow cytometry sorting on a BD FACSAria II,
and later cloned through serial dilution.

CAR T-cell generation
Anti-mouse CD19 CAR T cells were generated based on the Eremenko et al.
[31] protocol. To confirm retroviral transduction and detect the CAR T
construct, which is based on an IgG2aκ rat anti-CD19 antibody [32], in
transduced T cells, we performed flow cytometry with Alexa Fluor 647-
conjugated AffiniPure F(ab′)2 fragment mouse anti-rat IgG (cat. no. 212-
606-168, Jackson ImmunoResearch).

Primary human T-cell isolation
Peripheral blood mononuclear cells (PBMCs) were obtained from buffy
coats of healthy adult blood donors (aged 18–42 years; Table S1) provided
by the local hospital blood bank (Serviço de Imunohemoterapia, CHU São
João, Porto) after ethical approval (ref. no. 398/2020). PBMCs were isolated
by density-gradient separation using Ficoll Paque Plus (Cytiva). The cell
pellet was cleared of the remaining erythrocytes by incubation in red
blood cell lysis buffer (144mM NH4Cl, 17 mM Tris-HCl) for 5 min at 37 °C,
and then washed in phosphate-buffered saline. T cells were isolated using

the MojoSort Human CD3 T-Cell Isolation Kit (cat. no. 480021, Biolegend)
and EasySep Magnet (cat. no. 18000, StemCell Technologies) according to
the manufacturer’s instructions.

Primary human lymphoma samples
Lymph node biopsies collected between 2019 and 2023 from six B-cell
lymphoma patients (Table S2) were obtained at the Onco-Hematology
Department of IPO-Porto after informed consent and ethical approval
(ref. GOM_PI_2013.03). This research was conducted according to the
principles of the Declaration of Helsinki. Lymph node biopsies were
processed by cutting small pieces with a scalpel in RPMI 1640 medium
and dissociated by gentle pressure against a 0.75 µm cell strainer. For
autologous co-culture experiments, lymph node suspensions were cultured
in complete RPMI medium, with or without PL1 antibody (concentration of
~5–10 µg/ml) or mouse IgG (10 µg/ml, Jackson ImmunoResearch).

Subcutaneous A20 lymphoma mouse model
Mouse experimental procedures were approved by the i3S ethics committee
(approval no. 15/CECRI/2020) and Portuguese authorities (Direção-Geral de
Agricultura e Veterinária) and followed ethical guidelines (Directive 2010/63/
EU and decree laws no. 113/2013 and 1/2019). 5 × 106 A20 cells were
injected s.c. into BALB/c mice with 9 to 11 weeks of age. It was estimated that
five mice per group would be sufficient to detect significant differences. No
animals were excluded from analysis. When tumors became palpable in all
mice, i.e., 7 days post-cell injection (dpi), mice were randomized to receive
200 µg of either PSGL-1 mAb (clone 4RA10, cat. no. BE0186, BioXcell) or
control IgG (ChromPure rat IgG, cat. no. 012-000-003, Jackson ImmunoR-
esearch). Mice were treated i.p. at 7, 10, and 13 dpi (in the late afternoon).
Tumors were measured with calipers and tumor volume (V) was calculated
using the formula: V (mm3)= (L ×W2)/2, where L is the largest and W is the
smallest of two perpendicular tumor axes. No blinding analysis was done.
Mice were euthanized by CO2 inhalation at 20 dpi. At the experimental
endpoint, mouse spleen and tumor cells were mechanically dissociated
through a 70 µm cell strainer (cat. no. 352350, Falcon).

Eμ-Myc lymphoma mouse model
5 × 105 of Eμ-Myc green fluorescent protein-positive (GFP+) lymphoma
cells were injected intravenously (i.v.) into C57BL/6 J female mice.
Percentage of GFP+ lymphoma cells in the blood was assessed by flow
cytometry. Mice were randomly subdivided in two groups and then
received i.p. 200 μg of either 4RA10 or control IgG at 6, 9, and 12 dpi before
euthanasia at 13 dpi. For the CAR T-cell experimental setup, C57BL/6 J
female mice were irradiated with 4 Gy, 4 h before the infusion of 5 × 105

Eμ-Myc GFP+ lymphoma cells. At 6 dpi, mice were infused i.v. with 6 × 106

CAR T cells. At 7, 9, and 11 dpi, mice randomly assigned to two groups
were treated with 200 μg of either 4RA10 mAb or IgG control antibody,
before euthanasia at 13 dpi. The mouse spleens, bone marrow, and lymph
nodes were collected for flow cytometry analysis.

