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ABSTRACT

LM escape immune surveillance, in part, as a result of
the expansion of CD11b+MC, which alter the intrahe-
patic microenvironment to promote tumor tolerance.
HBC make up a significant proportion of liver lympho-
cytes and appear to delay tumor progression; however,
their significance in the setting of LM is poorly defined.
Therefore, we characterized HBC and HBC/CD11b+MC
interactions using a murine model of LM. Tumor-bear-
ing livers showed a trend toward elevated absolute
numbers of CD19+ HBC. A significant increase in the
frequency of IgM'°IgD" mature HBC was observed in
mice with LM compared with normal mice. HBC derived
from tumor-bearing mice demonstrated increased pro-
liferation in response to TLR and BCR stimulation ex
vivo compared with HBC from normal livers. HBC from
tumor-bearing livers exhibited significant down-regula-
tion of CD80 and were impaired in inducing CD4* T cell
proliferation ex vivo. We implicated hepatic CD11b+MC
as mediators of CD80 down-modulation on HBC ex vivo
via a CD11b-dependent mechanism that required cell-
to-cell contact and STAT3 activity. Therefore,
CD11b+MC may compromise the ability of HBC to pro-
mote T cell activation in the setting of LM as a result of
diminished expression of CD80. Cross-talk between
CD11b+MC and HBC may be an important component
of LM-induced immunosuppression. J. Leukoc. Biol. 96:
883-894; 2014.

Abbreviations: 1-MT=1-methyl-L-tryptophan, AP=alkaline phosphatase,
APC=antigen presenting cells, CAR=chimeric antigen receptor, CAR-
T=chimeric antigen receptor-enhanced T cel, CD1Mb+MC=Gr-1+CD11b+
myeloid cell(s), CEA=carcinoembryonic antigen, HBC=hepatic B cell(s),
L-NMMA=N“-monomethyl-L-arginine, monoacetate salt, LM=liver metas-
tases, MC38CEA-luc=MC38 carcinoembryonic antigen Iluciferase,
MDSC=myeloid-derived suppressor cell(s), uMT=B cell-deficient, nor-
NOHA=N-hydroxy-nor-L-arginine, NPC=nonparenchymal cell(s), PD-
L1=programmed cell death 1 ligand, ROS=reactive oxygen species,
Tregs=regulatory T cel, WT=wild-type
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Introduction

A significant proportion of colorectal cancer patients will de-
velop LM over the course of their disease, and modern multi-
modality management will not be curative for the majority of
patients. An important factor contributing to the biologic ag-
gressiveness of LM is the tolerogenic nature of the intrahe-
patic space [1-3]. The liver contains an abundance of cells
capable of suppressing the immune response, including T,
MDSC, and tumor-associated macrophages, all of which ex-
pand in response to inflammatory or neoplastic stimuli [4-7].
The importance and nature of tumor-induced immunosup-
pression have been demonstrated in numerous studies [8-10].

Although HBC represent a large proportion of liver lympho-
cytes and interact with hepatic T cells [11, 12], their role in
the LM environment remains virtually unexplored. Murine
data regarding the role of B cells in cancer is complex, dem-
onstrating that B cells inhibit anti-tumor responses in some
models, while enhancing tumor protection in others [13-19].
In humans, tumor-infiltrating B cells have been studied most
extensively in breast carcinoma, where B cells have been
linked to favorable survival [20, 21]. To date, we have a lim-
ited understanding of how HBC may impact the biology of
liver tumors. The function of intrahepatic immune cells com-
pared with their counterparts in other sites is often distinct [3,
11, 12, 22]. Therefore, an investigation of how HBC function
is affected by liver tumors is warranted.

As immunotherapy for solid tumors becomes increasingly
integrated into clinical practice, we must enhance our under-
standing of the immunologic context within which liver tu-
mors develop and progress. Whether HBC promote T cell sup-
pression or activation in the context of LM is unknown. We
speculated that HBC immune function is impaired by the
abundance of suppressive immune cells in the liver, of which
CD11b+MC comprise a major fraction in the setting of ab-
dominal malignancy [23]. Therefore, we focused on how
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CD11b+MC may modulate HBC phenotype and function. In
addition to the well-known role of MDSC as negative regula-
tors of T cell function [24, 25], a recent study demonstrated
that MDSC can inhibit B cell mitogenic responses in the set-
ting of a retroviral infection [26]. We hypothesized that liver
CD11b+MC suppress HBC function and the ability of HBC to
stimulate T cells in the setting of LM.

