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immunotherapy outcomes in patients
with virus-associated solid tumors
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ABSTRACT

Background Immune checkpoint inhibitors (ICls) have
revolutionized the treatment of cancer. However, only a
portion of patients respond to such treatments. Therefore,
it remains a prevailing clinical need to identify factors
associated with acquired resistance or lack of response to
ICls. We hypothesized that the immunosuppressive CD71*
erythroid cells (CECs) within the tumor and/or distant ‘out-
of-field’ may impair antitumor response.

Methods We studied 38 patients with cancer through

a phase Il clinical trial investigating the effects of oral
valproate combined with avelumab (anti-programmed
death-ligand 1 (PD-L1)) in virus-associated solid tumors
(VASTs). We quantified the frequency/functionality of CECs
in blood and biopsies of patients. Also, we established an
animal model of melanoma (B16-F10) to investigate the
possible effects of erythropoietin (EPO) treatment on anti-
PD-L1 therapy.

Results We found a substantial expansion of CECs

in the blood of patients with VAST compared with

healthy controls. We noted that the frequency of CECs

in circulation was significantly higher at the baseline

and throughout the study in non-responders versus
responders to PD-L1 therapy. Moreover, we observed

that CECs in a dose-dependent manner suppress effector
functions of autologous T cells in vitro. The subpopulation
of CD45*CECs appears to have a more robust
immunosuppressive property compared with their CD45~
counterparts. This was illustrated by a stronger expression
of reactive oxygen species, PD-L1/PD-L2, and V-domain
Ig suppressor of T-cell activation in this subpopulation.
Lastly, we found a higher frequency of CECs in the blood
circulation at the later cancer stage and their abundance
was associated with anemia, and a poor response to
immunotherapy. Finally, we report the expansion of

CECs in the spleen and tumor microenvironment of mice
with melanoma. We found that although CECs in tumor-
bearing mice secret artemin, this was not the case for
VAST-derived CECs in humans. Notably, our results imply
that EPO, a frequently used drug for anemia treatment in
patients with cancer, may promote the generation of CECs
and subsequently abrogates the therapeutic effects of ICIs
(eg, anti-PD-L1).

Conclusions Our results demonstrate that anemia by

the expansion of CECs may enhance cancer progression.

Notably, measuring the frequency of CECs may serve

! Julia Lu,”
1,2,3

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immune checkpoint inhibitors (ICls) have provided a
novel avenue for cancer treatment, however, identi-
fying responders from non-responders has been a
challenge.

WHAT THIS STUDY ADDS

= In this study, we have highlighted the role of CD71*
erythroid cells (CECs) in cancer progression and
how erythropoietin (EPO) influences CECs.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our findings shed light on the adverse effects of EPO
on cancer progression and its inter-reference with
ICls

as a valuable biomarker to predict immunotherapy
outcomes.

INTRODUCTION

Immune checkpoint inhibitors (ICIs) as a
novel immunotherapy approach have revo-
lutionized the treatment of cancer. Analysis
of clinical trials in different cohorts iden-
tifies three broad groups based on their
response to ICIs. (1) those who respond to
treatments (responders (R)), (2) some who
initially respond but eventually demonstrate
progressive disease (acquired resistance),
and (3) those who do not respond at any
point (non-responders (NR))." Therefore,
it remains a prevailing clinical need to iden-
tify factors associated with acquired resis-
tance or lack of response to ICIs. Failure of
ICIs therapy might be related to the lack
of tumor-specific cytotoxic T cells (CTLs)
generation, low tumor mutational burden/
neoantigens, defects in antigen processing
and presentation, or insufficient effector
T-cell infiltration and function in the tumor
microenvironment (TME).?? It is known that
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CTLs effector functions can be impaired by a variety of
tumor-intrinsic and extrinsic immune elements.* > For
instance, some of the tumor-educated immune cells such
as myeloid-derived suppressor cells (MDSCs), regulatory
T cells (Tregs), and tumor-associated macrophages are
being explored as potential extrinsic factors impairing
antitumor T-cell responses in the TME.®” Furthermore, it
has been shown that the recruitment of neutrophils from
distant organs can facilitate tumor metastasis,” * and plate-
lets can protect tumor cells from immune system elimina-
tion.'"” " These examples demonstrate an important role
for other immune cell types, in particular, innate immune
cells in interfering with antitumor immunity.

Due to their immunosuppressive properties, erythroid
progenitors and precursors have attracted much attention
in the cancer field and beyond."*® Under normal physio-
logical conditions in human adults, erythrocytes are gener-
ated in the bone marrow (BM). However, stresses such
as cancer, anemia, and chronic infections can promote
erythropoiesis outside of the BM."™7 This process,
so-called ‘extramedullary erythropoiesis (EE)’ occurs in
other organs such as the liver and spleen,'® ' which subse-
quently results in the abundance of erythroid precur-
sors and progenitors defined as ‘CD71" erythroid cells
(CEGCs)’ in the periphery.®’ Alternatively, under certain
pathological conditions, a substantial number of CEGCs
may exit the BM and become abundant in the periphery.
CECs co-express CD71 (the transferrin receptor) and
CD235a (the erythroid lineage marker) in humans but
CD71 and TER119 in mice."* Via cell-cell interactions
and/or soluble mediators, it has been shown that CECs
exert immunosuppressive properties.”” ! Tt is reported
that CECs impair Epstein-Barr virus (EBV) specific CTL
proliferation in anemic patients with advanced cancer."”
Similarly, vigorous suppression of T-cell proliferation
in melanoma-bearing mice by splenic CECs has been
reported.” Interestingly, it was reported that CECs via
secreted artemin enhance tumor progression in a hepato-
cellular carcinoma (HCC) model.'? Artemin (ARTN) (a
member of the glial cell-derived neurotropic factor family
(GDNF) of ligands) activates downstream signals via its
receptor GFRa3 resulting in tumor progression.'”> ART
signaling is mediated via a multicomponent receptor
complex including the GDNF family receptor GFRa3 as
one ligand-binding component and rearranged during
transfection (RET) receptor tyrosine kinase as a common
signaling factor.”” However, whether human CECs similar
to their counterparts in mice express ARTN requires
further investigation.

Furthermore, the intertumoral abundance of
CD45'CECs has been linked to immune tolerance and
the recurrence of HCC.* Most recently, it has been
reported the hijacking of erythropoiesis for myelopoi-
esis in patients with cancer and animal tumor models.**
In this fascinating process, erythroid progenitors were
converted into highly potent immunosuppressive hybrid
cells defined as ‘erythroid differentiated myeloid cells
(EDMCs)”.** Collectively, these studies support the

immunosuppressive properties of erythroid progenitors
in different physiological and pathological conditions in
human and animal models.” Mechanistically, CECs
suppress immune responses via transforming growth
factor (TGF)-B, arginase-I, arginase-II, reactive oxygen
species (ROS) or through cell-cell interactions (eg,
programmed cell death protein-1 (PD-1):programmed
death-ligand 1 (PD-L1)/PD-L2, V-domain Ig suppressor
of T-cell activation (VISTA), galectins) and perhaps
promotion of Tregs."”” '° 7 **%! Considering the crucial
role of CTLs in eliminating virus-infected and tumor
cells, expanded CECs and EDMCs in these scenarios
can impair their effector functions. Likewise, vigorous
and functional CD4" T cells can play an essential role in
combating viral infections and cancer. In the context of
cancer, CD4" T cells can destroy tumor cells via cytolytic
mechanisms or by modulating the TME.* Besides, CD4"
T cells can enhance the recruitment of CTLs into the
TME and facilitate their differentiation into effector and
memory CTLs.” Therefore, the expansion of CECs and
EDMGCs can indiscriminately suppress the effector func-
tions of both CD4" and CD8" T cells.** ** ¥

Chronic viral infections (eg, EBV and human papillo-
mavirus (HPV)) are causative factors for the development
of multiple cancers, including squamous cell cancers of
the head and neck (HNSCC), gynecological cancers,
cancers of the penis and cancer of the anal canal.”

Over the past two decades, a sharp rise in the propor-
tion of virus-associated HNSCC has recently been noted.”
The immune evasion of virus-associated HNSCC, which is
well characterized by the upregulation of PD-L1/PD-L2
in TME, often results in cancer recurrence and metas-
tasis.”® Since CECs exhibit immunosuppressive proper-
ties, they might play a role in virus-associated solid tumors
(VASTs). Although the role of CECs in cancer biology in
a few cancer types has been documented,” there is no
evidence about their potential roles (eg, impairing T
cells effector functions and tumor progression) in solid
tumors arising due to chronic viral infections.