Statistics
Data plots were generated and statistical analyses were performed with
GraphPad Prism software. Statistical tests and sample numbers are
indicated in figure legends. Paired t tests were performed to compare
stimulated versus unstimulated T cells and anti-PSGL-1-treated versus
untreated T cells from healthy donors. Unpaired t tests were performed to
compare tumor volumes, weights, and cell percentages between anti-
PSGL-1-treated and control-treated mice. Simple linear regression was
used to assess if the ratios of effector to naive T cells were correlated with
tumor weight. A P value below 0.05 was considered statistically significant.
Additional materials and methods are reported in the Supplementary

Information.

RESULTS
PSGL-1 genetic inactivation enhances T-cell receptor (TCR)-
mediated human T-cell activation
To assess the impact of PSGL-1 genetic inactivation on human
T-cell activation, we inactivated the SELPLG gene through CRISPR-
Cas9 in the human Jurkat T-cell line (Figs. 1A and S1A), which is a
well-established cellular model for studying the regulation of TCR
signaling [33]. Next, we stimulated Jurkat/SELPLG KO and Jurkat/
Mock cells with different concentrations of plate-bound anti-CD3

J.L. Pereira et al.

179

Leukemia (2025) 39:178 – 188



and assessed T-cell activation by detecting the CD69 activation
marker. Compared with Jurkat/Mock cells, Jurkat/SELPLG KO cells
stimulated with low anti-CD3 concentrations had increased levels
of CD69 (Fig. 1B). By stimulating Jurkat/Mock and SELPLG KO cells
with 0.5 μg/ml anti-CD3, we found that CD25 was upregulated
along with CD69 in Jurkat/SELPLG KO cells compared to Jurkat/
Mock cells (Fig. 1C). Similar results were obtained upon
CD3 stimulation of a clonal Jurkat/SELPLG KO cell line compared
to Jurkat parental cells (Fig. S1B). In contrast to recent findings
indicating that PSGL-1 negatively regulates the TCR signaling
pathway in mouse T cells [34], our experiments did not reveal
significant differences in ZAP-70 or ERK phosphorylation in Jurkat/
SELPLG KO cells stimulated with anti-CD3 (Fig. S2). Nevertheless,
our findings indicate that PSGL-1 deficiency renders Jurkat T cells
more sensitive to weaker TCR/CD3 stimulation, and thus show
that, as in mice, PSGL-1 is a regulator of human T-cell responses to
antigenic stimulation.

Antibody blockade of PSGL-1 enhances TCR-induced T-cell
activation
We next assessed whether blocking PSGL-1 with antibodies could
produce a similar outcome as genetic deficiency. By coculturing
Jurkat cells with Raji lymphoma cells pre-loaded with the
staphylococcal enterotoxin B superantigen in the presence or
absence of the anti-PSGL-1 PL1 mAb, which is known to inhibit
PSGL-1 activity by blocking its interactions with selectins [15], we
found that the levels of CD69 on Jurkat cells increased upon PL1
treatment (Fig. S3). We next addressed the effect of the PL1 mAb
on the proliferation of normal human T cells. Notably, PL1
treatment modestly but significantly enhanced proliferation
induced by CD3 stimulation (Fig. S4A).

We observed that PSGL-1 surface expression in Jurkat cells,
detected by KPL-1 antibody—which recognizes a distinct epitope
from PL1 [35]—decreased upon activation, with a more
pronounced reduction following PL1 treatment (Fig. S3). These
observations were matched in normal T cells, with both surface
and overall PSGL-1 expression decreased following CD3/
CD28 stimulation (Fig. S4B). Moreover, similar mean fluorescence
levels in permeabilized and nonpermeabilized cells indicated that
most PSGL-1 expression was localized on the surface of T cells
(Fig. S4B). Although the PSGL-1 levels were higher in CD8+ than in
CD4+ T cells, both populations exhibited decreased expression
following activation (Fig. S4C, D).