In this report, we describe HBC phenotypic and functional
changes induced by LM. HBC from tumor-bearing livers
showed a more mature phenotype and high proliferative ca-
pacity but exhibited CD80 down-regulation that was reversible
upon removal from the tumor environment. CD11b+MC were
responsible for CD80 down-regulation on HBC and resulted in
impaired T cell stimulation by HBC. CD80 loss on HBC was
dependent on CD11b+MC CD11b expression and STAT3 ac-
tivity. The results described herein further our understanding
of the role of HBC in LM. Rescue of HBC immune function
through prevention of CD80 down-regulation may be a ratio-
nal therapeutic objective.

MATERIALS AND METHODS

Mice and tumor cell injections

C57BL/6, BALB/c, and pMT B6.129S2-Ighm /] male, 6- to 8-week-old mice
were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Ani-
mals were maintained at the Roger Williams Medical Center animal facility
under specific pathogen-free conditions. To generate LM, mice were anes-
thetized and injected via spleen with 2.5 X 10° MC38CEA cells. Two min-
utes after injection, spleens were removed to confine metastases to the
liver. “Normal” control animals were splenectomized without tumor injec-
tion. All surgical procedures and animal handling were carried out accord-
ing to Institutional Animal Care and Use Committee guidelines at Roger
Williams Medical Center.

Generation of luciferase-positive MC38CEA-luc
cell line

MC38CEA murine colorectal carcinoma cells, a generous gift of Dr. Jeffrey
Schlom at the U.S. National Institutes of Health, were grown in DMEM
(Cellgro, Mediatech, Manassas, VA, USA), supplemented with 10% FBS
(Sigma Life Science, St. Louis, MO, USA) and penicillin/streptomycin
(Cellgro, Mediatech). MC38CEA cells were transduced with a lentivirus lu-
ciferase construct (pLenti-UbC-Luc2; Applied Biological Materials, Rich-
mond, BC, Canada). Briefly, diluted viral stock (1X 10° CFU/mL) was
added to subconfluent MC38CEA cells in the presence of polybrene. Trans-
duced cells were selected by puromycin (0.3 pg/mL; Sigma-Aldrich, St.
Louis, MO, USA) resistance. To isolate pure cell lines derived from single-
cell clones, two rounds of cloning by limiting dilution were performed.
Clones were screened for luciferase activity using the IVIS 100 bioimaging
system (Xenogen/PerkinElmer Life Sciences, Waltham, MA, USA). The
clones were tested further in vivo to confirm the activity in live animals.

In vivo bioimaging of tumors

Abdominal walls of mice with LM were shaved to remove fur that absorbs
light and reduces the sensitivity of the assay. Each anesthetized animal was
injected i.p. with 200 ul potassium luciferin (15 mg/mL; Gold Biotechnol-
ogy, St. Louis, MO, USA). The following settings were used to detect lu-
ciferase activity of the tumor cells in vivo, 15 min after injection: field of
view = D, fstop = 1, exposure = 0.5 s. Visual data were analyzed further
using PerkinElmer Living Image software and luminescence quantified in
total photon counts.
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ELISAs

Serum and supernatant levels of anti-CEA IgG were determined using an
in-house ELISA. Costar 96-well ELISA plates were coated overnight with
250 ng/well rCEA (Fitzgerald Industries International, Acton, MA, USA).
The solution was removed after the incubation and plates were blocked
with 1% BSA in PBS for 1 h at room temperature. Serum was diluted in
0.05% Tween-20, 1% BSA in PBS from 1:20 to 1:160, and added to plates
for 2 h at room temperature. The plates were washed with 0.05% Tween-
20, 1% BSA in PBS, and AP-conjugated secondary antibody, diluted 1:1500,
was added (goat anti-mouse IgG-AP; Southern Biotechnology, Birmingham,
AL, USA). Plates were washed after 2 h and AP Yellow (p-nitrophenyl phos-
phate) substrate (Sigma-Aldrich) added. Fifty uL. 2N H,SO, was added af-
ter 4 h to stop the reaction. Plates were read at 405 nm using BioTek Eon
microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA).

Liver leukocyte isolation and purification

Liver NPC were isolated from tumor-bearing mice, as described previously
with modifications [3]. Red blood cell lysis was performed using 2 mL Am-
monium-chloride-potassium lysing buffer (Gibco, Life Technologies, Grand
Island, NY, USA) for 5 min at room temperature. Total hepatic leukocytes
were Fc blocked using anti-FcyRII/III mAb 2.4G2 (AbD Secotec, Raleigh,
NC, USA). Immunomagnetic beads against CD45, CD19, Thy 1.2, and
CD11b were used to purify total hepatic leukocytes, B cells, T cells, and
CD11b+MC, respectively (Miltenyi Biotec, Auburn, CA, USA). Typical pu-
rity of beaded B cells and T cells was 90-95%. Following 10—14 days of LM
growth, the CD11b+ fraction is predominantly a CD11b+MC based on
phenotype (>80% CD11b+Gr-1+) and potent in vitro T cell-suppressive
function (data not shown).

