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Abstract

Unlike organized lymphoid tissue, the tumor microenvironment (TME) often includes a high 

proportion of immunosuppressive macrophages. We model the TME by culturing peritoneal cavity 

(PerC) cells that naturally have a high macrophage to lymphocyte ratio. Prior studies revealed that, 

following TCR ligation, PerC T cell proliferation is suppressed due to IFNγ-triggered inducible 

nitric oxide synthase expression. In this study we assessed the ability of PerC B cells to respond to 

surrogate activating signals in the presence of high numbers of macrophages. Surface IgM (BCR) 

ligation led to cyclooxygenase-mediated, and TLR-4 ligation to IL10-mediated, suppression of 

PerC B cell proliferation. In contrast, PerC B cells had a robust response to CD40 ligation, which 

could overcome the suppression generated by the BCR or TLR-4 response. However, the CD40 

response was suppressed by concurrent TCR ligation. These results reveal the challenges of 

promoting B and T cell responses in macrophage-rich conditions that model the TME.
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1. Introduction

Lymphoid organs harbor white blood cell subsets apportioned in a manner, e.g., follicles, 
marginal zone, etc., that facilitates surveillance of lymphatic fluid, blood, and mucosal 

surfaces. A general feature of all such tissues is a high lymphoid (B and T lymphocytes) to 

myeloid, (macrophages, dendritic cells) ratio that is essential for initiating immunity. In 

contrast, the leucocyte distribution found in many forms of neoplasia, e.g., carcinomas of the 

breast, colon, or ovaries, is distinctive for having an increased representation of 

immunosuppressive myeloid cells [1–3]. Immunity within such tumor microenvironments 

(TMEs) is often constrained and altered myeloid/lymphoid ratios have been found 

prognostic of further cancer development [2,4].

Corresponding Author at: Department of Biology, Rider University, 2083 Lawrenceville Road, Lawrenceville, NJ 08648-3099, 
riggs@rider.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Cell Immunol. Author manuscript; available in PMC 2018 April 01.

Published in final edited form as:
Cell Immunol. 2017 April ; 314: 54–62. doi:10.1016/j.cellimm.2017.02.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Considerable effort has been invested in defining how the cellular and molecular 

composition of the TME tempers T cell function. This work has revealed a role for 

regulatory receptor-ligand pairs (PD1/PDL1, CTLA-4/B7, etc), cytokines (TGF-β, IL-1, 

IL-6, IL-10, IL-17, etc), enzymes (iNOS, ARG, IDO, COX, etc.), and subsets of T (Tregs, 

TH17) and myeloid cells (TAMs, MDSCs, etc) in the suppression of anti-tumor T cell 

function [5–9]. These efforts have informed novel clinical approaches and fostered an 

exciting era of T cell-focused immunotherapies [5,8]. Myeloid cells, essential for many of 

the immunosuppressive elements found within the TME, are key targets in current 

immunotherapeutic drug discovery [8]. Focus upon T cells and regulatory APCs is logical as 

their interaction is central to the initiation of adaptive anti-tumor immunity. In contrast, B 

lymphocytes within TMEs, functioning as humoral or APC effectors, or as regulators of cell-

mediated immunity, have been less studied [10].

Pliable, in vitro models that mimic the TME are essential to dissect the complex cellular and 

molecular interactions that lead to compromised anti-tumor immunity. We have shown that 

peritoneal cavity (PerC) T cell proliferation is suppressed by the increased representation of 

macrophages present in this cell source [11]. T cell proliferation is regulated via catabolism 

of limiting amino acids, production of anti-inflammatory cytokines, and prostaglandin 

production [11–14]. PerC cell preparations include a significant fraction of B cells, notably 

the B1 subset distinctive for antibody responses to commensal microflora [15]. B1 cells, like 

the more recently described B10 or Breg subset, are also distinctive for autocrine IL-10 

production, a cytokine that antagonizes cytotoxic T lymphocyte (CTL) generation [15,16]. 

TMEs have been reported to include B cells with this and other immunosuppressive (TGF-β 
production, PD1/PDL1 expression) characteristics [10,17–20].