Antibody blockade of PSGL-1 enhances T-cell activation in
response to lymphoma cells
We cocultured healthy donor human T cells with allogenic Raji
antigen-presenting cells, in the presence or absence of PL1 mAb.
To facilitate the activation of a polyclonal population of unrelated
donor T cells in response to Raji cells, the former were
preactivated with CD3 and CD28 antibodies for 24 h (Fig. 2A).
As expected, this led to CD25 and CD69 upregulation (Fig. S5A).
Next, preactivated T cells were cultured with irradiated Raji
lymphoma cells in the presence or absence of PL1 for 3, 5, or
7 days (Fig. 2A). Consistent with the observations in Jurkat
cocultures (Fig. S3), PSGL-1 surface expression on CD4+ and CD8+

T cells decreased after 3 days of coculture with PL1 treatment
(Fig. S5B). At all co-culture timepoints analyzed, the percentage of
CD69+CD25+ activated T cells (gating strategy depicted in
Fig. S5C) increased in the presence of PL1 compared to that in
the absence of antibody (Fig. 2B–D), or with an IgG control
(Fig. S5D). The activation-promoting effects of the PL1 antibody

Fig. 1 PSGL-1 genetic inactivation enhances TCR/CD3-mediated T-cell activation. A Flow cytometry detection of PSGL-1 surface expression
in Jurkat/Mock and Jurkat/SELPLG knockout (KO) cells. Unstained Jurkat/Mock cells are shown as a negative control. B CD69 surface expression
levels of Jurkat/Mock and SELPLG KO cells after 24 h of anti-CD3 stimulation (basal levels and 0.1, 0.5, and 5 µg/ml of anti-CD3). Data are
representative of two independent experiments. C Histograms and mean fluorescence intensity (MFI) ratio between CD3-stimulated
(0.5 µg/ml, 24 h) and unstimulated Jurkat/Mock and SELPLG KO cells. Five independent CD3 stimulation experiments are represented in the
graphs. P values obtained from unpaired t tests are shown.
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on CD4+ and CD8+ T cells were most consistent at days 3 and 5
of coculture (Fig. 2B–D). Additionally, interleukin (IL)-2 secretion in
the supernatant of CD3+ T cells cocultured with Raji cells
increased with PL1 treatment (Figs. 2E and S5E). These results
demonstrate that the PSGL-1 antibody enhances T-cell activation
in response to Raji lymphoma cells.
We next investigated the impact of PSGL-1 on human T cells

primed to recognize lymphoma antigens. Healthy donor T cells
were first stimulated with cocultured irradiated Raji lymphoma cells
for 7 days, resulting in the upregulation of CD69, CD25, or both
activation markers in an average of 27% of the T cells (Fig. S5F).
Subsequently, the Raji-primed T cells were rechallenged with
irradiated Raji cells, either with or without PL1, for an additional
5 days (Fig. 3A), which further induced CD25 and CD69 upregulation
(Fig. 3B). Despite variability among individual donor samples, PSGL-
1 antibody blockade consistently led to a higher percentage of
CD69+ and/or CD25+ T cells compared to the control without

antibody (Fig. 3B). These findings show that PSGL-1 antibody
blockade enhances tumor antigen-mediated activation of
lymphoma-primed T cells.

Antibody blockade of PSGL-1 enhances in vitro exhausted-like
CD4+ T-cell response to lymphoma cells
In tumors, persistent antigenic stimulation of infiltrating T cells
often leads to a hyporesponsive state, commonly defined as
exhaustion [23]. Thus, we assessed whether PSGL-1 antibody
blockade could enhance the responses of exhausted T cells to
lymphoma antigens. Chronic in vitro activation of healthy donor
human T cells by continuously stimulating them with CD3/CD28
antibodies for 9 days (Fig. 4A) resulted in increased expression of
the PD-1, LAG-3, and TIM-3 exhaustion markers in CD4+ and
CD8+ T cells (Fig. S6A). To assess how exhausted-like T cells
respond to lymphoma antigens with or without PSGL-1 blockade,
they were cocultured with irradiated Raji cells for an additional