Flow cytometry

Antibodies specific for the following surface markers were used: B220
(RA3-6B2), CD19 (1D3), IgM (I1/41), IgD (11-26c.2a), CD80 (16-10A1),
CD86 (GL1), CD45 (30-F11), I-A (AF6-120.1), Gr-1 (RB6-8C5), and CD11b
(M1/17; BD Biosciences, San Jose, CA, USA) and PD-L1 (10F.9G2; BioLeg-
end, San Diego, CA, USA). A CyAn ADP flow cytometer (Beckman Coulter,
Indianapolis, IN, USA) was used to collect cells for analysis. Unstained cells
and single-stained controls were used to determine laser voltages and calcu-
late compensations. Postacquisition analysis was carried out using FlowJo
software (Tree Star, Ashland, OR, USA).

Adoptive transfers

Splenic B cells from C57BL/6 mice were isolated using anti-CD19 immuno-
magnetic beads and were loaded with 5uM CellTrace CFSE (Invitrogen,
Eugene, OR, USA), according to the manufacturer’s instructions. CFSE-
labeled B cells (2.5X10° cells/mouse) were injected via portal vein into
normal or tumor-bearing livers of C57BL/6 mice. After 48 h, the livers
were harvested, and the CD45+ fraction was analyzed by flow cytometry to
evaluate CD80 expression on CFSE+B220+ cells.

B cell proliferation assay

HBC were loaded with 5 uM CFSE, and were stimulated ex vivo with LPS
(10 pg/mL; L5293; Sigma-Aldrich), CpG 1826 (25 ug/mL; InvivoGen, San
Diego, CA, USA), or AffiniPure F(ab’), fragment goat anti-mouse IgM (15
wng/mL; Jackson ImmunoResearch, West Grove, PA, USA) and anti-mouse
CD40 (10 ug/mL; Miltenyi Biotec). After 4 days of culture, the cells were
harvested and proliferation assessed by CFSE dilution.

B cell coculture assays

B and T cells or B cells and CD11b+MC were cocultured at a 1:2 ratio in
round- bottom, 96-well tissue-culture plates. For Transwell experiments, 24-
well cell-culture inserts with 1.0 wm pore size membranes (BD Biosciences)
were used. B Cell surface-marker expression was tested at 24 and 48 h of
culture. To block CD11b on CD11b+MC, 5 ug/well LEAF-purified anti-
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mouse/human CD11b antibody (clone M1/70; BioLegend) was used. The
following drugs were used to inhibit the immunosuppressive products of
CD11b+MC: L-NMMA (300 uM; Calbiochem, San Diego, CA, USA), anti-
PD-L1 antibody (29F1.A12; 3 ug/mL; BioLegend), 1-MT (0.5 mM; Sigma-
Aldrich), nor-NOHA (2 uM; Calbiochem), JSI-124 (1.5 uM; Sigma-
Aldrich), and Stattic (100 uM; Sigma-Aldrich).

Allogeneic T cell proliferation assay

BALB/c Thy 1.2+ splenocytes were loaded with 0.5uM CFSE. HBC were
purified from C57BL/6 mice, as described above. BD Fixation Buffer (BD
Biosciences) containing paraformaldehyde was used to fix HBC, which
were incubated for 30 min at 4°C in fixative and washed four times. B and
T cells were mixed at 1:2, 1:1, and 2:1 ratios and cultured for 4 days on
round-bottom 96-well plates. The cells were washed and immunostained
with anti-CD4 antibody conjugated to Pacific Blue to measure CD4" T cell
CFSE dilution. CD80/86 mAb [LEAF-purified anti-mouse CD86 (GL-1) and
CD80 (16-10A1); BioLegend] at 50 wg/mL were used to block allogeneic T
cell costimulation by HBC.

CAR-T generation and cytotoxicity assay

C57BL/6] splenocytes were activated in anti-CD3-coated (10 pg/mL;
eBioscience, San Diego, CA, USA), 750-mL flasks (BD Falcon; BD Biosci-
ences) with 20 pg/mL anti-CD28 (eBioscience) and 100 ug/mL murine
rIL-2 (R&D Systems, Minneapolis, MN, USA) in RPMI with L-glutamine
(Corning: Cellgro), supplemented with 10% FBS (Sigma-Aldrich) and
antibiotic/antimycotic (Corning: Cellgro). Retroviral supernatant, con-
taining tandem molecules of hMN14 sFv-CD8a fused to a hybrid CD28/
CD3¢ CAR, was used to transduce activated splenocytes, as described
previously [27], to create second-generation anti-CEA CAR-T. Anti-CEA
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CAR-Ts were maintained in RPMI, supplemented, as above, with 100
pg/mL IL-2. MC38CEA-luc cells were irradiated (500 rad) before cul-
ture. CD11b+MC (CD11b+Gr-1+) were isolated by FACS. CAR-Ts,
MC38CEA-luc, and CD11b+MC were cocultured at a 1:2:1 ratio for 4 h
in optical 96-well plates. At the end of incubation, the plate was washed
and 150 pg/mL luciferin added for 15 min at 37°C. Luminescence was
measured using the IVIS 100 bioimaging system (Xenogen/PerkinElmer
Life Sciences).

