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Abstract

T lymphoma cells may constitutively express PD-1 and PD-L1. The relative role of PD-1 and PD-
L1 in T lymphoma is incompletely understood. We report here that PD-1* PDL-1* human T
lymphoma cells exhibit constitutive hyperactivation of the TCR signaling and do not respond to
PD-L1-mediated suppression in vitro. Knocking out PD-1 or PD-L1 has no effects on T
lymphoma cell apoptosis and proliferation in vitro, but significantly increased tumor-bearing
mouse survival. Our findings determine that the constitutively active TCR signaling pathway
maintain T lymphoma cell growth in vitro and that both PD-1 and PD-L1 promote T lymphoma
growth in vivo.
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Introduction

PD-1 is up-regulated by the TCR signaling pathway during T cell activation [1].
Programmed cell death 1 ligand 1 (PD-L1) is the physiological ligand of PD-1. PD-L1 is
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expressed on various types of cells, including antigen-presenting cells and tumor cells [2].
The normal function of PD-1 is to terminate T cell function after an immune response to
prevent autoimmunity [3]. Binding of PD-1 by PD-L1 activates the PD-1 receptor which
recruits and phosphorylates SHP2. Once phosphorylated, SHP2 is activated and then de-
phosphorylates ZAP70 and CD28, resulting in inhibition of T cell activation [1, 4].
Therefore, the TCR, PD-1 receptor and its physiological ligand PD-L1 work in concert to
ensure a controlled immune response that eliminates infected cells while preventing
autoimmunity. Tumor cells escape from host cancer immune surveillance by expressing PD-
L1 [5]. Based on this phenomenon, blocking antibodies that neutralize the PD-L1 and PD-1
interaction between T cells and tumor cells have been developed and approved for human
cancer immunotherapy [6].

T lymphoma cells originate from T cells that express PD-1 and thus can be considered as
deregulated T cells [7-9]. In a rare case, it was reported that PD-1 inhibitor immunotherapy
causes clonal proliferation of abnormal T-cell clone leading to T-cell lymphoma [10].
Clinically, blockade of PD-L1 binding to PD-1 with a PD-1 or PD-L1 monoclonal antibody
has shown a remarkable overall response rate in patients with relapsed or refractory
lymphoma, leading to the approval of PD-1 blockade monoclonal antibodies for human
lymphoma immunotherapy[6]. However, PD-1 is activated by TCR signaling [1] and may
acts as a suppressor of T cell lymphomas under certain cellular conditions [7], blocking
PD-1 may promotes T lymphoma growth, which may offset PD-1 blockade immunotherapy
efficacy. We therefore aimed at determining the relative roles of PD-1 and PD-L1in T
lymphoma growth and pathogenesis. Our data indicate that PD-1 suppressive function is
impaired in T cell lymphoma in vitro, but contrary to reported function of PD-1asa T
lymphoma suppressor, Both PD-1 and PD-L1 promote PD-1*PD-L1* T lymphoma growth
in syngeneic immune competent mice in vivo.

Materials and Methods

Cells:

Mice:

Human T lymphoma cell line HPB-ALL and mouse lymphoma cell line EL4 were obtained
from American Type Culture Collection (ATCC, Manassas, VA). 293FT cell line was
obtained from ThermoFisher Scientific (Grand Island, NY). Normal human peripheral blood
mononuclear cells (PBMC) were obtained from consented healthy donors in Augusta
Shepard Community bank. All studies with human samples were approved by Augusta
University Institutional Review Board.

C57BL/6 mice were obtained from the Jackson Laboratory (Bar Harbor, ME). All mice used
in this study were female and between 2-3 months old. All studies with mice were approved
by Augusta University Institutional Animal Care and Use Committee (Protocol #:
2008-0162). EL4 tumor cells were injected intraperitoneally into C57BL/6 mice (2x10°
cells/mouse). Mice were monitored for survival.
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T cell purification:

CD3 positive T cells were purified from human PBMCs using the MojoSort Human CD3 T
Cell Isolation Kit (Biolegend, San Diego, CA) according to the manufacturer’s protocol.