Cancerrelated anemia (CRA) is frequently observed
in late-stage human cancers and is associated with poor
clinical outcomes, however, it is linked to multiple etiolo-
gies factors.” For example, inflammation and proinflam-
matory cytokines such as tumor necrosis factor (TNF)-c,
interleukin (IL)-6, and IL-1 contribute to the suppres-
sion of medullary erythropoiesis.*' Also, IL-1 and TNF-o.
reduce the expression of erythropoietin (EPO) recep-
tors and impair EPO synthesis.** Alternatively, inflam-
matory cytokines such as IL-1 by activating macrophages
promote erythrophagocytosis, which results in the
premature elimination of erythrocytes.*” Subsequently,
anemia as a compensatory mechanism to meet the host’s
demand initiates EE, which results in the expansion of
CEGs in the liver, spleen, and blood circulation.** Never-
theless, EE does not necessarily overcome the hypoxia
as the tumor manipulates the erythropoiesis to convert
erythroid progenitors to EDMCs to evade antitumor
immunity.
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EPO has widely been used in different clinical trials to
overcome hypoxia in patients with cancer, however, these
trials have been associated with poor clinical outcomes.*’
This suggests that EPO-induced erythroid progenitors
(eg, CECs) may enhance resistance to immunotherapy.

Here, we report the expansion of CECs as a novel
mechanism associated with immune non-responsiveness
to ICIs in a cohort of patients with VAST. In partic-
ular, we show that CECs vigorously suppress both CD4"
and CD8" T cells derived from the peripheral blood of
patients with VASTs. We also reveal that cancer-associated
CECs partially mediate their immunosuppressive prop-
erties via ROS. Besides, we suggest anemia as a possible
contributing factor to the expansion of CECs. Notably,
our results indicate that the abundance of CECs is asso-
ciated with poor clinical outcomes in patients with VAST
receiving anti-PD-L1 immunotherapy. Finally, using a
B16-F10 melanoma model, we investigated the possible
interference of EPO with the anti-PD-L1 therapy.

MATERIAL AND METHODS
Study population
We conducted a non-randomized, single-arm, basket
phase II clinical trial investigating the effects of oral
valproate combined with avelumab (anti-PD-L1) in
patients with VASTs.*® These patients were all positive for
virus-associated cancers (majority head and neck, HPV-
related, and a few EBV-related nasopharyngeal carci-
nomas) but there were also patients with other cancer
types (ie, HPV-related gynecological cancer, anal canal,
and penile cancers (online supplemental figure SI1A).
For comparison, 20 age-sex-matched cancer-free, HIV,
SARS-CoV-2, hepatitis C virus (HCV), and hepatitis B
virus (HBV) seronegative individuals were recruited.
Peripheral blood was collected at the baseline/day
0 (prior to the initiation of treatment), 2 weeks post
valproate (cycle 1), 2 weeks post-avelumab (cycle 2), and
different cycles (2 weeks apart).

The peripheral blood processing and cell culture

Peripheral blood mononuclear cells (PBMCs) were
isolated from fresh blood of either HCs or patients
with VAST using Ficoll-Paque gradients and cultured in
Roswell Park Memorial Institute Medium (RPMI) 1640
(Sigma) supplemented with 10% fetal bovine serum
(Sigma) and 1% penicillin/streptomycin (Sigma). For
proliferation assay, autologous T cells were isolated from
PBMCs, labeled with carboxyfluoroscein succinimidyl
ester (CFSE) dye and stimulated with anti-CD3/CD28
antibodies in the presence or absence of CECs at 1:1 or
1:2 ratios for 3 days according to our protocols.47 Similarly,
the intracellular cytokine staining (ICS) was performed
on stimulation of PBMCs with anti-CD3/CD28 in the
absence or presence of different rations of CECs and
Golgi blocker for 5hours before flow cytometry staining
and analysis as we have reported elsewhere.”® CECs
were purified from PBMCs using magnetic cell isolation

according to previous reports.27 * In some experiments,
apocynin (Sigma, 1mM), which is the nicotinamide
adenine dinucleotide phosphate (NADPH)-dependent
ROS inhibitor was used.*

Biopsies and TIL isolation

Needle-core biopsy samples were collected from tumor
sites before the commencement of treatment (screening)
and immediately processed for cell isolation and analysis.

Animal study

Animal studies were approved by the animal research
ethics boards at the University of Alberta with protocols #
AUP0001021 and # AUP00002737. Adult male C57BL/6
mice were purchased from the Charles River Institute.
They were either treated with EPO (0.3pg/mouse) or
phosphate buffered saline (PBS) (intraperitoneal injec-
tion) every other day for 6days. Following three treat-
ments, spleens were harvested and processed for cell
isolation and flow cytometry staining according to our
protocols.50 For the cancer model, B16-F10 melanoma
cells that were originally obtained from the American
Type Culture Collection (ATCC) were injected (1x10°
cells) subcutaneously on the left flank of B57BL/6 male
mice under anesthesia conditions. Mice were grouped
as control (PBS-treated), EPO-treated (0.3 pg/mouse,
R&D, and Sino Biological), the anti-PD-Ll-antibody
treated (200pg/mouse, Bio X Cell), or combination
therapy (EPO+ anti-PD-L1). All were administered
intraperitoneally.

Flow cytometry

Fluorophore antibodies specific to human cell antigens
and cytokines were purchased from BD Biosciences,
Thermo Fisher Scientific, and BioLegend. The following
antibodies were used in our study: anti-CD3 (SK7), anti-
CD4 (RPA-T4), anti-CD8 (RPA-T8), CD71 (MA712),
CD235a (HIR2), PD-L1 (M1H1), PD-L2 (M1H18), anti-
IL-2 (MQ1-17H12), anti-TNF-o. (MAB11), and IFN-y (4S.
B3). Also, the following mouse antibodies were used in
this study: anti-CD71 (C2F2), anti-TER119 (TER-119),
anti-CD45 (30-F11), anti-PD-LL1 (10F-9G2), anti-PD-L2
(TY25), and anti-ARTN (R&D, AF-1085). Purified NA/
LE mouse anti-human CD3 (UCHT1), anti-human CD28
(CD28.2), and Protein Transport Inhibitor (Containing
Brefeldin A) were purchased from the BD Bioscience and
ROS staining from Sigma. To assess cell viability, we used
the LIVE/DEAD Kit (Life Technologies). Surface staining
and ICS were performed as we described previously.” >
After fixation with paraformaldehyde (4%), stained cells
were acquired on a Fortessa-X20 or LSRFortessa-SORP
(BD Bioscience) and analyzed using FlowJo software
(V.10).

ELISA assays

Frozen plasma samples at -80°C were thawed and
centrifuged for 15min at 1500¢g followed by dilution at
twofolds. TGF-8 (R&D, DY240), human ARTN (R&D, DY
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2589), and mouse ARTN (R&D, DY1085) were quantified
according to the manufacturer’s protocols.

Statistical analysis

P values displayed on cumulative flow cytometry
plots were determined by the non-parametric Mann-
Whitney test. When more than two groups were
compared, one-way analysis of variance followed by
Tukey’s test was used to compare the results. Prism
software V.8 was used for statistical analysis. Results
are presented as mean+SEM with p values<0.05 being
considered statistically significant.