Statistical analysis

Data were analyzed and graphed using Microsoft Excel (Microsoft, Red-
mond, WA, USA) and Prism V5 (GraphPad Software, La Jolla, CA, USA)
software. Student’s ttest was calculated using Microsoft Excel software. P <
0.05 was considered statistically significant.

RESULTS

B cells delay but do not prevent progression of LM
To gain insight into the potential impact of HBC on LM pro-
gression, we compared tumor growth in WT and uMT mice.
Tumor growth was enhanced in uMT compared with WT
mice, which was most apparent at Days 4 and 8 following tu-
mor injections (Fig. 1A and B). Sera of tumor-bearing mice
were tested at 2 weeks following tumor administration for the
presence of anti-CEA IgG to determine whether antibody re-
sponses against the tumor were generated. The majority of
mice with tumors had detectable titers of anti-CEA IgG (Fig.
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Figure 1. Tumor growth is accelerated in pMT mice. WT (n=5) and uMT (n=8) mice
were injected via portal circulation with luciferase-positive MC38CEA cells and were im-
aged every 2 days after i.p. injection with luciferin. The images show one representative
animal from each group and were taken with uniform settings and normalized to the
same scale for comparison (A). The average luminescence for the two groups was deter-
mined using Living Image software (B). Error bars are * sem of the group. P values are
based on Student’s ttest. Serum from normal (rn=4) and tumor-bearing (n=7) mice was
diluted and tested by ELISA for anti-CEA IgG (C). Antibody levels were determined by
measuring optical density at 405 nm. Lines represent individual animals.
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1C), confirming that tumor-specific antibodies are produced
in mice with LM. However, the humoral response was not suf-
ficiently protective against LM progression, as all mice with
intact HBC ultimately died with large tumor burdens.

LM promote B cell maturation and increase B cell-
proliferative capacity

Before assessing HBC immunologic function, we wished to
determine whether LM induced HBC dysfunction at a broad
level. The effect of LM on HBC phenotype was assessed in
C57BL/6 mice injected with MC38CEA cells. Flow cytomet-
ric analysis revealed that in normal livers, B cells coex-
pressed CD19 and B220 (Fig. 2A) and comprised a signifi-
cant proportion of CD45+ hepatic lymphocytes (54+3%)
based on CD19 expression (Fig. 2B and C, left). Similar fre-
quencies of HBC were obtained using B220 (CD45R) as a B
cell marker (data not shown). The overall frequency of B
cells in tumor-bearing livers was reduced twofold (P=0.005)
compared with normal livers (Fig. 2C, left). However, the
difference in the absolute number of B cells/liver was not
statistically significant (Fig. 2C, right; P=0.1). Marked ex-
pansion of other intrahepatic cellular compartments, in-
cluding Gr-1+CD11b+ cells (4.30.5% in normal liver vs.
17.6%=1.1% in tumor-bearing liver; P=0.0005), occurred in
response to LM (data not shown), which reduced the HBC
frequency.

The impact of LM on B cell maturation was determined by
measuring IgM and IgD expression on CD19+ cells. LM
skewed HBC toward the mature phenotype, characterized by
low IgM and high IgD expression (1.9-fold increase; P=0.04;
Fig. 2D). HBC maturation required more than 1 week of LM
growth (Fig. 2E).

The proliferative potential of HBC from normal and tumor-
bearing livers was examined to evaluate the impact of LM on
HBC function. B Cells from normal and tumor-bearing livers
were loaded with CFSE and activated using several mitogenic
stimuli. B cells from normal livers were generally refractory to
TLR and BCR stimulation (Fig. 2F and G). In contrast, B cells
from tumor-bearing livers divided vigorously in response to
LPS, stimulatory CpG, and anti-IgM/anti-CD40 antibody cock-
tail, suggesting that LM do not induce global HBC dysfunction
(Fig. 2F and G).