Fig. 2 Anti-PSGL-1 enhances T-cell activation in response to Raji lymphoma cells. A Schematic overview of the preactivated T-cell co-
culture system with irradiated Raji lymphoma cells cultured for the indicated number of days (d). Representative flow cytometry dot plots
showing the expression of CD25 and CD69 activation markers, highlighting the percentages of CD4+-gated (B) and CD8+-gated (C)
CD69+CD25+ double-positive T cells after 3, 5, or 7 days of coculture with PL1 or no antibody (No Ab). The right plots show data from 9
independent healthy donors. D Percentage of CD69+CD25+ CD4+ and CD8+ healthy donor T cells after coculture with irradiated Raji
lymphoma cells, with or without PL1 antibody. The data represent the mean ± standard error of the mean. E Fold-change differences in IL-2
production determined by ELISA between untreated and PL1-treated cocultures with T cells from three healthy donors. All P values were
determined by paired t tests. * < 0.05, ** < 0.01, *** < 0.001.
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5 days, either in the presence or absence of PL1 antibody
(Fig. 4A), or cultured alone for 5 days as a control. Remarkably, the
expression of CD69, at day 14, in CD4+ but not CD8+ T cells was
enhanced when PL1 was present in cocultures (Fig. 4B). No
significant changes in CD25 expression were observed (data not
shown). Also, no statistically significant differences in PD-1, LAG-3,
or TIM-3 expression were observed between Raji-cocultured
T cells treated with PL1 and those not treated with PL1 (Fig. S6B),
which suggested that PSGL-1 blockade did not promote CD4+

T-cell activation through the downregulation of inhibitory
receptors. We also assessed IL-2 and interferon (IFN)-γ cytokine
production in the cocultures. Despite extensive variability across
samples (Fig. S6C), PL1 treatment resulted in a statistically
significant increase in IL-2 and IFN-γ production after
value normalization (Fig. 4C). Together, these results suggest
that PSGL-1 blockade enhances the activation and effector
function of exhausted CD4+ T cells in response to allogeneic
lymphoma cells.

Fig. 3 Anti-PSGL-1 enhances primed T-cell activation in response to Raji lymphoma cells. A Schematic overview of the generation of
primed T cells and co-culture settings with irradiated Raji lymphoma cells. B Representative flow cytometry dot plots and percentages of
CD4+-gated and CD8+-gated healthy donor T cells positive for CD69 and/or CD25 after Raji cell rechallenge in the presence of PL1 mAb or
absence of antibody (No Ab). The indicated P values were obtained from paired t tests. The bottom plots show data from 10 independent
healthy donors.
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Antibody blockade of PSGL-1 enhances the activation of
patient lymphoma-infiltrating T cells
To assess whether PSGL-1 antibody blockade can enhance human
T-cell activation in response to autologous lymphoma antigens,
patient-derived lymphoma cells were cocultured with their
respective infiltrating T cells. Unsorted single-cell suspensions
from lymph node biopsies of six B-cell lymphoma patients of
different subtypes (one mantle cell lymphoma, one small

lymphocytic lymphoma, one diffuse large B-cell lymphoma
(DLBCL) transformed from a follicular lymphoma, and three
DLBCLs), were cultured for 3 days with PL1 mAb, IgG or no
antibody. The proportion of lymphoma and T cells in each biopsy
ranged from ~40% to 80% and 10% to 50%, respectively, except
for one DLBCL biopsy (patient no. 4), which exhibited a low
percentage of lymphoma cells (Figs. 5A, S7A, S8). Furthermore,
PSGL-1 expression was observed in both malignant B cells and

Fig. 4 Anti-PSGL-1 enhances exhausted-like CD4+ T-cell response to Raji lymphoma cells. A Schematic overview of the induction of T-cell
exhaustion in healthy donor T cells for 9 days (d) followed by 5 days of coculture with irradiated Raji lymphoma cells. B Representative flow
cytometry histograms showing the percentage of CD4+- and CD8+-gated T cells expressing CD69 on day 5 of coculture. As a control, the
percentage of exhausted-like T cells expressing CD69 after culture alone for further 5 days and without any stimulation (Monoculture) is
shown. The bottom plots show data from 5 independent healthy donors. The indicated P values were obtained from paired t tests. C Fold-
change differences in IL-2 and IFN-γ production determined by ELISA between no antibody and PL1-treated cocultures with T cells from five
healthy donors. All P values were determined by paired t tests.