In this report we characterize PerC B cell susceptibility to macrophage suppression and 

show that the agent used to activate B cells dictates their response. The PerC B cell response 

to BCR ligation was suppressed by cyclooxygenase (COX) activation and to LPS 

stimulation by IL-10 production. In contrast, CD40 ligation triggered PerC B cell 

proliferation regardless of macrophage density. However, this response could be suppressed 

by concurrent activation of PerC T cells. This hierarchy of lymphoid suppression is 

discussed in the context of strategies to revitalize adaptive immunity within macrophage-rich 

TMEs.

2. Materials and Methods

2.1 Mice

Two to four month old male and female mice, bred and maintained at Rider University, were 

handled in accord with NIH, Animal Welfare Act, and Rider University IACUC guidelines. 

Breeding pairs of C57BL/6J, BALB/c, CB17-Prkdcscid/J, IFNγR−/− (B6.129S7Ifngr/J), 

iNOS−/− (B6.129P2-Nos2tm1Lau/J), and IL4−/− (B6.129P2-IL4tm1Cgn/J) mice were obtained 

from the Jackson Laboratory, Bar Harbor, ME.

Goldman et al. Page 2

Cell Immunol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2 Preparation of cell suspensions and cell culture

Spleen (SP) cell suspensions were obtained by gentle disruption of the organ between the 

frosted ends of sterile glass slides. Red blood cells were removed from SP cell preparations 

by hypertonic lysis followed by washing with Hanks Balanced Salt Solution (HBSS) (Life 

Technologies, Grand Island, NY). Peritoneal cavity (PerC) cells were obtained by flushing 

the peritoneum with 10 mls of warm (37 °C) HBSS supplemented with 2–3% fetal bovine 

serum (FBS) (Hyclone, Logan, UT). Viable cell counts were determined by Trypan blue 

exclusion. Various dilutions (1.0 – 4.0 × 106/ml) of cells, in RPMI 1640 culture media (Life 

Technologies) supplemented with 10% FBS (Hyclone), 0.1 mM nonessential amino acids, 

100 U/ml penicillin, 100 μg/ml streptomycin, 50 μg/ml gentamicin, 2 mM L-glutamine, 2 × 

10−5 M 2-ME, and 10 mM HEPES, were plated in 96-well “V”- or flat-bottom microtiter 

plates (Corning Costar, Fisher Scientific, Pittsburgh, PA) and then incubated in a humidified 

atmosphere of 5% CO2 at 37 °C for 48 hrs. Most experiments plated cells at 3 x 106/ml in a 

V-bottom plate unless otherwise specified. For anti-CD3 stimulation soluble anti-CD3ε 
monoclonal antibody (mAb) (clone 145-2C11) (eBioscience, San Diego, CA) was added at 

1.0 μg/ml. For anti-IgM stimulation F(ab′)2 fragment of goat anti-mouse IgM, μ-chain-

specific (Jackson ImmunoResearch, West Grove, PA) polyclonal antibody was added at 10 

μg/ml. LPS from E. coli, serotype R515 (Enzo Life Sciences, Farmingdale, NY or Sigma) 

was added at 5 μg/ml. Concanavalin A from Canavalia ensiformis (Sigma) was added at 1.0 

μg/ml. Anti-CD40 mAb (clone FGK45) (Enzo) was added at 2.0 μg/ml. To inhibit arginine 

catabolism, the arginase (ARG) inhibitor N-ω-hydroxy-nor-L-arginine (1-NA; CalBiochem, 

San Diego, CA) or the inducible nitric oxide synthase (iNOS) inhibitor NG-monomethyl-L-

arginine (1-MA; CalBiochem) were added. To inhibit tryptophan catabolism via 

indoleamine-2,3-dioxygenase (IDO), 1-methyl-tryptophan (1-MT; CalBiochem) was added. 

To inhibit COX, indomethacin (INDO; Sigma) was added. Neutralizing anti-mouse mAb for 

IFNγ (clone XMG1.2), IL-10 (clone JES5-16E3), or IL-4 (clone 11B11) were added at 7.5 

μg/ml (eBioscience). Exogenous, recombinant murine IL-4, IL-10, and IL-13 cytokines were 

added at 10 ng/ml (Peprotech, Rocky Hill, NJ). All inhibitors, cytokines, or neutralizing 

MAbs were added at culture initiation. Optimal concentrations of all reagents were 

determined in titration experiments. After 44 hours, 1 μCi of [3H] thymidine (Moravek Inc., 

Brea, CA) was added to each well. The plates were frozen 4 hours after labeling, and then 

thawed for harvesting onto filter paper mats using a semi-automated cell harvester (Skatron 

Instruments, Richmond, VA). Radioactivity was measured by liquid scintillation 

spectrometry. For each experiment 5 wells were established for each test group. All 

experiments were done a minimum of 3 times, the majority more than 5 times.