HBC from tumor-bearing livers show potent
induction of T cell proliferation ex vivo despite
CD80/CD86 down-regulation

Our examination of HBC immune function began with an
assessment of costimulatory molecule expression. We ob-
served a substantial down-regulation of the costimulatory
CD80 and CD86 molecules (fivefold change, P=0.0005 for
CD80; twofold change, P=0.04 for CD86) among HBC har-
vested from tumor-bearing animals compared with normal
HBC (Fig. 3A and B). CD40 expression was high on HBC
and was not affected by LM (data not shown). Further ex-
periments focused on CD80, as CD86 expression is relatively
low on HBC (11.7+2%).
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As the expanded HBC population was largely mature
(65%) in phenotype (Fig. 2D), we examined CD80 expres-
sion on HBC subsets. CD80 expression was reduced signifi-
cantly on mature (IgM'°IgD™) HBC in tumor-bearing livers
compared with normal livers (Fig. 3C; P=0.01), whereas im-
mature (IgM"'1gD'*) HBC expressed low CD80 and were
not affected by LM. To confirm LM-induced HBC CD80 loss
in vivo, CFSE-labeled splenic B cells were adoptively trans-
ferred into normal and tumor-bearing livers via portal vein
injection and analyzed 48 h post-transfer. Normal and tu-
mor-bearing livers contained similar absolute numbers of
CFSE+B220+ adoptively transferred cells. However, a 2.3-
fold down-regulation of CD80 expression (P=0.04) was seen
in adoptively transferred splenic B cells in tumor-bearing
livers compared with normal livers (Fig. 3D).

CD80/86 costimulation is well established as a necessary
component of T cell activation by APCs, including B cells [28,
29]. Based on CD80/86 down-regulation, seen on B cells from
tumor-bearing livers, we hypothesized that LM would render
HBC poor stimulators of T cell proliferation. Indeed, the
blocking of CD80/86 with mAb abolished allogeneic T cell
proliferation when CFSE-loaded T cells from BALB/c were
cocultured with HBC from C57BL/6 mice with established LM
(Fig. 4A). It was, therefore, surprising that B cells from tumor-
bearing livers were not impaired in their ability to induce pro-
liferation of CD4" allogeneic T cells ex vivo (Fig. 4B). T cell
proliferation rates were similar at 1:2, 1:1, and 2:1 B:T cell ra-
tios using B cells from normal and tumor-bearing livers (Fig.
4C). As such, we sought to determine whether the LM-induced
CD80 down-regulation was reversed ex vivo.

Fixed HBC from tumor-bearing livers are less-
effective stimulators of allogeneic T cell proliferation
than normal HBC

We hypothesized that CD80 down-regulation on HBC is revers-
ible and dependent on interaction with other cells within the
tumor microenvironment. HBC were cultured alone or with
CD19— NPC from tumor-bearing livers. When cultured alone,
HBC CD80 expression recovered spontaneously in culture
(8.4-fold increase; Fig. 4D, upper). Interestingly, coculture of
B cells from tumor-bearing livers with the CD19— fraction
from the same liver significantly diminished HBC CD80 recov-
ery (Fig. 4D, lower), suggesting that the non-B cell fraction
contained cells that prevented CD80 re-expression. B Cells de-
rived from normal livers had significant levels of CD80 on Day
0 and remained high, with culture ex vivo inducing little
change in CD80 expression (data not shown).

To investigate the function of B cells from tumor-bearing
livers in their native state, HBC were fixed using paraformalde-
hyde before coculture with allogeneic T cells to prevent CD80
re-expression. B Cells from healthy livers were treated in the
same fashion to demonstrate the ability of normal fixed B cells
to induce T cell proliferation. Normal live and fixed B cells
induced similar rates of T cell proliferation, which were not
statistically different from those induced by the live B cells
from tumor-bearing livers (Fig. 4E). In contrast, fixed B cells
from tumor-bearing livers were impaired in inducing T cell
proliferation compared with fixed B cells from healthy livers
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ng/mL/10 ug/mL) for 4 days before proliferation was measured by flow cytometry (F and G). Representative average results of an experiment
with three animals/group (Sham and tumor) are shown. Bar charts are averages of at least two experiments with three animals/group. Error bars
are SEM, and P values based on Student’s Ktest.
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or live B cells from tumor-bearing livers (0.4-fold decrease, CD11b+ myeloid cells mediate CD80 down-regulation
P=0.018; 0.6-fold decrease, P=0.02, respectively; Fig. 4B). The on HBC ex vivo
impairment of T cell activation by HBC from tumor-bearing