T cell stimulation:

For stimulation of T cells with anti-CD3 and anti-CD28 antibodies, tissue culture plates
were coated with anti-CD3 (Clone OKT3, Biolegend, 8 ug/mL) and anti-CD28 (clone 28.2,
Biolegend, 10 ug/mL) antibodies at 4°C overnight. Purified T cells were cultured in the
antibody-coated plates. For stimulation with PMA (Phorbol 12-Myristate 13-Acetate, 25
ng/mL) and lonomycin, purified T cells were cultured in uncoated plates. PMA (Sigma, St
Luis, MO, 25 ng/ml) and lonomycin (Sigma, 1 uM) were added directly to the culture
media.

Cell proliferation assays:

Purified T cells were labeled with CFSE tracking dye (Invitrogen, CA) according to the
manufacturer’s instructions. The labeled cells were cultured in anti-CD3 and anti-CD28-
coated plates as described above. For PD-L1 protein inhibition of T cells and T lymphoma
cells, tissue culture plates were coated with anti-CD3 (0.8 pg/ml) + anti-CD28 (1 pg/ml),
anti-CD3+ anti-CD28+ IgG (82 ug/ml), or anti-CD3+anti-CD28+PD-L1 recombinant
protein (R&D System, 82 pg/ml) at 4°C overnight. Purified T cells and HPB-ALL
lymphoma cells were then cultured in the coated plates for 3 days. Cells were collected and
analyzed by flow cytometry for CFSE intensity. Cell proliferation index was calculated as
previously described [11].

Generation of PD-1 and PD-L1 knock out cells:

293FT cells were co-transfected with pPCMV-VSV-G (Addgene #8454), psPAX2 (Addgene
#12260) and lentiCRISPRV2 vector containing specific sgRNA-coding sequence (Genscript
Inc., Piscataway, NJ) using Lipofectamine 2000 (Life Technologies, Carlsbad, CA).
Scramble sgRNA sequence is 5’-CTCGTATCTTTTCCCACGGC-3’. The Pdcd1 sgRNA
sequence is 5’-CGGAGGATCTTATGCTGAAC-3’. The Cd274 sgRNA sequence is 5°-
CCAAAGGACTTGTAACGTGG-3. After forty-eight hours, lentiviral particles were
harvested and used to transduce EL4 cells. Successful transductions were enriched by
selection with puromycin (5 pug/ml, Santa Cruz Biotechnology, Dallas, TX) and flow sorting
for cells lacking the marker of interest.

Apoptosis analysis:

Cells (1x10° cells/well in 96-well plate) were cultured for 24h, harvested, and stained
Annexin V (Biolegend, San Diego, CA) in 4°C for 30 min, followed by staining with
Propidium lodide (PI, 1 pg/100pl) for 10 min. Cells were then analyzed by flow cytometry.
Annexin V*PI* cells and Annexin V* cells were quantified using Flowjo program (BD
Biosciences, San Diego, CA).
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Cell cycle analysis:

EL4 cells (1x10° cells/well in 24-well plate) were allowed to grow logarithmically for 36
hours. Cells were harvested, fixed in 70% ethanol, washed, and treated with RNase A (100
pg/ml). The cells were then stained in 400 pl P1 (50mg/ml) for 30 min and analyzed by flow
cytometry. DNA content was calculated by analyzing PI intensity using Flowjo (BD
Biosciences, San Diego, CA) to determine cell cycle.

Flow cytometry:

Fluorescent dye-conjugated antibodies that are specific for CD3, CD4, CD8, PD-1, and PD-
L1, respectively were obtained from BioLegend. Cells were stained with the antibodies
either alone or in combinations and analyzed by flow cytometry.