2.3 Immunofluorescence staining and flow cytometric analyses

PerC and SP cell suspensions were first blocked with a “blocktail” of rat anti-mouse 

CD16/32 MAb (Fc Block, eBioscience) and 2% normal rat serum (Jackson 

ImmunoResearch, West Grove, PA). Cell suspensions were then stained using titered 

amounts of FITC-, Cy-Chrome-, or PE-labeled rat anti-mouse CD4, CD8, IgM, CD11b, 

CD45R, CD5 and/or F4/80 mAbs (eBioscience). Isotype- and fluorochrome-matched, 

nonspecific mAb controls were employed to establish analysis gates. For carboxyfluorescein 

succinimidyl ester (CFSE) cell proliferation assays cells were labeled with CellTrace CFSE 

Cell Proliferation Kit as described by the manufacturer (Thermo Fisher, Eugene, OR) prior 
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to culture. The percentage of lymphocytes or myeloid cells co-expressing sets of these 

markers were determined via multiparameter flow cytometric analyses on a FACSCalibur™ 

flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA) by FSC/SSC 

gating of the lymphoid or myeloid population using CellQuest software.

2.4 Statistical Analyses and Stimulation Index (SI)

T cell proliferative responses are presented as the average CPM (counts per minute) ± SEM 

(standard error of the mean). Data sets were compared using the Student’s t-test with p-

values below 0.05 considered statistically significant: * = p < 0.05, ** = p < 0.005, *** = p 

< 0.0005 relative to control. The stimulation index (SI) is defined as the average CPM for 

the drug response (e.g., anti-IgM + IL-4) divided by the average CPM for the appropriate 

control response (anti-IgM alone).

3. Results

3.1 Peritoneal macrophages suppress B cells activated by BCR or TLR-4 ligation

Our prior studies of peritoneal cavity (PerC) leucocyte biology focused on how macrophages 

(Mϕs) regulate the T lymphocyte response [11,12]. Peritoneal resident CD11bhi, F4/80+ Mϕs 

were found to temper the T cell response to either TCR ligation with anti-CD3 MAb or to 

the mitogen ConA (Figs. 1A, B). In this report we focused upon macrophage regulation of 

the PerC B cell response and found that both BCR (F(ab′)2 anti-IgM) and TLR-4 (LPS) 

ligation induced negligible B cell proliferation (Figs. 1A, B). These results contrast the 

significant proliferative response of spleen (SP) T and B cells to the same stimulation 

sources (Figs. 1A, B).

SP and PerC cell preparations differ in both their lymphoid and myeloid compartments (Fig. 

2A, B). In terms of lymphoid composition, there are considerably more B-1 B cells in the 

PerC. Although F4/80+ macrophages comprise the majority of the myeloid fraction for both 

tissue sources, the greater representation of myeloid cells in the PerC leads to cultures that 

parallel tumor microenvironments rather than organized lymphoid tissue. Spleen T and B 
lymphocyte proliferation is suppressed when SP cells are co-cultured with PerC cells 
(Fig 3A). This regulation is due to Mϕs since PerC cells from SCID mice, which lack mature 

lymphocytes, suppressed both SP T and B cell responses (Fig 3B). These results illustrate 

that resident PerC Mϕs have the capacity to suppress both B and T cell proliferation.

3.2 Peritoneal macrophages suppress B cells by prostaglandins and IL-10

C57BL/6J PerC Mϕs temper TCR-triggered activation by inducing IFNγ-driven iNOS 

expression, which promotes proliferative arrest via arginine catabolism [11,12,14]. 