Fig. 5 PSGL-1 antibody blockade enhances lymphoma patient T-cell activation. A Flow cytometry characterization of T (CD3+) and B
(CD19+) lineage populations within gated CD45+ cells from lymph node (LN) biopsies of three B-cell lymphoma patients from the indicated
subtypes. B Flow cytometry detection and MFI of CD69 surface expression in LN-derived CD4+ and CD8+ T cells after 3 days of culture with
IgG or PL1 antibodies. MCL mantle cell lymphoma, SLL small lymphocytic lymphoma, FL/DLBCL diffuse large B-cell lymphoma transformed
from a follicular lymphoma.
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infiltrating T cells, with higher levels in the latter (Fig. S9). After
3 days of autologous coculture, CD4+ and CD8+ T cells from three
lymphoma patient samples exhibited higher CD69 expression with
PL1 treatment compared to negative controls (Fig. 5B). In contrast,
CD25 expression in T cells was not significantly altered by PL1
treatment (data not shown). For three DLBCL biopsies, PL1
treatment had no significant impact on either CD69 or CD25
expression (Fig. S7B). We hypothesized that the acquisition of an
exhaustion phenotype might predict a lack of responsiveness to
PSGL-1 blockade. However, all lymphoma samples expressed
varying levels of exhaustion markers, with no clear correlation
between their expression and the response to PL1 treatment
(Fig. S7C). Additionally, PL1 treatment had no significant impact
on exhaustion marker expression, except for an increased
percentage of TIM-3-expressing T cells in PL1-responsive lym-
phoma cases (Fig. S7C). This indicates that PL1-mediated
enhancement of T-cell activation did not depend on the down-
regulation of inhibitory receptors. Overall, these findings support
the notion that targeting PSGL-1 with an antibody enhances T-cell
activation in response to human lymphoma antigens.

PSGL-1 in vivo blockade increases effector immune cell
infiltration of tumors and reduces murine lymphoma burden
To demonstrate the in vivo potential of PSGL-1 targeting to
enhance T-cell responses to lymphoma, we used a B-cell
lymphoma mouse model based on the subcutaneous inoculation
of the A20 cell line in syngeneic mice. T cells infiltrating A20
tumors expressed PSGL-1, with CD8+ tumor-infiltrating and
splenic T cells showing higher expression than CD4+ counterparts
(Fig. S10). At 7 dpi, when subcutaneous tumors were palpable, the
recipient mice were treated with either anti-PSGL-1 4RA10 mAb or
control IgG (Fig. 6A). Strikingly, tumor progression was signifi-
cantly impaired by 4RA10 treatment (Figs. 6B and S11A), resulting
in smaller tumors at the experimental endpoint than in the control
group (Fig. 6C). What is more, for two mice the 4RA10
treatment induced regression of the emerging tumor (Fig. S11A).
Although the A20 cell line also expresses surface PSGL-1 [36],
4RA10 did not induce A20 cell death in vitro (Fig. S11B), which
argues against a direct effect of the antibody treatment on tumor
cells. To determine whether the reduced tumor growth in anti-
PSGL-1-treated mice was associated with an increased immune
response, we characterized the tumor-infiltrating immune com-
ponent by flow cytometry (Fig. S12). Interestingly, the proportions
of both CD4+ and CD8+ T cells were significantly greater in
tumors from 4RA10-treated mice than in tumors from IgG-treated
mice (Fig. 6D). Furthermore, 4RA10-treated mice displayed greater
tumor infiltration by macrophages, dendritic cells, and natural
killer (NK) cells than did IgG-treated mice (Fig. 6E).
Characterization of tumor-infiltrating CD4+ and CD8+ T cells,

revealed that, unlike splenic T cells from tumor-bearing or wild-
type mice, most were effector memory (TEM, CD44

+CD62L−) or
central memory (TCM, CD44

+CD62L+), with very few naive (TN,
CD44−CD62L+) T cells (Fig. S13A, B). This suggests that the tumor-
infiltrating T cells had undergone prior antigenic stimulation.
Although 4RA10 treatment did not significantly alter the
differentiation profile of tumor-infiltrating (Fig. S13B) or splenic
T cells (Fig. S13C), we found that CD4+ and CD8+ T cells infiltrating
smaller tumors (under 500mg) displayed a higher TEM/TN ratio
than those infiltrating larger ones (Fig. 6F). This suggests that TEM
cells underlie the decreased tumor burden verified in some
4RA10-treated mice. In line with the notion that PSGL-1 regulates
T-cell activation, the proportion of tumor-infiltrating CD8+ T cells
expressing the CD69, CD25, and PD-1 activation markers was
higher in tumors from 4RA10-treated mice than in those from IgG-
treated mice (Fig. 6G). This effect of the 4RA10 treatment was
restricted to CD8+ T cells since no major differences in the
expression of activation markers were observed for tumor-
infiltrating CD4+ T cells (Fig. S14A). Notably, CD8+ T cells from

the spleens of 4RA10-treated tumor-bearing mice also expressed
more frequently CD69 and CD25 compared to those from IgG-
treated mice (Fig. S14B) suggesting that the 4RA10 treatment also
exerted systemic effects. Finally, although the frequency of CD4+