Western blotting analysis:

Cells were lysed in total lysis buffer (20mM Hepes, pH 7.4, 100mM NaCl, 10% glycerol,
and 1% Triton X-100). Total protein lysates were separated by a 4-20% SDS-polyacrylamide
gel electrophoresis and blotted to nylon membranes. The membrane was hybridized with
antibodies that are specific for pZAP70, ZAP70 (Abcam, Cambridge, MA), pAKT (S473),
pAKT (T308), and AKT (Cell Signaling Tech, Danvers, MA).

Statistical analysis:

The student #test was used to determine the difference between two treatments. Mouse
survival differences were calculated by Logrank.

Results

The T cell receptor signaling pathway is constitutively active in T human lymphoma

Human T cells were used as a non-neoplastic control cells for human T lymphoma cells. To
determine PD-1 expression profiles in human T cells, purified CD3* human T cells were
analyzed for PD-1 and PD-L1 expression levels. A small portion of CD3" T cells are PD-
L1* and almost all CD3* T cells are PD-1" before stimulation (Fig. 1A). Stimulation with
anti-CD3 and anti-CD28 antibodies rapidly increased PD-1* cells. The percentage of PD-1*
cells plateaued about 3 days after stimulation (Fig. 1B).

T lymphoma cells express PD-L1 [3]. We analyzed T cell markers and PD-L1 and PD-1
expression levels on T lymphoma HPB-ALL cells. HPB-ALL cells are a patient-derived T-
ALL cell line that exhibits a CD4*CD8* immature T cell phenotype (Fig. 1C). In standard
cell culture conditions, all of HPB-ALL cells are PD-1* and approximately 50% of HPB-
ALL cells are PD-L1* (Fig. 1C). Because PD-1 expression is a hallmark of activated T cells,
the above finding that all HPB-ALL cells are PD-1" cells suggest that HPB-ALL lymphoma
cells may mimic a constitutively active human T cell population. To test this hypothesis, we
performed Western blotting analysis of total proteins from unstimulated and anti-CD3 +
anti-CD28 antibody-stimulated HPB-ALL. Purified human CD3" T cells were included as
normal T cell controls. ZAP70 and AKT phosphorylation are considered as indicators of T
cell receptor signaling pathway activation, which are the initial steps of T cell activation
after TCR engagement [12]. As expected, stimulation of normal human T cells increased
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ZAP70 phosphorylation (pZAP70). Phosphorylation level of AKT at position serine 473
[PAKT (S473)] is increased after stimulation in the normal T cells. AKT phosphorylation in
threonine 308 [pAKT(T308)] is weak in both unstimulated and stimulated normal human T
cells (Fig. 1D). In contrast, the levels of pZAP70, pAKT (S473) and pAKT (T308) are all
high in unstimulated and stimulated HPB-ALL cells (Fig. 1D). These findings indicate that
human T lymphoma are constitutively activated T cells.

The PD-1 repressive signaling pathway is impaired in T lymphoma cells

PD-1 is a repressive receptor of T cells. The principal ligand for PD-1 is PD-L1 [3]. When
PD-L1 binds to PD-1 on the T cell surface, T cell division is repressed [4]. Our above
findings indicate that both PD-1 and PD-L1 are expressed on human T lymphoma surface
(Fig. 1C). Therefore, PD-L1 expressed on T lymphoma cells surface may bind to PD-1 on
another T lymphoma cell in trans to inhibit that T lymphoma cell growth. However, PD-
L1*PD-1* T lymphoma cells grow rapidly as a cell line. We therefore hypothesized that the
PD-1 signaling pathway on human T lymphoma cells is impaired in vitro. To test this
hypothesis, we coated tissue culture plates with anti-CD3*CD28, anti-CD3*CD28*1gG, and
anti-CD3*CD28*PD-L1 protein. Purified human CD3* T cells and human T lymphoma
HPB-ALL cells were then cultured in the tissue culture plates coated as described above. As
expected, normal T cells proliferate well in the control plates coated with anti-CD3 and anti-
CD28 antibodies without PD-L1 protein (Fig. 2A: al & a2). PD-L1 protein significantly
inhibited normal T cell proliferation (Fig. 2Aa3 & B). In contrast, the proliferation rates of
human T lymphoma cells were not altered by PD-L1 protein (Fig. 2Ab3 & C).