Inhibition of iNOS with 1-MA or neutralization of IFNγ abrogated PerC T cell suppression 

(Fig. 4A). To determine how Mϕs regulate PerC B cell activation in C57BL/6J mice, 

inhibitors of enzymes (iNOS/1-MA, IDO/1-MT, ARG/1-NA, COX/INDO), neutralizing 

MAbs for key regulatory cytokines (IFNγ, IL10, IL4) and addition of exogenous cytokines 

(IL-4, IL-10, IL-13) associated with immune regulation were tested. The suppressed 

response to BCR ligation was best recovered by inhibition of COX with indomethacin 

(INDO, Fig. 4A). Addition of IL-4 and IL-13 further suppressed C57BL/6J B cell 
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proliferation and reduced the response released by COX inhibition (Fig 4B). In contrast, 

IL-4 helped the BALB/c BCR response whereas IL-10 and IL-13 had no effect (Fig 4C). 

These differences in C57BL/6J (TH1) versus BALB/c (TH2) mice PerC B cell responses 

reflect the TH1/TH2 profiles previously noted for their PerC T cells [12].

As noted for PerC cells from both C57BL/6J and BALB/c mice, the response to BCR 

ligation was suppressed in both IFNγR−/− and IL-4−/− cells and released by COX inhibition 

(Fig. 5). Likewise, the LPS response was suppressed with all PerC cell types tested; 

neutralization of IL-10 released this response in all strains. COX inhibition modestly 

improved the LPS response for all cell types excepting those from IFNγR−/− mice. In 

addition, the response to combined stimulation by BCR and TLR-4 ligation is greater than 

that of either form of stimulation alone (Fig. 6). Still, the response to dual stimulation 

remains tempered by COX and IL-10, neutralization of IL-10 provides the greatest response. 

These results illustrate that macrophages, via prostaglandins and IL-10, regulatory 

molecules found in TMEs, have the ability to temper B cell activation.

3.3 Differences in B cell subset responses during macrophage regulation

Considering that PerC B cells are primarily B1 cells (IgMhi, CD45R/B220lo, CD11bint) with 

a lesser but still significant fraction of B2 cells (IgM+, CD45R/B220hi, CD11b− Fig 2A), it 

was important to assess differences in the proliferative responses of these subsets. CFSE 

labeling revealed that COX inhibition significantly enhanced the B2 cell response (3.6% vs 

17.8%) to BCR ligation whereas the response of B1 cells was limited (1.2% vs 2.0%; Fig. 

7). IL-10 neutralization had no effect on the response to BCR ligation for either subset. B-1 

cells had a small response to LPS (1.6 vs 3.0%) whereas B2 cells did not respond. IL-10 

neutralization increased the LPS response of B2 cells (4.1 vs 14.6%) more than B1 cells (3.0 

vs 6.7%). Interestingly, CD40 ligation led to the greatest division of both B cell subsets. 

These results illustrate that COX and IL-10 neutralization permit PerC B2 cell activation and 

that both subsets respond optimally to CD40 ligation.

3.4 Cytokine impact upon the PerC B cell CD40 response

Considering the robust PerC B cell response to CD40 ligation, we tested if this response was 

susceptible to cytokine regulation as found with the BCR and LPS responses. While both 

IL-4 and IL-13 suppressed the C57BL/6J response to CD40, neither cytokine impacted the 

BALB/c response (Fig. 8). Considering that IL10 had no impact upon BCR ligation and 

suppressed the LPS response for both strains (Figs 4C, 5) it was interesting to see the CD40 

response enhanced by exogenous IL-10, again for both strains. The homogeneity of BALB/c 

and C57BL/6J B cell responses to exogenous IL-10 contrasts that of IL-4 and IL-13 which 

differentially impact B cell activation based both on cell type and activation source.

3.5 CD40 helps the suppressed BCR response but not that of LPS

Since CD40 serves as a costimulatory molecule for B cells responding to thymus –

dependent antigens it was logical to test if this signaling pathway could aid the suppressed 

PerC B cell response to BCR ligation [21]. Although the BCR response was markedly 

improved by CD40 costimulation (38-fold) there was still prostaglandin regulation as COX 

inhibition increased this response (Fig. 9A). In contrast, the CD40 response was suppressed 
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by concurrent TLR-4 ligation and IL-10 neutralization permitted B cell activation (Fig 9B). 

Concurrent CD40 and TLR-4 ligation revealed regulation by TNF-α and IL-1β, cytokines 

with limited impact upon the PerC B cell response to either LPS or CD40 alone (not shown).