livers was confirmed in an antigen-specific assay. HBC from We next sought to define which component of the CD19— cell
tumor-bearing livers loaded with ovalbumin 329-337 induced population was responsible for suppressing CD80 expression
significantly less OT-II splenic T cell proliferation compared on HBC. To exclude a tumor-derived soluble factor, we ex-
with HBC from normal livers (data not shown). posed HBC to medium from MC38CEA cell cultures and did
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not detect a down-regulation of CD80 (data not shown). The
ability of CD19— cells from tumor-bearing livers to inhibit ex-
pression of CD80 by HBC (Fig. 4D, bottom) prompted us to
investigate whether CD11b+MC that expand in tumor-bearing
livers were responsible for this phenomenon. The demonstra-
tion of immunosuppressive phenotype and function height-
ened our interest in CD11B+ MC. The frequency of
CD11b+MC increased from 4 * 0.5% in normal livers to 18 *
1% in tumor-bearing livers (P=0.0005; Supplemental Fig. 1A).
CD11b+ cells (82£2% Gr-1+CD11b+; Supplemental Fig. 1B)
were isolated from tumor-bearing livers, 2 weeks after
MC38CEA cell injection to allow sufficient CD11b+MC expan-
sion. CD11b+MC expressed significant levels of PD-L1
(65+7%; Supplemental Fig. 1C), and suppressed anti-CEA
CAR-T killing of MC38CEA-luc cells (Fig. 5A). Having con-
firmed the suppressive nature of CD11b+ MC, we cocultured
these cells with HBC from tumor-bearing livers, and CD80 ex-
pression was determined. Whereas CD80 expression was recov-
ered on HBC cultured alone, the re-expression was inhibited
in the presence of CD11b+MC (P=0.03 at 24 h, and P=0.03
at 48 h; Fig. 5B). In contrast, coculture with T cells (Thyl.2+
cells), which included T had no significant effect on CD80
re-expression.

The effect of CD11b+MC on HBC derived from normal liv-
ers was also investigated. HBC from normal livers were cocul-
tured with CD11b+MC from tumor-bearing livers, and CD80
levels were measured at 24 and 48 h. CD80 expression levels
were reduced on HBC derived from normal livers and cul-
tured in the presence of CD11b+MC from tumor-bearing liv-
ers (P=0.02 at 24 h, and P=0.01 at 48 h; Fig. 5C). On the
other hand, T cells had no effect on CD80 expression.
CD11b+MC had no effect of HBC IgG production in vitro
(data not shown).

regs’

CD11b+MC mediate CD80 down-regulation of HBC
via direct contact and STAT3

CD11b+MC exert their immunosuppressive effects through a
variety of secreted molecules, as well as membrane-bound pro-
teins dependent on direct cellular contact. HBC, cultured with
CD11b+MC, down-regulated CD80, whereas CD11b+MC, pre-
vented from contacting HBC by Transwell inserts, did not af-
fect HBC CD80 levels (P=0.003; Fig. 5D and E). CD11b+MC/
HBC physical interactions may be mediated by adhesion mole-
cules that bring the two cell types into close proximity. CD11b
is an integrin highly expressed by CD11b+MC and may bind
to ICAM-1 on B cells [30]. CD11b blockade with a mAb in
CD11b+MC/HBC coculture assays partially restored CD80 ex-
pression on HBC compared with HBC/CD11b+MC without
the antibody (twofold increase, P=0.006; Fig. 5F).

We also studied several compounds known to block immu-
nosuppressive factors produced by MDSC. Inhibitors of reac-
tive nitrogen and ROS, arginase, IDO, and PD-L1 were used to
identify which CD11b+MC factors might mediate CD80 down-
regulation on HBC. JSI-124, a plant-derived STAT3/ROS in-
hibitor, completely restored CD80 expression (Fig. 6A), sug-
gesting that STAT3 signaling in CD11b+MC plays a role in
CD80 down-regulation on HBC. JSI-124 had no effect on
CD80 expression on HBC cultured alone (data not shown). In
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addition to inhibiting STAT3 phosphorylation, JSI-124 pos-
sesses a number of other biological activities, including cyto-
kine transcription activation, ROS inhibition, and MDSC matu-
ration induction [31-33]. To interrogate more precisely the
STAT3 pathway in CD11b+MC, a highly selective STAT3 in-
hibitor, Stattic, was used in HBC/CD11b+MC cocultures.
CD11b+MC pretreated for 1 h at 37°C with 100 uM Stattic
were unable to affect CD80 down-regulation on HBC (Fig.
6B). In contrast, similarly pretreated HBC were fully suscepti-
ble to CD80 down-regulation mediated by CD11b+MC.

DISCUSSION

The role of HBC in the progression of LM is poorly character-
ized despite a substantial presence of B cells in the liver.
Despite LM promoting HBC maturation and increased HBC-
proliferative potential, liver CD11b+MC induced loss of HBC
costimulatory molecule expression leading to impaired T cell-
stimulatory capacity ex vivo. The potent effects of liver
CD11b+MC on HBC immune function were demonstrated by
the similar levels of CD80 loss among normal HBC in vitro

and splenic B cells in vivo, in addition to HBC from tumor-
bearing mice. HBC loss of CD80 was dependent, in part, on
CD11b+MC STATS3 activity and CD11b expression and was
reversible upon removal from the suppressive intrahepatic mi-
lieu. Our data support the hypothesis that HBC immune dys-
function induced by the tumor microenvironment may limit
the ability of HBC to activate T cells in vivo.