The TCR signaling pathway negatively regulates PD-L1 expression in T lymphoma

PD-1 expression in human T cells is coupled to and regulated by the TCR signaling pathway
(Fig. 1). Given that PD-1 is highly expressed on human T lymphoma HPB-ALL cells (Fig.
1C), We then sought to determine whether PD-1 could be further increased by activating the
TCR signaling pathway in human T lymphoma cells. Two methods were used to activate the
TCR signaling pathway: stimulation with anti-CD3 and CD28 antibodies, or by stimulation
with PMA and ionomycin. Analysis of PD-1 protein levels indicates that stimulation with
either anti-CD3 and CD28 or PMA and ionomycin both significantly increased PD-1 protein
levels on HPB-ALL cell surface (Fig. 3A & B). Stimulation with PMA and ionomycin
caused a greater increase in PD-1 protein levels than stimulation with anti-CD3 and anti-
CD28 antibodies (Fig. 3D). Surprisingly, stimulation of HPB-ALL cells with anti-CD3 and
anti-CD28 or PMA and ionomycin both significantly decreased PD-L1* cells (Fig. 3A & C).
These findings indicate that the TCR signaling pathway activates PD-1, but decreases PD-L1
expression in T lymphoma cells, thereby may play a contrasting role in regulating PD-1 and
PD-L1 expression in human T lymphoma growth.

Both PD-1 and PD-L1 promotes T lymphoma growth in vivo

To determine the functions of PD-1 and PD-L1 in T lymphoma development in immune
competent host, we made use of the murine T lymphoma cell line EL4. Similar to the human
T lymphoma cell line HPB-ALL, EL4 cells constituitively express both PD-1 and PD-L1
(Fig. 4A). CRISPR-based KO approach specifically led to loss of PD-1 and PD-L1,
respectively in EL4 cells (Fig. 4B). Knocking out PD-1 or PD-L1 had no significant effects

Cell Immunol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 6

on tumor cell apoptosis (Fig. 4C) or cell cycle in vitro (Fig. 4D). Next, the tumor cells were
injected to immune competent syngeneic mice and monitored for survival. Surprisingly,
although no growth suppression effect of PD-1 on human T lymphoma cells was observed in
vitro, knocking out PD-1 in T lymphoma cells significantly increased tumor-bearing mouse
survival. Knocking out PD-L1 also significantly increased the survival time of the tumor-
bearing mice (Fig. 5). Taken together, our findings determined that both PD-1 and PD-L1
promote T lymphoma growth in vivo.

Discussion

T lymphoma originates from T cells and thus resembles activated T cells in TCR signaling
and PD-1 expression [8, 9]. However, T lymphoma cells are no longer normal T cells, but
tumor cells [13]. First, unlike normal resting T cells, T lymphoma cells proliferate
constitutively without stimulation [14]. Secondly, we found that T lymphoma cells express
higher levels of PD-1 and hyperactive TCR signaling as determined by pZAP70 and pAKT
level. T lymphoma cells are thus hyperactive T cells. It is known that PD-1 can function as a
tumor suppressor in T lymphoma cells in a mouse tumor model [7]. It is therefore striking
that T lymphoma cells can express both PD-1 and PD-L1 and yet still proliferate rapidly. As
PD-L1 can bind to PD-1 to suppress T cell proliferation, PD-L1 on one T-lymphoma cell
should be able to bind to PD-1 on another T lymphoma cell to suppress T lymphoma
proliferation [7, 15]. However, this does not happen as we observed that PD-1*PD-L1*
human T lymphoma HPB-ALL cells and PD-1* PD-L1* EL4 cells still proliferate rapidly in
vitro. Therefore, it is likely that the PD-1 signaling pathway is impaired in PD-1* PD-L1* T
lymphoma cells in vitro. This notion is supported by our observation that human T
lymphoma cells maintain their proliferation rate in PD-L1 protein-coated culture plates
while PD-L1 suppressed normal human T cell proliferation in vitro. The mechanism
underlying PD-1 dysfunction in vitro in T lymphoma cells also requires further study.
However, knocking out PD-1 significantly increased survival of tumor-bearing mice,
indicating the PD-1 promotes T lymphoma growth in vivo. It is unknown whether PD-1 also
acts as a tumor suppressor in human patients with T lymphoma, but it has been reported that
melanoma cell-intrinsic PD-1 promotes tumorigenesis [16]. Similarly, hepatocellular
carcinoma cell lines and clinical tissues also contain subpopulations that express PD-1, and
HCC cell-intrinsic PD-1 promotes tumor progression [17]. Our finding thus extends PD-1
function as a tumor promoter from solid tumors to hematopoietic T lymphoma.