RESULTS

A higher frequency of CECs in non-responders versus
responders

To compare R versus NR and evaluate clinical outcomes
of avelumab therapy, we used the standardized and vali-
dated guidelines according to the Response Evaluation
Criteria in Solid Tumors.”® Based on these criteria, we
classified our patients into immune complete response
(iCR), immune partial response (iPR), immune uncon-
firmed partial responder (iUPR), immune confirmed/
unconfirmed progressive disease (iCPD/iUCPD) and
immune stable disease (iSD) categories. Considering
the small sample size in some groups we combined
iCPD/iUCPD as the NR and iCR/iPR/iSD/iUPR as the
R group. Based on these classifications, we had 25 NR
versus 13 R in our cohort (online supplemental table 1).
The frequency of CECs in fresh PBMCs was measured at
the baseline (cycle 0), 2 weeks after valproate treatment
(C1), 2 weeks (C2), and 8 weeks (ChH) after the initia-
tion of avelumab therapy. Also, the frequency of CECs
in biopsy samples (four samples) at the baseline was
assessed. The clinical outcomes were evaluated at 12 and
24 weeks following the initiation of therapy. We observed
that patients with progressive disease at the baseline had
a significantly higher proportion of CECs in their PBMCs
compared with the R group (figure 1A,B, and online
supplemental figure S1B). Of note, both groups had a
significantly higher abundance of CECs in their PBMCs
compared with age-sex-matched HCs (figure 1B and
online supplemental figure S1B). On the initiation of
valproate administration (12.5mg/kg orally), we found a
significant increase in the frequency of CECs in the NR
group when analyzed 2weeks later (Cl) (figure 1A,C).
However, this change appeared to be transient and faded
away 2weeks later (C2). Although a similar trend was
observed in the R group, it did not reach a significant
level (figure 1A,C). We also quantified the frequency of
CEGCs at 2, 4, 6 and 8 weeks post-initiation of avelumab
therapy but we did not notice any remarkable changes in
both groups (figure 1A-D). Intriguingly, the frequency
of CEGCs remained significantly higher in NR compared
with R in all examined cycles (figure 1B-E). Consid-
ering the impact of viral infections on the frequency of
CEGs,"** * we segregated patients based on the type of

the viral infection (HPV or EBV). However, we did not
detect any significant difference in the frequency of CECs
between groups at the baseline (figure 1F). Finally, we
assessed the cancer stage according to cancer staging
system”* with the frequency of CECs, which showed those
at the later cancer stage (IV, IVA, IVB, IVC) had elevated
levels of CECs compared with those at the earlier cancer
stage II/III (figure 1G). These observations support the
notion that CECs were expanded in all patients with VAST
but more so in NR.

CD45*CECs are the prominent cells expressing ROS and VISTA
To better understand the immunomodulatory func-
tions of CECs, we subjected them to ROS, PD-L1/
PD-L2, and VISTA expression analysis. As anticipated,
we found that in general CECs express a higher level
of ROS compared with their matured siblings (red
blood cells (RBCs)) in PMBCs of patients with cancer
(figure 2A). In particular, we noted that CECs-derived
from the TME express significantly higher levels of
ROS compared with their counterparts in PBMCs
(figure 2B,C). Moreover, we measured PD-L1/PD-L2
expression in CECs and noticed that these co-inhibi-
tory ligands were highly expressed in the TME-derived
CECs compared with their counterparts in PBMCs
(figure 2D-F). Given that CD45"CECs compared with
their CD45" siblings display a prominent immunomod-
ulatory function,” * we compared the expression of
ROS in CD45"/CD45 CECs. These studies revealed
that CD45"CECs had significantly a greater level of
ROS (figure 2G,H). It is reported that a subpopula-
tion of CECs that express VISTA promotes the induc-
tion of Tregs via TGF-B in mice.”’ Therefore, we
analyzed the expression of VISTA in CECs. We found
that the expression of VISTA was mainly restricted to
CD45'CECs (figure 2L]). Notably, VISTA'CECs had
the most prominent levels of ROS compared with
CD45"VISTA™ CECs (figure 2K,L). Although CECs via
TGF-B and arginase-I/II mediate their immunomodu-
latory functions, we were unable to quantify this. It is
impossible to perform intracellular staining on human
cancer-derived CECs as they do not resist the permea-
bilization buffer. However, we have detected TGF-f3 and
arginase messenger RNAs (mRNAs) in human CECs
in other conditions.** % Moreover, we have observed
that SARS-CoV-2 infection influences the membrane
of CECs and makes them resistant to permeabiliza-
tion buffer.'® °® Therefore, we were able to analyze
the expression of arginase-I/II in CECs-derived from
patients with COVID-19."® Collectively, these results
imply that CECs via PD-L1/PD-L2, VISTA, or soluble
factors (eg, ROS, TGF-B, and arginase) exhibit their
immunological properties.

CECs in a dose-dependent fashion suppress effector functions
of CD4" and CD8* T cells

To determine whether CECs modulate cytokine produc-
tion and T-cell proliferation, we isolated CECs from
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Figure 1 A higher frequency of CECs in non-responders versus responders. (A) Representative flow cytometry plots of the
percentage of CECs in PBMCs of a responder (R, n=13) versus a non-responder (NR, n=25) patient with VAST at cycle (0)

or baseline, 2 weeks post valproate treatment (cycle 1), 2weeks post avelumab therapy (cycle 2), 4 weeks (cycle 3), 6, and

8 weeks post avelumab therapy. (B) Cumulative data of the frequency of CECs in PBMCs of NR, R and HCs. (C) Cumulative
data of the percentages of CECs at cycle 0 (C0) and cycle 1 (C1) in non-responders versus responders to avelumab therapy.
(D) Cumulative data of the percentages of CECs at cycle 1 (C1) and cycle 2 (C2) in non-responders versus responders to
avelumab therapy. (E) Cumulative data of the percentages of CECs at cycle 2 (C2) and cycle 5 (C5) in non-responders versus
responders to avelumab therapy. (F) Cumulative data showing percentages of CECs in VAST-associated HPV (n=26) versus EBV
(n=12). (G) Data showing the percentages of CECs in stage Il/lll (n=13) versus stage IV (n=25) including (IV, IVA, IVB, and IVC) of
patients with VAST. Each dot represents a patient and mean+SEM, p value as indicated for each data set or not significant (ns).
Non-responder (NR), responder (R), healthy control (HC), cycle (C). CEC, CD71" erythroid cell; EBV, Epstein-Barr virus; HPV,
human papillomavirus; PBMC, peripheral blood mononuclear cell; VAST, virus-associated solid tumor.

Bozorgmehr N, et al. J Immunother Cancer 2023;11:¢006595. doi:10.1136/jitc-2022-006595 5



Open access 8

A PBMC PBMC B TME TME
1 s a2 —FMO
0 5. 2 7 — § ' ‘ 31" S
X — FMO * . CEC
Qfw H 0
O g E 40 § 6 g 40+
: | O - 204
CD71 \ P ! T e
N RO ROS
¢ 600- 0.6 D F = 404 0.028
| 10542.05 Tr;
O -]
= II ~ é‘ 8 30
L 4004 | < 0.028
= ? =l &ood -
N o ¢ | =]
 200- ’ g€ 10 g =
T - | oo z . s
5 oLt
0- g PDL-2 PDL-2 PBMC TME PBMC TME
O’ W
K NS
&L PDL-1 PDL-2
G 800- 0.0002
10531 10 H °
L : z = 600+ °
© g 4 ) 15.4 mgm o e
0 - = = FMO g -
Qg Qi w o5 400- o®
a: a: CD45- e}
. O, X 500
et CD45+ .
Compfkﬁlg(iA. C})U:l 0’ 4 m]’ w* - 10° 10* 10° C .:':.
/ Comp-U379-A :: CD45 Comp-B530-A :: ROS T T
CD71 , » CD4 CD45 CD45- CD45+
/ o —— CD45+VISTA+
r'N >
I ;] 058 | 14 ¥ 849 J <0.0001 8 K CD45+VISTA 0.0002
* E 100 — 40T -
- : I . 1007 g = —— FMO '00019 |
® S 3 8 804 2 80 .
&1 0 iR’ 8 g B .. L 1500 .
NEIDB_ ,;m— 4 by 60 o :E %
85 § e o g_é “7 = o—p
S ] S ] 40 5 =
RE "3 2 5° L 1000 o
v e 207 z " =3 .
e T et ol e i e raan el s .
VISTA Q/Cf—’ Q/Q‘-’ Comp-8530-A :: ROS x 500+ !‘.‘:
5 8" CD45 '
O OO G 1 1 1
A
) A
o o
P K
O QO
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CD45*CECs from PBMCs of patients with virus-associated solid tumor. (K) Representative plots, and (L) cumulative data of
ROS expression among CD45*VISTA" and CD56*VISTA CECs. Cumulative data of percentages of VISTA+CECs in CD45-
and CD45+CECs from PBMCs as measured by the mean fluorescence intensity (MFI). Each dot represents a patient and
mean+SEM, p value as indicated for each data set or not significant (NS). CEC, CD71" erythroid cell; FMO, fluorescence minus
one; PBMC, peripheral blood mononuclear cell; PD-L1, programmed death-ligand 1; RBC, red blood cells; ROS, reactive
oxygen species; VISTA, V-domain Ig suppressor of T-cell activation; TME, tumor microenvironment.
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PBMCs of patients with VAST with high purity (>95%)
(figure 3A) and added at 1:1 or 1:0.5 to autologous T
cells. We found that CECs, in a dose-dependent manner,
suppress TNF-o. and IL-2 expression in CD4" T cells
following stimulation with anti-CD3/CD28 antibodies
for 6 hours (figure 3B-E). Moreover, we found that CECs
suppress the proliferative capacity of autologous CD4" T
cells in a dose-dependent manner (online supplemental
figure S2A,B). The same observation was made for the
suppression of CD8" T cells by autologous CECs in a dose-
dependent manner (figure 3F,G). Also, we analyzed the
expression of TNF-o/interferon (IFN)-y in CD8" T cells
in the presence and absence of CECs, which once again
showed that CECs, in a dose-dependent fashion, suppress
cytokine expression by CD8" T cells following stimulation
with anti-CD3/CD28 antibodies (figure 3H,I). Notably,
we noticed that apocynin (1 mM), the NADPH-dependent
ROS inhibitor, partially but significantly abrogated the
immunosuppressive effects of CECs (figure 3H,I) as we
have reported elsewhere.” Therefore, abundant CECs in
patients with cancer display immunosuppressive proper-
ties that may impair adaptive immune response against
the tumor.