B Cells appear to promote tumor progression in some mod-
els [13, 14, 34, 35], but play a protective role in others [16, 17,
36]. We observed increased tumor growth in animals that
lacked tumor-specific, IgG-producing B cells (Fig. 1A and B),
which suggested that HBC may have a protective role in early
LM progression. IL-10 expression was undetectable in freshly
isolated HBC or in cultured HBC stimulated with LPS (data
not shown). The absence of IL-10 production by HBC, shown
by us as well as others [37], suggests that HBC in this model
may not be regulatory B cells, as classically described [38]. De-
spite a reduced tumor burden in WT animals compared with
uMT mice, all animals in both groups eventually succumbed
to progressive LM. This suggested that although HBC may af-
ford a modest degree of protection against tumor progression,
the anti-tumor activity of HBC is far from sufficient to protect
the host. These findings prompted us to investigate how LM
impaired the ability of HBC to mediate effective anti-tumor
immunity.

In seeking mechanisms through which the tumor microenvi-
ronment may limit HBC immune function, we found that
HBC CD80 levels are markedly diminished in response to LM.
The importance of CD80 expression on APCs (including B
cells) in stimulating T cell activation is well established [28, 29,
39, 40]. Our finding that HBC loss of CD80 led to impaired T
cell activation is consistent with prior reports [41-43]. Down-
regulation of CD80 (and CD86) suggested that B cells in tu-
mor-bearing livers may be compromised in their ability to
function as APCs. Importantly, HBC spontaneously recovered
CD80 expression in culture. The reversible nature of HBC dys-
function warrants further inquiry as to whether CD80 re-ex-

www jleukbio.org



Thomn et al. Gr-1+CD11b+ myeloid cells down-regulate CD80 on HBC in tumor-bearing livers
o 500,000 _ p=0.03 p=0.03  gTumor-derived HBC
g p=0.03 -
8 f ! BHBC + CD11b+MC
400,000 mHBC + Tcells
< 50 - -
: 1
i_‘;:wo,ooo =
g i
3 200,000 3
S @ 30
&
100,000 b4
i\ 8 20 -
B 0 10
— '&__‘ |
K ~
o R
® °
'«x 24 48
& Hours of culture
p=0.01 oNomal HBC
p=0.02
BHBC + CD11b+MC
e mHBC + Tcells
60 | - HBC HBC + CD11b+MC  HBC + CD11b+MC(transwell)
& 50 | 49.4% 9.41% 43.1%
]
S 40 | Q
@ @
& %
©
a
O 20
0 : .
24 48
Hours of culture
p=0.01 p=0.003
60 - oo p=0.002
9
50 - T = | |
- - g 75 e
€ 4. § p=0.006
» g
3 30 =
o 3
m 20 o "
+ I é 25
S 10 2
-] Q
o o
o 0 : . 0
(< o D & & 2
R4 N K ¥ e &
N & & &
o & o &
xo ¢ ® N
O S >
Q o =
RS N o
S &
N
ox
R4

Figure 5. CD80 expression on HBC is inhibited by CD11b+MC. CD11b+MC, anti-CEA CAR-T and irradiated MC38CEA-luc cells were cocultured
for 4 h. Cytotoxicity was measured by determining the loss of luminescence among viable MC38CEA-luc cells when 150 ug/mL luciferin was
added to wells (A). HBC from normal (B) and tumor-bearing (C) livers were cocultured with CD11b+MC and T cells derived from tumor-bearing
livers. CD80 levels were determined using flow cytometry before culture and at 24 and 48 h of culture. Graph bars are averages of three animals/
group and are representative of three experiments. To determine the requirement for cell contact between HBC and CD11b+MC for CD80 down-
regulation, HBC were cultured alone, with CD11b+MC derived from tumor-bearing livers or with CD11b+MC contained in Transwells (D and E).
CD11b-mediated cell adhesion was blocked with 5 ug/well anti-CD11b mAb for 48 h in CD11b+MC/HBC coculture (F). Error bars are sem, and P
values are based on Student’s ¢test.
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Figure 6. CD11b+MC mediate CD80 down-regulation on HBC in a STAT3-dependent manner. HBC and CD11b+MC were cultured in the pres-
ence of several modulators of CD11b+MC-suppressive function [JSI-124, I-NMMA, nor-NOHA, anti-PD-L1 (aPD-L1), and 1-MT]. HBC CD80 ex-
pression levels were determined after 48 h of culture (A). The results are representative of at least two experiments, with bar charts showing the
averages of three separate animals. CD11b+MC or HBC were pretreated with Stattic for 1 h at 37°C before being cocultured for 48 h (B). CD80

expression on HBC was determined and compared between groups.

pression can be induced pharmacologically through preven-
tion of specific suppressive mechanisms exploited by
CD11b+MC.