The U.S. Food and Drug Administration has recently approved an anti-PD-1 antibody
immunotherapy (Opdivo) for the treatment of relapsed or progressive Hodgkin B cell
lymphoma [18]. This treatment is based on the interruption of PD-1 and PD-L1 by Opdivo
to block PD-L1 immunosuppressive function of the B cell lymphoma to boost the host T cell
anti-tumor function [19]. However, anti-PD-1 cancer immunotherapy is currently not
effective enough for the treatment of human patients with T cell lymphoma. Furthermore,
the role of PD-1 as a tumor suppressor in mouse T lymphoma [7] suggests that use of PD-1
inhibitor may potentially cause clonal proliferation of abnormal T cell clone, leading to T-
cell lymphoma [10]. It was recently reported the incidence of T cell lymphoma post-immune
checkpoint inhibitor immunotherapy (pembrolizumab, nivolumab and ipilimumab) was
approximately 0.02%, but the mortality is 17%. The relative risk probability T cell

Cell Immunol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 7

lymphoma risl compared with other drugs in pharmacovigilance database was increased at
1.91. [10]. Our data indicate that both PD-1 and PD-L1 function as tumor promoters in
PD1*PD-L1* T cell lymphoma. It is possible that the high level of PD-1 on the T lymphoma
cells may deplete or reduce the anti-PD-1 antibodies available for T cell-expressed PD-1.
Although blocking tumor cell PD-1 may suppress PD-1-mediated tumor growth promotion,
but at the same time may not effectively block T cell PD-1. Therefore, a PD-L1-selective
inhibitor or anti-PD-L1 antibody may be more effective in human T cell lymphoma
immunotherapy. We also observed that activating the TCR signaling pathway effectively
downregulate PD-L1 expression in T lymphoma cells. If PD-L1 were downregulated, its
immune-suppressive function would be decreased. Therefore, a combined therapy of T cell
activation therapy with anti-PD-L1 blockade immunotherapy may be another effective
approach to suppress human T lymphoma, which requires further study.
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Highlights
. Human T lymphoma cells express both PD-1 and PD-L1

. TCR signaling activates PD-1 but represses PD-L1 expression in T lymphoma

. PD-L1 promotes T lymphoma growth in vivo
. PD-1 signaling pathways is impaired in vitro but promotes tumor growth in
Vivo
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Figure 1. The TCR signaling pathway is hyperactive in the PD-1*PD-L1* human T lymphoma

cells in vitro.