Foxp3+ regulatory T cells (Tregs) in the spleens of tumor-bearing
mice was not significantly impacted by 4RA10 treatment
(Fig. S14C), the percentage of Tregs infiltrating 4RA10-treated
tumors was lower than that infiltrating IgG-treated tumors
(Fig. 6H). These results show that PSGL-1 blockade increases
tumor infiltration by activated CD8+ T cells while decreasing Treg
infiltration, likely contributing to the impaired tumor progression
in anti-PSGL-1-treated mice.

Anti-PSGL-1 enhances CAR T-cell expansion and lymphoma
burden control
We explored the therapeutic potential of PSGL-1 antibody
blockade in a different lymphoma mouse model, based on the
i.v. infusion of GFP-tagged Eµ-Myc lymphoma cells into syngeneic
mice. Upon leukemia emergence, mice were then treated with
either control IgG or 4RA10 mAb (Fig. S15A). Leukemia progressed
rapidly in the blood with no significant differences between IgG-
and 4RA10-treated mice (Fig. S15A, B). At the experimental
endpoint, 4RA10-treated mice showed a lower percentage of
GFP+ lymphoma cells and reduced lymphocyte counts in the
blood compared to IgG-treated mice (Fig. S15A–C), but these
differences did not reach statistical significance. Although 4RA10
treatment did not impact lymphoma cell infiltration in the spleen
and lymph nodes (Fig. S15D), spleens of 4RA10-treated mice
showed a significantly increased pool of CD8+ TCM cells compared
to IgG-treated mice (Fig. S15E), indicating that 4RA10 promoted
T-cell differentiation. Overall, these results show that anti-PSGL-1
treatment alone was not effective in combating the aggressive Eµ-
Myc lymphoma model.
To assess whether combining anti-PSGL-1 with other therapeu-

tic strategies could enhance T-cell responses and improve
lymphoma control, we investigated the combination of CAR
T-cell therapy with 4RA10 mAb administration. CAR T cells
targeting the CD19 B-cell marker were generated and infused
into immunocompetent mice previously injected with GFP+ Eµ-
Myc lymphoma cells (Fig. 7A). Compared to untreated lymphoma-
bearing mice, those infused with CAR T cells exhibited a reduced
lymphoma burden in the peripheral blood and lymph nodes at
experimental endpoint (Fig. 7B). Importantly, 4RA10-treated mice
showed an even greater reduction in the percentage of
lymphoma cells in the peripheral blood and lymph nodes (Fig. 7B).
Strikingly, mice treated with anti-PSGL-1 consistently exhibited
higher percentages of CAR T cells in the blood, bone marrow, and
lymph nodes compared to IgG-treated mice (Fig. 7B). Moreover,
CAR T cells in the lymph nodes, but not in the spleen, of 4RA10-
treated mice showed a higher percentage and increased levels of
the CD69 activation marker compared to those in IgG-treated
mice (Fig. S16A). This observation, along with the fact that the
CD19 CAR T cells express high levels of PSGL-1 (Fig. S16B),
suggests that CAR T-cell expansion following PSGL-1 blockade is
associated with increased TCR activation. These results demon-
strate that CAR T therapy synergizes with anti-PSGL-1, resulting in
both the expansion of CAR T cells and increased lymphoma
control in a model where anti-PSGL-1 alone was insufficient to
hinder disease progression.

DISCUSSION
In line with the function of PSGL-1 as an immune checkpoint
protein in T cells, we demonstrate here the potential of PSGL-1
antibody targeting in enhancing T-cell responses against lym-
phoma. Our findings indicate that this approach increases the
recruitment of activated T cells to tumors, expands CAR T cells and
reduces tumor growth.

J.L. Pereira et al.