No association between the frequency of CECs with the
plasma concentrations of ARTN and TGF-p1 but a direct
correlation between the plasma concentrations of ARTN with
TGF-p1

Given the expression of TGF-B1 by mice-derived CECs,
we quantified the plasma levels of TGF-B1 in R and NR
in different cycles. We did not find any difference in the
plasma TGF-B1 level between R and NR but neither was a
significant change with time after beginning treatment in
both groups observed (figure 4A). Moreover, we analyzed
the frequency of CECs with the plasma concentration of
this cytokine but once again we did not detect any remark-
able correlation at CO (figure 4B). The same results were
observed for other cycles as we did not find any difference
between cycles in terms of TGF-B1 level (figure 4A). Next,
we quantified the levels of plasma ARTN in HCs versus
patients with VAST. These analyses supported a significant
increase in plasma ARTN concentrations in patients with
VAST (figure 4C). However, the plasma ARTN concentra-
tions were neither significantly different between R versus
NR nor between cycles of treatment (figure 4D). Similar
to TGF-B1, we did not observe any significant correlation
between the ARTN levels and the frequency of CECs in
patients with VAST (figure 4E). Considering that elevated
serum ARTN level is reported to be associated with poor
prognosis in patients with HCC,'” we compared ARTN
levels in our patients with VAST. However, we did not
notice any significant difference between stages II/1II
and IV in our cohort (figure 4F). The lack of correlation
between the frequency of CECs with the plasma ARTN
concentration is further highlighted in two NR and R
patients in figure 4G. However, we found a positive correla-
tion between the plasma ARTN and TGF-B1 in patients
with VAST regardless of their response status to avelumab

1531

(figure 4H). Although it was not practical to perform
intracellular staining for ARTN in human CECs as they
get lysed once treated with the permeabilization buffer,™
we performed quantitative PCR (qPCR) analysis. These
studies did not support the expression of ARTN mRNA
in CEGs from patients with VAST (figure 4I). Although
we were able to detect ARTN mRNA in tumor tissues,
this was not the case for isolated CECs from patients
with VAST and human cord blood (figure 4I). More-
over, we performed intracellular staining in CECs from
B16-F10 mice, as they resist the permeabilization buffer,
which enabled us to detect significantly higher levels of
ARTN in CD45'CECs than their negative counterparts
(figure 4], K). Finally, we isolated CECs from the spleen of
tumor-bearing mice (B16-F10) and the peripheral blood
of patients with VAST and cultured them for 48 hours in
the absence of any cytokines/stimulation. The culture
supernatants were subjected to an ELISA assay, which
confirmed our qPCR results (figure 4L). Although CECs
from tumor-bearing mice constitutively secrete ARTN,
this was not the case for CECs from human patients with
cancer (figure 4L). We also did not find any correlation
between either CD45" or CD45 CECs with plasma ARTN
levels in patients with VAST. These observations reveal
that there are substantial differences between human and
mouse CECs in terms of their biological properties and
should be considered.

Anemia is associated with a higher frequency of CECs

Anemia remains a major clinical concern in patients
with cancer and it is mainly tied to fatigue and poor
quality of life.”” However, the potential immunolog-
ical consequences of anemia due to the expansion of
CECs have not been well-appreciated. We found an
inverse and significant correlation between the hemo-
globin (Hb) levels with the percentages of CECs in all
patient groups (R+NR) (figure 5A). However, when
R and NR were segregated we only observed a signif-
icant inverse correlation between Hb concentrations
with the percentages of CECs in PBMCs of NR but
not R even though a trend was noted (figure 5B,C).
Next, we segregated anemic patients (women <120 Hb
g/L and men <135Hb g/L) and found that anemic
women had significantly lower levels of Hb compared
with men at CO and C1 (figure 5D). Subsequently, we
observed a significantly higher frequency of CECs in
PBMCs of anemic women (figure 5E) compared with
anemic men as reported in healthy women.?” Finally,
we found an inverse correlation between the concen-
trations of Hb with the frequency of CECs in anemic
women but not men (figure 5F,G). Overall the higher
frequency of CECs was associated with poor clinical
outcomes (eg, survival) when analyzed 18 months
post ICI therapy. Consistently, most anemic patients
with VAST with a higher frequency of CECs experi-
enced cancer progression (68% compared with 23%).
Taken together, these observations imply a higher
predisposition of women to anemia-induced CECs
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Figure 3 CECs from the peripheral blood of patients with virus-associated solid tumors exhibit immunosuppression.

(A) Representative flow cytometry plot showing the purity of isolated CECs from peripheral blood mononuclear cells of a patient
with cancer. (B) Representative flow cytometry, and (C) cumulative data showing TNF-o. expression in CD4+T cells in the
absence or presence of CECs (at 1:1 or 1:05 ratio) on stimulation with anti-CD3/CD28 antibodies for 6 hours as measured by the
intercellular staining (ICS). (D) Representative flow cytometry, and (E) cumulative data showing IL-2 expression in CD4+T cells in
the absence or presence of CECs (at 1:1 or 1:05 ratio) on stimulation with anti-CD3/CD28 antibodies for 6 hours as measured by
ICS. (F) Representative flow cytometry, and (G) cumulative data showing proliferation of CD8+T cells in the absence or presence
of CECs (at 1:1 or 1:2 ratio) on stimulation with anti-CD3/CD28 antibodies for 3days as measured CFSE. (H) Representative
flow cytometry, and (I) cumulative data showing TNF-o/IFN-y expression in CD8+T cells in the absence or presence of CECs

(at 1:1 or 1:05 ratio) on stimulation with anti-CD3/CD28 antibodies for 6 hours as measured by the ICS. Each dot represents a
patient and mean+SEM, p value as indicated for each data set. CEC, CD71" erythroid cell; IFN, interferon; IL, interleukin; ns, not
significant; TNF, tumor necrosis factor.
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Figure 4 Lack of association between CECs and ART/TGF-B1 but a direct correlation between the plasma concentrations

of ART with TGF-B1. (A) The plasma TGF-1 level in non-responders (NR) and responders (R) at different cycles. (B) The plot
showing the correlation of TGF-B1 concentration with the frequency of CECs in PBMCs of patients with VAST (combined

NR and R). (C) Comparing the concentration of ART in HCs versus patients with VAST. (D) The plasma ART level in NR and

R at different cycles. (E) The plot showing the correlation of ART concentration in the plasma with the frequency of CECs in
PBMCs of patients with VAST (combined NR and R). (F) Comparing the concentration of ART in patients with VAST (stages
II/1Il vs stage IV). (G) Representative plots of % CECs with the plasma concentration of ARTN in two NR and two R . (H) The
plot showing the correlation of ART with TGF-B1 concentration in the plasma of patients with VAST (combined NR and R).