A. Human peripheral blood mononuclear cells (PBMC) were stained with 1gG siotype

control, and CD3-, PD-L1-, and PD-1-specific antibodies and analyzed by flow cytometry.
Shown are representative plots of 1gG (a), CD3™ T cells (b), CD3* PD-L1* (c), and CD3*
PD-1* (d) cells. B. CD3* T cells were purified from human PBMC as shown in A (top left

panel) and stimulated with anti-CD3 and CD28 antibodies. Cells were collected at the

indicated time points and stained with PD-1-specific antibodies. PD-1* cells were quantified
by analysis with flow cytometry. Shown are representative dot plots of PD-1 expression in
purified CD3* T cells (top right and middle panels). The PD-1* cells were quantified and

prewnted at the bottom panel. Shown are one representative experiments of three

independent experiments. C. Human T lymphoma cell line HPB-ALL were stained with
either 1gG or CD4-, CD8-, CD3-, PD-1, and PD-L1-specific antibodies and analyzed by
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flow cytometry. Shown are representative plots of the phenotypes. D. Purified human CD3*
T cells and HPB-ALL cells were stimulated with anti-CD3 and anti-CD28 antibodies and
analyzed by Western blotting for antibodies that are specific for phosphorylated ZAP70
(pZAPT70) and AKTs [pAKT(S473), pAKT(T308)]. Total ZAP70 and AKT are used as
normalization control.
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Figure 2. The PD-1 signaling pathway is impaired in human T lymphoma cells in vitro.
A. CD3" T (al-a3) were purified from human PBMC. The purified human CD3* T cells and

HPB-ALL (b1-b3) cells were labeled with CFSE tracking dye and cultured in control (al &
b1), IgG-(a2 & b2), and PD-L1 (a3 & b3) protein-coated plates for 3 days. Shown are
morphologies of cells under the three culture conditions. B. Purified CD3* human T cells as
shown in al-a3 were analyzed by flow cytometry for CFSE intensity. T cell division index is
defined as the average of cell division times as determined by the CFSE intensity as
previousely described. C. HPB-ALL cells as shown in b1-b3 were quantified by cell counts.
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Figure 3. The T cell receptor signaling pathway negatively regulates PD-L1 expression in human

T lymphoma.

A. HPB-ALL cells were stimulated with IgG (control), anti-CD3 and anti-CD28, or PMA
and ionomycin for three days. Cells were then stained IgG (as negative staining controls),
PD-1- and PD-L1-specific antibodies, and analyzed by flow cytometry. Shown are
representative plots of 1gG, PD-1 and PD-L1 staining. B. PD-L1 MFIs of control and
stimulated cells were determined. Shown are representative images of overlay of PD-L1
MFIs of the three cell groups. C. PD-1 MFIs of control and stimulated cells were
determined. Shown are representative images of overlay of PD-L1 MFIs of the three cell
groups. D. Quantification of PD-L1* and PD-1* cells of the three treatment groups. The
percentages of PD-L1* and PD-1* cells in the control and stimulated cells (n=3) were
quantified and analyzed by student t test for statistical significance.
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Figure 4. Function of PD-1 and PD-L1 in T lymphoma cell growth in vitro.
A. ELA4 cells were stained with 1gG isotype controls or anti-PD-1 and anti-PD-L1 antibodies

and analyzed by flow cytometry. Shown is the representative dot plots of the cellular
phenotypes. B. The indicated EL4 cells were stained with anti-PD-1 and anti-PD-L1 mAbs
and analyzed by flow cytometry. C. The indicated cells were stained for propidium lodide
(PI) and Annexin V and analyzed by flow cytometry. Shown are representative dot plots.
Apoptotic cell death (Annexin V*PI*) and apoptosis (Annexin V*) were quantified. Each
circle represents each measurement. Results are representatives of two independent
experiments. D. The indicated cells were allowed to grow logarithmically for 36 h. Cells
were then fixed and stained by Pl and analyzed by flow cytometry for cell cycle. Shown are
representative images of cell cycle analysis output for the indicated cells (left panel). The
cell cycle phases as shown at the left were quantified. Each circle represents each
measurement. Results are representatives of two independent experiments. E. The indicated
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cells were injected intraperitoneally into C57BL/6 mice (n=15 for each cell lines) Mouse
survival was recorded. P value was calculated by logrank.
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