184

Leukemia (2025) 39:178 – 188



Treatment of A20 lymphoma-bearing mice with anti-PSGL-1 led
to an increased percentage of tumor-infiltrating immune cells and
enhanced the activation of both tumor-infiltrating and peripheral
CD8+ T cells. These findings parallel those reported for anti-PD-1-

treated A20 lymphoma mice in that, like 4RA10, anti-PD-1
hampered tumor growth and increased CD69 expression levels
in tumor-infiltrating CD8+ T cells [37]. In addition, 4RA10
treatment of a syngeneic melanoma mouse model increased

Fig. 6 In vivo administration of anti-PSGL-1 decreased lymphoma burden and increased tumor infiltration by activated T cells.
A Schematic overview of the syngeneic lymphoma mouse model experimental protocol. B Tumor volume of rat IgG- and 4RA10-treated mice.
The data points and error bars represent mean ± standard error of the mean (SEM) of IgG-treated and 4RA10-treated mice (n= 5 for each
group). *P < 0.05, **P < 0.01; unpaired t tests. C Tumor weight (n= 5 for each group) and photograph of tumors on day 20. The columns and
error bars represent mean ± SEM. D Percentages of tumor-infiltrating CD3+, CD4+, and CD8+ T cells. E Percentages of tumor-infiltrating
macrophages (F4/80+), dendritic cells (CD11c+), and NK cells (NK1.1+). F Left plots, TEM/TN ratio of CD4+ and CD8+ tumor-infiltrating T cells in
tumors subdivided according to weight. Right graphs, correlation between the TEM/TN ratio and tumor weight. The slope P value was obtained
from simple linear regression test. G Upper panels, representative cytometry histograms showing expression of the CD69, CD25, and PD-1
activation markers in tumor-infiltrating CD8+ T cells. Lower panels, percentage of tumor-infiltrating CD8+ T cells expressing CD69, CD25, and
PD-1. H Left panels, representative cytometry plots showing the percentage of Foxp3+ tumor-infiltrating Tregs within the CD4+ population.
Right panel, percentage of tumor-infiltrating Tregs (CD4+ Foxp3+). For (C–F (left plots), G, H), the indicated P values were obtained by
unpaired t tests. For (D–H), n= 5 for the IgG group (blue squares) and n= 4 for the 4RA10 group (red circles).
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antitumor T-cell responses, slowed tumor growth, increased the
activation of CD4+ and CD8+ tumor-infiltrating T cells, and
decreased Treg frequencies in tumors [27]. Notably, Hope et al.
[34] reported that PSGL-1 blockade using recombinant soluble
PSGL-1 protein also decreased tumor growth in a syngeneic
melanoma model. Furthermore, it was reported that treatment of
sarcoma, bladder, and colon syngeneic mouse models with anti-
PSGL-1 resulted in decreased tumor growth, which could be
further enhanced by combination therapy with an anti-PD-1 mAb
[28]. Treatment of humanized mice bearing patient-derived
melanoma xenografts with anti-PSGL-1 also resulted in decreased
tumor growth [28]. Our work in lymphoma, together with previous
research in melanoma and other cancers, shows that disrupting

PSGL-1 interactions, either with specific antibodies or recombinant
PSGL-1, results in increased antitumor immune activity and
reduced tumor growth and that, similar to PD-1, PSGL-1 functions
in T cells as a targetable immune checkpoint protein.
Unlike in the A20 lymphoma model, anti-PSGL-1 alone did not

hamper lymphoma development in mice infused with Eµ-Myc
malignant cells. As previously reported [38], CD19-targeted CAR
T-cell treatment reduced lymphoma burden in mice, but co-
administration of anti-PSGL-1 resulted in an even greater
reduction of lymphoma burden in both lymphoid organs and
peripheral blood. Strikingly, anti-PSGL-1 enhanced CAR T-cell
expansion, suggesting that the improved lymphoma suppression
induced by anti-PSGL-1 was primarily mediated through its direct

Fig. 7 Anti-PSGL-1 treatment increases CAR T-cell expansion in vivo and improves lymphoma burden control. A Schematic overview of
the Eμ-Myc lymphoma mouse model treatment protocol. B Representative cytometry plots and graphs depicting the percentage of CAR T cells
(positive for rat Fab) and lymphoma cells (positive for green fluorescent protein [GFP+]) gated in live single cells from the peripheral blood,
bone marrow, lymph nodes, and spleen of untreated mice (no therapy) and mice inoculated with CAR T cells at day 6 and treated with IgG or
4RA10 antibodies at days 7, 9, and 11.
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effect on CAR T cells. Although our results were based on a small
number of mice, the effects of anti-PSGL-1 on CAR T-cell
expansion and lymphoma burden were striking, suggesting that
anti-PSGL-1 administration could synergize with CAR T cells to
improve the treatment of aggressive lymphomas.
Using T cells from multiple healthy donors, we demonstrated