(I) Fold regulation of ARTN gene expression in tumor tissues and isolated CECs from human cord blood or patients with VAST.
(J) Representative, and (K) cumulative data of ARTN expression in CD45 CECs versus CD45"CECs from the spleen of B16-F10
mice. (L) Cumulative data of ARTN concentrations in culture supernatants of CECs from B16-F10 splenic CECs or VAST-derived
CECs after 48 hours culture. Each dot represents a patient or an animal and mean+SEM, p value as indicated for each data

set or not significant (NS). ARTN, artemin; CEC, CD71* erythroid cell; FMO, fluorescence minus one; HCs, healthy controls;
MFI, mean fluorescence intensity; PBMC, peripheral blood mononuclear cells; VAST, virus-associated solid tumors; TGF,
transforming growth factor.
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Figure 5 Anemia is associated with a higher frequency of CECs. (A) Data showing an inverse correlation between the
frequency of CECs in PBMCs with the concentration of blood hemoglobin (Hb) levels in both groups (NR+R), (B) only NR,

and (C) R patients. (D) Cumulative data of the concentration of Hb in anemic male versus anemic female patients with VAST.
(E) Cumulative data of the percentages of CECs in PBMCs of anemic male versus anemic female patients with VAST. (F) The
plot showing an inverse correlation between the Hb concentration with the frequency of CECs in PBMCs of anemic women
and (G) anemic men with VAST. Each point represents a human study subject. Mean+SEM, p value as indicated for each data
set. CEC, CD71* erythroid cell; NR, non-responders; PBMC, peripheral blood mononuclear cell; R, responders; VAST, virus-

associated solid tumor.

and a higher CEC frequency was associated with poor
clinical outcomes.

Erythropoietin expands CECs in cancer naive mice and it

abrogates the therapeutic effects of anti-PD-L1 therapy

Given the common use of EPO for the treatment of CRA,
we investigated the effects of EPO on the CEC population
in the spleen of cancer naive adult mice. We found that
EPO significantly expands CECs in the spleen of mice
(figure 6A,B and online supplemental figure S2C). This
observation suggests that EPO may indirectly influence
antitumor response in patients with cancer. Therefore,
we decided to delineate the effects of EPO in the B16-
F10 animal model. For this, we designed a study with
four groups of mice; treated with PBS (control), EPO,

anti-PD-L1, or EPO+ anti-PD-L1 as illustrated in online
supplemental figure S2D. We found a significant expan-
sion of CECs in the spleen of tumor-bearing control
mice once analyzed at day 16 post-tumor implantation
(figure 6C,D). However, the administration of EPO
exhibited a synergistic effect but the anti-PD-L1 antibody
resulted in an opposite outcome (figure 6C,D). We further
investigated the impact of EPO on tumor progression by
measuring tumor weight when the study was terminated.
These analyses revealed that while anti-PD-L1 therapy
reduced the tumor size, EPO alone enhanced the tumor
growth and its combination with anti-PD-L1 resulted in
reversing the therapeutic effects of this monoclonal anti-
body (figure 6E,F). These observations imply that EPO
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Figure 6 EPO abrogated the therapeutic effects of anti-PD-L1 therapy via increased CECs. (A) Representative, and

(B) cumulative data of the frequency of CECs in the spleen of untreated (- EPO) and treated mice with EPO (+ EPO).

(C) Representative flow cytometry plots, and (D) cumulative data of the percentages of CECs in the spleen of cancer-free
versus B16-F10 mice either untreated (control) or treated with EPO, anti-PD-L1, and the combination of anti-PD-L1/EPQO.

(E) Representative tumor size, and (F) and cumulative data showing tumor weight in different animal groups. Each point
represents an animal. Mean+SEM, p value as indicated for each data set. Data are from two independent experiments. aPD-L1,
anti-programmed death-ligand 1; CEC, CD71* erythroid cell; EPO, erythropoietin; ns, not significant.

may enhance tumor progression via the expansion of
potent immunosuppressive CECs.

Considering that 20-30% of splenic CECs under
normal physiological conditions express PD-L1 in mice'’;
and to gain a mechanistic insight into the interference of

EPO with anti-PD-L1 therapy we quantified PD-L1"CECs
in tumor-bearing mice. We found that the frequency of
PD-L1 expressing CECs in the spleen and TME of B16-
F10 mice was substantially higher than their counterparts
in the spleen of tumor-free mice (online supplemental
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figure S3A,B). Moreover, the intensity of PD-L1 expres-
sion was more prominent in CECs-derived from the TME
versus the spleen (online supplemental figure S3C). Of
note, the intensity of PD-L1 expression in CECs was much
higher than in CD11b cells (online supplemental figure
S3C). These observations suggest that the anti-PD-L1 anti-
body may directly target PD-L1-expressing CECs in animal
cancer models. However, this might not be the case for
human CEGCs in the peripheral blood as they express a
negligible amount of PD-L1 (figure 2A).

DISCUSSION

CEGCs exhibit T-cell immunosuppression via direct cell-
cell interactions (eg, PD-L1:PD-1), soluble factors (eg,
ROS, arginase-I/II, and TGF-B), and induce Tregs,
impair antigen-presenting cells function, and ulti-
mately suppress adaptive cellular and humoral immune
responses.'® 17 #2931 3451 previous studies have investi-
gated the role of CECs in human and animal models of
melanoma and HCC.'? 1* % However, there is evidence
of disparities between human CECs and their coun-
terparts in animal models.”’ In this study, we analyzed
the frequency and functionality of CECs in PBMCs and
TME in patients with VASTs. We observed that CEGCs
were present in tumors and significantly expanded in
the peripheral blood of patients with VASTs compared
with HGs. It is worth mentioning that this expansion
was more pronounced in NR than R to PD-LI-directed
therapy. Our observations indicate that while valproate
transiently expanded CEGCs, the anti-PD-L1 antibody
did not substantially affect CECs in the periphery. This
might be explained by the negligible expression level of
PD-L1 on peripheral CECs. Although we were unable
to obtain tumor biopsies pretreatment/post-treatment,
our results imply that avelumab may modulate/deplete
PD-L1°CECs in the TME. However, this hypothesis needs
to be examined.

Functionally, we found that accumulated CECs in the
periphery exhibited robust T-cell immunosuppressive
properties through the generation of ROS and possibly
arginase-I/1I, cell-cell interactions, and TGF—B.21 Notably,
this immunosuppression was non-discriminatory for both
CD4" and CD8" T cells. Although it was not practical to
isolate CD45'CECs, our observations suggest that this
subpopulation displays a more vigorous immunosup-
pressive property than their CD45" siblings. In particular,
we noted that VISTA'CD45" CECs had a more vigorous
ROS expression than their VISTA"CD45" counterparts.
This observation explains a novel link between VISTA
with ROS in CECs, beyond the reported TGF-3/VISTA
association.”’ Considering the role of VISTA in immune
exhaustion and tolerance,” the possible interaction of
VISTA"CECs via cell-cell contact with other immune cells
(eg, T cells) merits further investigation.

Given the role of ARTN in tumor progression, ~ ™ it has
been reported that CECs ‘referred to as Ter-like cells’ through
ARTN release promote tumor growth in an animal model
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of HCC." In support of this concept, another group has
reported that radiation therapy and/or anti-PD-L1 antibody
treatment significantly decreases the frequency of CECs and
ARTN in the spleen of mice.” The underlying mechanism
associated with the depletion of CECs has been proposed
to be through the enhanced production of IFN-y and CD8"
Tecell function.”” We argue that the mechanism could be
due to the direct depletion of CECs since these cells express
an elevated level of PD-L1 in mice under physiological'’
or pathological conditions such as the B16-F10 melanoma
model. However, we did not find any correlation between
the plasma level of ARTN with the frequency of CECs or the
disease stage in our cohort. More importantly, we observed
that CECs from patients with VAST lacked ARTN at the
mRNA and prorenin levels. As we have reported elsewhere,
there are disparities in the properties of CECs in mice versus
humans.'® ! Therefore, these differences should be taken
into serious consideration when extrapolating the data from
animal studies to human health and disease.

The presence of immunosuppressive cells in the TME is
considered a promoting element in cancer progression,”
Therefore, we speculate that the abundance of CECs is
associated with poor clinical outcomes. In agreement, we
found that the frequency of CECs in the periphery at the
baseline was correlated with disease stage and prognosis.
However, we were unable to obtain tumor biopsies to
determine the frequency and functionality of CECs in the
TME with the disease progression although we confirmed
their presence in four tumor biopsies.