The important role of CD11b+MC in mediating HBC im-
mune dysfunction in our model is consistent with the broad
array of immunosuppressive functions attributed to cells with
this phenotype, including MDSC [5, 6, 44, 45]. The demon-
stration of in vivo CD80 loss among adoptively transferred
splenic B cells, in addition to HBC isolated from normal and
tumor-bearing hosts, further substantiated our novel finding
that CD11b+MC potently inhibit B cell CD80. As such, liver
CD11b+MC are able to inhibit the expression of costimulatory
molecules on B cells that have not been exposed previously to
the suppressive intrahepatic space or tumor microenviron-
ment. The immunosuppressive effect of CD11b+MC, resulting
in CD80 down-regulation, conforms well with the overall im-
pact of MDSC on immune cells [46, 47]. Our data offer a
novel mechanism through which CD11b+MC may impair anti-
gen presentation in the setting of cancer [48-50].

By delving into the mechanisms of CD11b+MC suppression
of HBC CD80 expression, we identified potential targets for
reversing this effect. We established the importance of direct
contact between HBC and CD11b+MC and implicated CD11b
and STAT3 as mediators of HBC CD80 loss. We speculate that
CD11b on CD11b+MC interacts with ICAM-1 (CD54) ex-
pressed by B cells [30, 51, 52]. Interestingly, CD11b blockade
has been shown to reverse MDSC-mediated suppression of T
cells [25], although it is not clear whether CD11b+MC use
similar mechanisms for T and B cell suppression. As anti-
CD11b treatment did not fully restore CD80 expression on
HBC, it is likely that STAT3 activity cooperates in mediating
HBC CD80 suppression. The ability of JSI-124 to reverse
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MDSC-mediated immunosuppression has been demonstrated
in T cells, and we, therefore, suspected STAT3 may play a role
in HBC CD80 loss [25]. We have also found that JSI-124 treat-
ment leads to CD11b down-regulation on CD11b+MC (unpub-
lished observation), which would abrogate some of the
CD11b+MC/HBC interactions. JSI-124 appeared to have no
direct effect on CD80 expression on HBC alone. JSI-124 has
shown anti-tumor activity against cancer cells in vitro and was
effective in suppressing tumor progression in mice [31, 32]. As
JSI-124 has diverse biological effects, we specifically blocked
STAT3 phosphorylation in CD11b+MC using Stattic to con-
firm that CD80 down-regulation on HBC relied on STAT3 sig-
naling in CD11b+MC. Further inquiry is needed to define the
precise roles of STAT3 signaling in promoting HBC CD80
down-regulation. It also remains to be demonstrated whether
CD80 down-regulation can be reversed in vivo through STAT3
inhibition in our model.

An important limitation of our study is that in our examina-
tion of in vivo tumor progression, we were unable to use mice
that were specifically deficient in HBC but had normal num-
bers of B cells in other organs. Although B cells can be de-
pleted using antibodies, such as anti-IgM, this treatment results
in a global B cell loss [14, 53]. Thus, we were unable to distin-
guish the specific effect of HBC on tumor progression from
the overall impact of all B cells. It is possible that peripheral B
cells that are present in blood and secondary lymphoid organs
have anti-tumor properties, and this is the reason why uMT
animals show accelerated tumor progression compared with
WT mice. Moreover, other B cell surface molecules may be
affected by the LM microenvironment. In addition to CD80
down-regulation, MHCII expression was reduced on HBC in
the setting of LM, which may further curtail the ability of HBC
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to stimulate T cell activation in an antigen-specific manner
(unpublished observation). We are currently investigating the
mechanisms underlying MHCII down-regulation on HBC in
our model. Finally, we did not explore the effects of LM pro-
gression on CD80 expression by other APC subsets, which may
impact intrahepatic anti-tumor immunity.

The data described in this report may have direct relevance
to understanding the role of HBC in the progression of LM.
Impaired HBC CD80 expression through cross-talk with
CD11b+MC may impair the immune response to LM. The
reversible nature of HBC CD80 loss and identification of the
roles of CD11b and STAT3 suggest therapeutic opportunities.
It remains to be explored whether blocking CD11b+MC inter-
actions with HBC or CD11b+MC signaling pathways to restore
HBC CD80 expression will confer a clinical benefit in the set-
ting of LM.
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