that PSGL-1 antibody targeting enhanced their responses against
lymphoma cells. The percentage of activated T cells in allogeneic
cocultures—both with or without PSGL-1 blockade—varied
remarkably among donor samples. This variability may be
attributed to interindividual differences in HLA alleles, as well as
factors such as sex and age, or recent exposure to antigenic
challenges. Consistent with previous findings [39], PBMCs from
different donors had different frequencies of TN, TCM, TEM and
terminally differentiated effector T cells (Fig. S17), potentially
leading to variable responses to Raji lymphoma antigens. Despite
this sample heterogeneity, our results support the notion that
PSGL-1 is an inhibitory protein in human T cells, and that
antibodies targeting the PSGL-1 extracellular domain can enhance
antitumor T-cell responses, echoing previous reports on mouse
PSGL-1 targeting [27]. Crucially, treatment of patient lymphoma-
infiltrating T cells with PL1 resulted in increased activation of both
CD4+ and CD8+ T cells in response to autologous lymphoma cells.
Although this effect was noted in only three out of six patient
samples, it highlights the potential of PSGL-1 antibodies for
treating human lymphomas. The variability in response to anti-
PSGL-1 therapy may depend on the specific B-cell lymphoma
subtypes or the unique cellular and molecular features of
lymphoma and T cells in each patient. Further studies are needed
to validate these findings and identify which patients are most
likely to benefit from this therapeutic approach.
Tumor-infiltrating T cells often exhibit an exhausted phenotype

characterized by the expression of Eomes, Tcf-1, and Tox
transcription factors; high expression of specific surface markers,
such as PD-1, LAG-3, TIM-3, and CTLA-4; metabolic changes; and
reduced T-cell effector function [23, 24, 26, 34]. PSGL-1 genetic
inactivation was shown to promote effector functions in
exhausted T cells either alone [34] or in combination with PD-1
blockade [26]. Here, we found that PSGL-1 blockade of in vitro-
generated exhausted-like T cells significantly improved CD4+

T-cell responses. These findings support the concept that PSGL-1
blockade could render exhausted T cells more active in antitumor
responses. However, further studies should investigate whether
combining PSGL-1 blockade with the blockade of other inhibitory
receptors can more robustly promote the activation of exhausted
human T cells.
At present, the molecular mechanisms by which PSGL-1

negatively regulates T-cell activation remain poorly defined. Our
findings indicate that SELPLG deficiency renders human T cells
more responsive to antigenic stimuli and confirms recent mouse
knockout studies that uncovered the regulatory function of PSGL-
1 in T-cell responses to viral or tumor antigens [24, 26, 27, 34].
Although Selplg-deficient mouse T cells exhibited increased levels
of phosphorylated ERK, ZAP-70, and Akt kinases [34], we did not
observe any significant differences in ERK and ZAP-70 activation
upon CD3 stimulation of Jurkat cells, regardless of PSGL-1
expression. This suggests that PSGL-1 does not regulate the
initiation of the TCR signaling pathway but may regulate
downstream TCR-induced gene expression programs. Mechanistic
studies are warranted to elucidate how PSGL-1 regulates human
T-cell function.
In summary, our findings demonstrate that antibody blockade

of PSGL-1 enhances T-cell activation in response to lymphoma
cells. These results underscore the potential of targeting PSGL-1 as
an immunotherapeutic strategy for treating this type of cancer.
Additionally, our preliminary data suggest that anti-PSGL-1
therapy may enhance existing lymphoma treatments, including

CAR T-cell therapy. We recently reported that the PL1 antibody
could induce apoptosis in T and B lymphoma cell lines expressing
PSGL-1 [40]. This cytotoxic effect was not universal because not all
B-cell lymphoma cell lines were susceptible to PL1 targeting.
Although in this report the A20 cell line and the six primary
lymphoma cell samples did not undergo significant cell death
upon incubation with anti-PSGL-1, our earlier and current findings
indicate that targeting PSGL-1 could serve a dual purpose in
lymphoma therapy: it may induce the apoptosis of lymphoma
cells [40] while simultaneously enhancing the effector function of
T cells.
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