CECs mainly originate from the spleen in neonates and
animal cancer models"” '* % but their origin in patients
with VASTs is unknown. In addition to the spleen, the liver
is another common EE niche,” which supports the accu-
mulation of CECs in HCC tissues.”” There are also reports
of EE in other malignant tumors (eg, breast cancer, lung
cancer, and Kaposi’s sarcoma).** It is likely to suggest that
CECs may originate from the BM or they could be directly
generated through EE. The mechanism underlying the
expansion of CECs is very complicated and the etiology
of EE in patients with solid tumors remains ill-defined.
There are multiple factors that can influence hematopoi-
esis including granulocyte colony-stimulating factor, I1L-3,
IL-7, EPO, macrophage colony-stimulating factor levels,
conventional dendritic cells, and chemoradiotherapy-
related BM suppression.” ® Simply, anemia may promote
the generation of RBCs to meet the host’s oxygen demand
as a compensatory mechanism. Indeed, the shortage of
RBCs/hypoxia to a certain extent might be associated
with elevated frequency of CECs in patients with cancer.
In line with this hypothesis, we found an inverse correla-
tion between the frequency of CECs in the periphery of
anemic patients with VAST with the Hb concentrations.
This observation implies that anemia might be a compen-
satory driving mechanism for the generation of CECs and
their early egress from the BM.

Notably, we observed that anemic female patients had
a significantly increased frequency of CECs in their circu-
lation compared with their anemic male counterparts,
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which is consistent with what has been reported in healthy
women.?” This observation suggests that women could be
more prone to the anemia-induced expansion of CEGCs
than men.

Finally, our data indicate that EPO administration
increases the frequency of CECs in the spleen of cancer
naive and tumor-bearing mice. Subsequently, the expan-
sion of CECs was associated with tumor progression in
EPO-treated mice. While anti-PD-L1 therapy inhibited
tumor growth, EPO abrogated the therapeutic effects of
this monoclonal antibody. These observations imply the
indirect impact of EPO on the expansion of CECs and
possible interference with ICIs, which may impair anti-
tumor immunity and jeopardize the survival of patients
with cancer.

Overall, our results demonstrate that immunosuppres-
sion is a crucial feature of CECs. Nevertheless, the under-
lying mechanism may differ under various circumstances.
Most studies have reported that CECs through soluble
factors such as ROS, TGF-B, arginase-I/1I, cell-cell inter-
actions, and by promotion of Tregs mediate their immu-
nosuppressive properties.” '° *! °° A recent study has
reported that intertumoral CD45"CECs exhibited a more
robust suppressive property than MDSCs.* Mechanisti-
cally, this group revealed that CD45 CECs suppress T cells
via cell-cell interaction and paracrine manner.> Also,
this study reported that tumor-associated CD45"CECs
secrete IL-10.% Therefore, CECs use diverse mechanisms
to exert their immunosuppressive properties, and further
investigations are needed to better define their character-
istics and functions in different pathological conditions.
Finally, the concept of EDMCs* is another potential
mechanism associated with anemia and tumor progres-
sion, which merits further investigation in other cancer
models.

This study has several limitations. The major limita-
tion of our study is the sample size. Also, this study did
not investigate the prognostic value of tumor CECs.
It is impractical to obtain tumor biopsies from most
patients. The present study focused on VASTs, the
results may differ for CEC frequencies in non-VASTs.
We measured the global T-cell stimulation and were
unable to evaluate antigen-specific responses. As such,
further studies on the functionality of CECs on antigen-
specific T cells are required. However, it has been
reported that CECs suppress antigen-specific T cells in
other conditions."” '® Moreover, although poor clinical
outcomes were observed in patients with VAST with a
higher frequency of CECs at the baseline, these obser-
vations need to be validated in larger cohorts. There-
fore, prospective studies targeting the prognostic values
and testing methodologies of CECs frequency in larger
patient with cancer cohorts are needed.

Taken together, in this study, we identified the accu-
mulation of CEGCs in the circulation and the TME and
highlighted their distinct immunosuppressive proper-
ties. Our results reveal that CECs might have a crucial
role in immunosuppression/cancer progression due to

their unique dual erythroid and immunomodulatory
properties during health and disease.’® " The current
study determines the prognostic value of CEC frequency
in circulation when assessed throughflow cytometry as a
clinical utility of monitoring immune response to immu-
notherapy. Therefore, screening for the frequency of
CECs might be a novel clinical approach to predicting
immunotherapy outcomes.

Lastly, although animal studies are valuable in better
appreciating the role of CECs in tumor progression,
further investigations are needed to explore differences
between human and mouse CECs. Without these, the
translational value of such animal models in clinical
settings will remain insufficiently characterized.

Acknowledgements The authors would like to thank the University of Alberta,
Faculty of Medicine and Dentistry, Flow cytometry facility, which has received
financial support from the faculty of Medicine and Dentistry and the Canadian
Foundation for Innovation (CFI) awards to contributing investigators. We also thank
patients with cancer and healthy individuals who participated in this study.

Contributors Conceptualization: SE, JW. Investigation: NB, 10, SM, JL, PK. Formal
analysis: NB, 10, SM, JL, PK, SE. Funding acquisition: SE, JW. Project administration:
SE. Supervision: SE. Validation: NB, 10, SM, JL, PK, SE. Writing-original draft: SE.
Review and editing: SE, JW, NB, 10, JL, SM, PK. Guarantor: SE.

Funding This work was supported by a Foundation grant from the Canadian
Institutes of Health Research (CIHR # 148442 to SE). In addition, Alberta Cancer
Foundation supported the phase Il cancer study (to JW and SE).

Competing interests None declared.
Patient consent for publication Not applicable.

Ethics approval The Health Research Ethics Board of Alberta (HREBA protocol #
HREBA CC-17-0374) and the University of Alberta approved blood collection from
healthy controls with protocol # Pro00063463. Participants gave informed consent
to participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement All data relevant to the study are included in the
article or uploaded as supplementary information.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Siavash Mashhouri http://orcid.org/0000-0003-4954-6090
Shokrollah Elahi http://orcid.org/0000-0002-7215-2009

REFERENCES

1 Jenkins RW, Barbie DA, Flaherty KT. Mechanisms of resistance to
immune Checkpoint inhibitors. Br J Cancer 2018;118:9-16.

2 O’Donnell JS, Long GV, Scolyer RA, et al. Resistance to Pd1/PdI1
Checkpoint inhibition. Cancer Treat Rev 2017;52:71-81.

3 Okoye IS, Houghton M, Tyrrell L, et al. Coinhibitory receptor
expression and immune Checkpoint blockade: Maintaining a balance
in Cd8(+) T cell responses to chronic viral infections and cancer.
Front Immunol 2017;8:1215.

Bozorgmehr N, et al. J Immunother Cancer 2023;11:¢006595. doi:10.1136/jitc-2022-006595 13


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-4954-6090
http://orcid.org/0000-0002-7215-2009
http://dx.doi.org/10.1038/bjc.2017.434
http://dx.doi.org/10.1016/j.ctrv.2016.11.007
http://dx.doi.org/10.3389/fimmu.2017.01215

Open access

3

4 Elahi S, Horton H. Association of HLA-Alleles with the immune 32 Melssen M, Slingluff CL. Vaccines targeting helper T cells for cancer
regulation of chronic viral infections. Int J Biochem Cell Biol Immunotherapy. Curr Opin Immunol 2017;47:85-92.
2012;44:1361-5. 33 Janssen EM, Lemmens EE, Wolfe T, et al. Cd4+ T cells are required

5 Pitt JM, Vétizou M, Daillere R, et al. Resistance mechanisms to for secondary expansion and memory in Cd8+ T lymphocytes.
immune-Checkpoint blockade in cancer: Tumor-intrinsic and Nature 2003;421:852-6.

-Extrinsic factors. Immunity 2016;44:1255-69. 34 Dunsmore G, Koleva P, Ghobakhloo N, et al. Lower abundance

6 Elinav E, Nowarski R, Thaiss CA, et al. Inflammation-induced cancer: and impaired function of Cd71+ erythroid cells in inflammatory
Crosstalk between tumours, immune cells and microorganisms. Nat bowel disease patients during pregnancy. J Crohns Colitis
Rev Cancer 2013;13:759-71. 2019;13:230-44.

7 Hanahan D, Coussens LM. Accessories to the crime: Functions 35 Elahi S, Vega-Lépez MA, Herman-Miguel V, et al. Cd71(+) erythroid
of cells recruited to the tumor Microenvironment. Cancer Cell cells in human neonates exhibit immunosuppressive properties and
2012;21:309-22. compromise immune response against systemic infection in neonatal

8 LiuY, GuY, Han, et al. Tumor Exosomal Rnas promote lung pre- mice. Front Immunol 2020;11:597433.
metastatic niche formation by activating alveolar epithelial TIr3 to 36 Tashiro H, Brenner MK. Immunotherapy against cancer-related
recruit neutrophils. Cancer Cell 2016;30:243-56. viruses. Cell Res 2017;27:59-73.

9 Coffelt SB, Kersten K, Doornebal CW, et al. IL-17-producing 37 Kindt N, Journe F, Ghanem GE, et al. Galectins and carcinogenesis:
Gammadelta T cells and neutrophils conspire to promote breast Their role in head and neck Carcinomas and thyroid Carcinomas. Int
cancer metastasis. Nature 2015;522:345-8. J Mol Sci 2017;18:2745.

10 Gay LJ, Felding-Habermann B. Contribution of platelets to tumour 38 Badoual C, Hans S, Merillon N, et al. PD-1-expressing tumor-
metastasis. Nat Rev Cancer 2011;11:123-34. infiltrating T cells are a favorable Prognostic biomarker in HPV-

11 Labelle M, Begum S, Hynes RO. Direct signaling between platelets associated head and neck cancer. Cancer Res 2013;73:128-38.
and cancer cells induces an epithelial-Mesenchymal-like transition 39 Heusschen R, Griffioen AW, Thijssen VL. Galectin-9 in tumor biology:
and promotes metastasis. Cancer Cell 2011;20:576-90. A Jack of multiple trades. Biochimica et Biophysica Acta (BBA) -

12 Han'Y, Liu Q, Hou J, et al. Tumor-induced generation of splenic Reviews on Cancer 2013;1836:177-85.

Erythroblast-like Ter-cells promotes tumor progression. Cell 40 Valent P, Biische G, Theurl |, et al. Normal and pathological
2018;173:634-48. Erythropoiesis in adults: From Gene regulation to targeted treatment

13 Zhao L, He R, Long H, et al. Late-stage tumors induce anemia and concepts. Haematologica 2018;103:1593-603.
immunosuppressive Extramedullary erythroid progenitor cells. Nat 41 Means RT. Pathogenesis of the anemia of chronic disease - a
Med 2018;24:1536-44. cytokine-mediated anemia. Stem Cells 1995;13:32-7.

14 Elahi S, Ertelt JM, Kinder JM, et al. Immunosuppressive Cd71+ 42 Faquin WC, Schneider TJ, Goldberg MA. Effect of inflammatory
erythroid cells compromise neonatal host defence against infection. Cytokines on hypoxia-induced erythropoietin production. Blood
Nature 2013;504:158-62. 1992;79:1987-94.

15 Elahi S, Mashhouri S. Immunological consequences of 43 Madeddu C, Gramignano G, Astara G, et al. Pathogenesis and
Extramedullary Erythropoiesis: Immunoregulatory functions of Cd71+ treatment options of cancer related anemia: Perspective for a
erythroid cells. Haematologica 2020;105:1478-83. targeted mechanism-based approach. Front Physiol 2018;9:1294.

16 Shahbaz S, Xu L, Osman M, et al. Erythroid precursors and 44 Elahi S, Mashhouri S. Immunological consequences of
Progenitors suppress adaptive immunity and get invaded by SARS- Extramedullary Erythropoiesis: Immunoregulatory functions of
Cov-2. Stem Cell Reports 2021;16:1165-81. Cd71(+) erythroid cells. Haematologica 2020;105:1478-83.

17 Delyea C, Bozorgmehr N, Koleva P, et al. Cd71(+) erythroid 45 Henke M, Laszig R, Riibe C, et al. Erythropoietin to treat head
Suppressor cells promote Fetomaternal tolerance through Arginase-2 and neck cancer patients with anaemia undergoing radiotherapy:
and PDL-1. J Immunol 2018;200:4044-58. Randomised, double-blind, placebo-controlled trial. Lancet

18 Alamo IG, Kannan KB, Loftus TJ, et al. Severe trauma and chronic 2003;362:1255-60.
stress activates Extramedullary Erythropoiesis. J Trauma Acute Care 46 Okoye I, Xu L, Motamedi M, et al. Galectin-9 expression defines
Surg 2017;83:144-50. exhausted T cells and impaired cytotoxic NK cells in patients

19 Rojer RA, Mulder NH, Nieweg HO, et al. Analysis of Extramedullary with virus-associated solid tumors. J Immunother Cancer
Erythropoiesis in the spleen by a semiquantitative method using 2020;8:e001849.

Indium-111. Acta Med Scand 1978;203:481-6. 47 Elahi S, Shahbaz S, Houston S. Selective upregulation of

20 Inra CN, Zhou BO, Acar M, et al. A Perisinusoidal niche CTLA-4 on Cd8+ T cells restricted by HLA-B*35Px renders them
for Extramedullary Haematopoiesis in the spleen. Nature to an exhausted phenotype in HIV-1 infection. PLoS Pathog
2015;527:466-71. 2020;16:e1008696.

21 Elahi S. Neglected cells: Immunomodulatory roles of Cd71(+) 48 Bozorgmehr N, Okoye |, Oyegbami O, et al. Expanded antigen-
erythroid cells. Trend Immunol 2019;40:181-5. experienced Cd160(+)Cd8(+)Effector T cells exhibit impaired Effector

22 Airaksinen MS, Titievsky A, Saarma M. GDNF family Neurotrophic functions in chronic lymphocytic leukemia. J Immunother Cancer
factor signaling: Four Masters, one servant. Mol Cell Neurosci 2021;9.
1999;13:313-25. 49 Namdar A, Dunsmore G, Shahbaz S, et al. Cd71(+) erythroid cells

23 Chen J, Qiao Y-D, Li X, et al. Intratumoral Cd45(+)Cd71(+) erythroid exacerbate HIV-1 susceptibility, mediate Trans-infection, and harbor
cells induce immune tolerance and predict tumor recurrence in infective viral particles. MBio 2019;10.
hepatocellular carcinoma. Cancer Letters 2021;499:85-98. 50 Motamedi M, Xu L, Elahi S. Correlation of Transferrin receptor (Cd71)

24 Long H, Jia Q, Wang L, et al. Tumor-induced erythroid precursor- with Ki67 expression on stimulated human and mouse T cells:
differentiated myeloid cells mediate immunosuppression and curtail The Kinetics of expression of T cell activation markers. J Immunol
anti-PD-1/PD-L1 treatment efficacy. Cancer Cell 2022;40:674-93. Methods 2016;437:43-52.

25 Grzywa TM, Nowis D, Golab J. The role of Cd71* erythroid 51 Dunsmore G, Bozorgmehr N, Delyea C, et al. Erythroid Suppressor
cells in the regulation of the immune response. Pharmacol Ther cells compromise neonatal immune response against Bordetella
2021;228:50163-7258(21)00129-7. pertussis. J Immunol 2017;199:2081-95.

26 Kanemasa H, Ishimura M, Eguchi K, et al. The Immunoregulatory 52 Elahi S, Dinges WL, Lejarcegui N, et al. Protective HIV-
function of peripheral blood Cd71(+) erythroid cells in systemic-onset specific Cd8+ T cells evade Treg cell suppression. Nat Med
juvenile idiopathic arthritis. Sci Rep 2021;11:14396. 2011;17:989-95.

27 Mashhouri S, Koleva P, Huynh M, et al. Sex matters: Physiological 53 Seymour L, Bogaerts J, Perrone A, et al. iRECIST: Guidelines for
abundance of Immuno-regulatory Cd71+ erythroid cells impair response criteria for use in trials testing Immunotherapeutics (Vol 18,
immunity in females. Front Immunol 2021;12:705197. PG E143, 2017). Lancet Oncol 2017;18:e143-52.

28 Yang L, Shivakumar P, Kinder JM, et al. Regulation of bile duct 54 Edge SB, Compton CC. The American joint committee on cancer:
epithelial injury by hepatic Cd71+ erythroid cells. JCI Insight 2020. The 7th edition of the AJCC cancer staging manual and the future of

29 Namdar A, Koleva P, Shahbaz S, et al. Cd71+ erythroid Suppressor TNM. Ann Surg Oncol 2010;17:1471-4.
cells impair adaptive immunity against Bordetella pertussis. Sci Rep 55 Dunsmore G, Koleva P, Sutton RT, et al. Mode of delivery by
2017,7:7728. an ulcerative colitis mother in a case of twins: Immunological

30 Saito S, Shahbaz S, Sligl W, et al. Differential impact of SARS-Cov-2 differences in cord blood and Placenta. World J Gastroenterol
isolates, namely, the Wuhan strain, Delta, and Omicron variants on 2018;24:4787-97.

Erythropoiesis. Microbiol Spectr 2022;10:e01730-22. 56 Elahi S. Hematopoietic responses to SARS-Cov-2 infection. Cell Mol

31 Shahbaz S, Bozorgmehr N, Koleva P, et al. Cd71+VISTA+ erythroid Life Sci 2022;79:187.
cells promote the development and function of regulatory T cells 57 Gilreath JA, Rodgers GM. How | treat cancer-associated anemia.
through TGF-beta. PLoS Biol 2018;16:e2006649. Blood 2020;136:801-13.

14 Bozorgmehr N, et al. J Immunother Cancer 2023;11:¢006595. doi:10.1136/jitc-2022-006595


http://dx.doi.org/10.1016/j.biocel.2012.05.003
http://dx.doi.org/10.1016/j.immuni.2016.06.001
http://dx.doi.org/10.1038/nrc3611
http://dx.doi.org/10.1038/nrc3611
http://dx.doi.org/10.1016/j.ccr.2012.02.022
http://dx.doi.org/10.1016/j.ccell.2016.06.021
http://dx.doi.org/10.1038/nature14282
http://dx.doi.org/10.1038/nrc3004
http://dx.doi.org/10.1016/j.ccr.2011.09.009
http://dx.doi.org/10.1016/j.cell.2018.02.061
http://dx.doi.org/10.1038/s41591-018-0205-5
http://dx.doi.org/10.1038/s41591-018-0205-5
http://dx.doi.org/10.1038/nature12675
http://dx.doi.org/10.3324/haematol.2019.243063
http://dx.doi.org/10.1016/j.stemcr.2021.04.001
http://dx.doi.org/10.4049/jimmunol.1800113
http://dx.doi.org/10.1097/TA.0000000000001537
http://dx.doi.org/10.1097/TA.0000000000001537
http://dx.doi.org/10.1111/j.0954-6820.1978.tb14912.x
http://dx.doi.org/10.1038/nature15530
http://dx.doi.org/10.1016/j.it.2019.01.003
http://dx.doi.org/10.1006/mcne.1999.0754
http://dx.doi.org/10.1016/j.canlet.2020.12.003
http://dx.doi.org/10.1016/j.ccell.2022.04.018
http://dx.doi.org/10.1016/j.pharmthera.2021.107927
http://dx.doi.org/10.1038/s41598-021-93831-3
http://dx.doi.org/10.3389/fimmu.2021.705197
http://dx.doi.org/10.1172/jci.insight.135751
http://dx.doi.org/10.1038/s41598-017-07938-7
http://dx.doi.org/10.1128/spectrum.01730-22
http://dx.doi.org/10.1371/journal.pbio.2006649
http://dx.doi.org/10.1016/j.coi.2017.07.004
http://dx.doi.org/10.1038/nature01441
http://dx.doi.org/10.1093/ecco-jcc/jjy147
http://dx.doi.org/10.3389/fimmu.2020.597433
http://dx.doi.org/10.1038/cr.2016.153
http://dx.doi.org/10.3390/ijms18122745
http://dx.doi.org/10.3390/ijms18122745
http://dx.doi.org/10.1158/0008-5472.CAN-12-2606
http://dx.doi.org/10.1016/j.bbcan.2013.04.006
http://dx.doi.org/10.1016/j.bbcan.2013.04.006
http://dx.doi.org/10.3324/haematol.2018.192518
http://dx.doi.org/10.1002/stem.5530130105
http://dx.doi.org/1373333
http://dx.doi.org/10.3389/fphys.2018.01294
http://dx.doi.org/10.3324/haematol.2019.243063
http://dx.doi.org/10.1016/S0140-6736(03)14567-9
http://dx.doi.org/10.1136/jitc-2020-001849
http://dx.doi.org/10.1371/journal.ppat.1008696
http://dx.doi.org/10.1016/j.jim.2016.08.002
http://dx.doi.org/10.1016/j.jim.2016.08.002
http://dx.doi.org/10.4049/jimmunol.1700742
http://dx.doi.org/10.1038/nm.2422
http://dx.doi.org/10.1016/S1470-2045(17)30074-8
http://dx.doi.org/10.1245/s10434-010-0985-4
http://dx.doi.org/10.3748/wjg.v24.i42.4787
http://dx.doi.org/10.1007/s00018-022-04220-6
http://dx.doi.org/10.1007/s00018-022-04220-6
http://dx.doi.org/10.1182/blood.2019004017

58 Shahbaz S, Dunsmore G, Koleva P, et al. Galectin-9 and VISTA 63 Lowell CA, Niwa M, Soriano P, et al. Deficiency of the Hck and
expression define terminally exhausted T cells in HIV-1 infection. SRC tyrosine Kinases results in extreme levels of Extramedullary
J Immunol 2020;204:2474-91. Hematopoiesis. Blood 1996;87:1780-92.
59 Kang J, Perry JK, Pandey V, et al. Artemin is Oncogenic for human 64 BaoY, Liu Z, Guo M, et al. Extramedullary Hematopoiesis secondary
Mammary carcinoma cells. Oncogene 2009;28:2034-45. to malignant solid tumors: A case report and literature review. Cancer
60 Hou Y, Liang HL, Yu X, et al. Radiotherapy and Immunotherapy Manag Res 2018;10:1461-70.
converge on elimination of tumor-promoting erythroid progenitor 65 Kim CH. Homeostatic and pathogenic Extramedullary
cells through adaptive immunity. Sci Transl Med 2021;13:582. Hematopoiesis. J Blood Med 2010;1:13-9.
61 Mascaux C, Angelova M, Vasaturo A, et al. Immune evasion before 66 Kim TS, Hanak M, Trampont PC, et al. Stress-associated
tumour invasion in early lung squamous carcinogenesis. Nature Erythropoiesis initiation is regulated by type 1 conventional Dendritic
2019;571:570-5. cells. J Clin Invest 2015;125:3965-80.
62 Elahi S. New insight into an old concept: Role of immature erythroid 67 Xu C, He J, Wang H, et al. Single-cell Transcriptomic analysis
cells in immune pathogenesis of neonatal infection. Front Immunol identifies an immune-prone population in erythroid precursors during
2014;5:376. human Ontogenesis. Nat Immunol 2022;23:1109-20.

Bozorgmehr N, et al. J Immunother Cancer 2023;11:¢006595. doi:10.1136/jitc-2022-006595 15


http://dx.doi.org/10.4049/jimmunol.1901481
http://dx.doi.org/10.4049/jimmunol.1901481
http://dx.doi.org/10.1038/onc.2009.66
http://dx.doi.org/10.1126/scitranslmed.abb0130
http://dx.doi.org/10.1038/s41586-019-1330-0
http://dx.doi.org/10.3389/fimmu.2014.00376
http://dx.doi.org/8634424
http://dx.doi.org/10.2147/CMAR.S161746
http://dx.doi.org/10.2147/CMAR.S161746
http://dx.doi.org/10.2147/JBM.S7224
http://dx.doi.org/10.1172/JCI81919
http://dx.doi.org/10.1038/s41590-022-01245-8

	CD71﻿+﻿ erythroid cells suppress T-­cell effector functions and predict immunotherapy outcomes in patients with virus-­associated solid tumors
	Abstract
	Introduction﻿﻿
	Material and methods
	Study population
	The peripheral blood processing and cell culture
	Biopsies and TIL isolation
	Animal study
	Flow cytometry
	ELISA assays
	Statistical analysis

	Results
	A higher frequency of CECs in non-responders versus responders
	CD45﻿+﻿CECs are the prominent cells expressing ROS and VISTA
	CECs in a dose-dependent fashion suppress effector functions of CD4﻿+﻿ and CD8﻿+﻿ T cells
	No association between the frequency of CECs with the plasma concentrations of ARTN and TGF-β1 but a direct correlation between the plasma concentrations of ARTN with TGF-β1
	Anemia is associated with a higher frequency of CECs
	Erythropoietin expands CECs in cancer naïve mice and it abrogates the therapeutic effects of anti-PD-L1 therapy

	Discussion
	References