3.6 Macrophage regulation of T cells also suppresses CD40 activation of B cells

CD40 ligation was the only form of B cell activation that led to proliferation in the absence 

of exogenous enzyme inhibitors or cytokine-neutralizing MAbs. We questioned whether 

combining this form of stimulation, which enhances the APC function of both B cells and 

macrophages, with T cell activation could promote the PerC T cell proliferation normally 

restrained by macrophages. However, the suppression induced by TCR ligation abrogated 

the CD40 response (Fig. 10A). Genetic (IFNγR−/−) ablation and pharmacologic treatment 

(neutralizing anti-IFNγ MAb or iNOS inhibition by 1-MA) released the suppressed CD40 

response (Fig 10A). CFSE analysis revealed that the CD40 response of both PerC B cell 

subsets was inhibited with CD3 ligation (Fig. 10B). However, neither subset was inhibited 

with cells from iNOS−/− mice during combined T and B cell activation. Thus, the IFNγ-

triggered and iNOS-driven suppression generated during PerC T cell activation can prevent 

B cells from responding to CD40 ligation.

3.7 B cell costimulation can resist macrophage suppression

The normal (homeostatic) immune regulation found within the spleen or lymph node is 

distinct from that found within TMEs. Macrophages, compartmentalized within distinct 

regions of lymphoid organs, help initiate adaptive immunity whereas tumors with a 

disorganized and greater macrophage composition curb lymphocyte activation [4]. By 

titering macrophage-rich PerC cells into SP cell cultures we assessed which forms of 

lymphocyte activation were most susceptible or resistant to suppression. Small numbers (3.6 

x 103) of macrophages reduced the SP T cell response by 27%; a 3-fold higher concentration 

of these cells essentially eliminated the response (≤ 4 % of control response) (Fig. 11). SP B 

cells responding to BCR ligation were sensitive to regulation losing 80% of the control 

response upon addition of the same, small number of macrophages. In contrast, regardless of 

macrophage concentration, the CD40 response was strong and much higher (70 – 80% of the 

control) than the response triggered by BCR ligation. With concurrent BCR and CD40 

stimulation, all responses, based on CPM, were greater than either form of stimulation alone, 

but the response was still suppressed relative to the control and dropped with increasing 

macrophage number.

The CD40 response was suppressed in PerC cell cultures when the TCR was concurrently 

ligated (Fig. 10A). Macrophage titration progressively suppressed the spleen B cell response 

to CD40 when T cells were also activated (Fig. 11). These results reinforce that, although B 

cells respond to CD40 ligation in the presence of immunoregulatory macrophages, 

concurrent T cell activation overrides this response.

4. Discussion

The results reported here demonstrate that macrophages have the capacity to regulate B cell 

proliferation via pathways that differ based on the form of activation. While the response to 
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ligation of the BCR was tempered by cyclooxygenase, IL-10 restrained the B cell response 

to LPS/TLR-4L. In contrast, macrophages had less impact on the CD40 response, which 

could reduce the suppression seen with simultaneous BCR or TLR-4 ligation. However, 

concurrent TCR ligation overrode the CD40 response. These results illustrate a hierarchy of 

macrophage control of lymphocyte activation under conditions that mimic the high myeloid-

to-lymphoid ratio found within tumors.

In organized lymphoid tissue, T cells expressing CD154/CD40L ligate CD40 to promote 

macrophage, dendritic cell, and B cell maturation as evidenced by increased B7 and Class II 

MHC expression, production of pro- inflammatory (IL-6, IL-12, and TNFα) and counter-

regulatory (IL-10) cytokines, and release of anti-microbial ROS and NO [22]. CD40-

activated B cells secrete BAFF and APRIL, cytokines that help avert apoptosis of immature 

B cells [22]. In tumor tissue with a T cell infiltrate, CD40-stimulated macrophages create an 

environment of “simmering” inflammation that promotes angiogenesis, modifies tumor 

stroma, and tempers T cell activation [23,24]. As recently shown for pancreatic tumors, 

which tend to lack significant T cell infiltration, CD40 stimulation and chemotherapy can 

optimize myeloid activation and promote immunity, antagonizing the ability of IL10 to 

temper CTL production [25,26]. Thus, the imbalance of myeloid to lymphoid cells and 

degree of T cell activation (CD154 expression) in the TME can dictate the cytokine milieu 

and degree of activation or suppression therein. B cells within TMEs likely further 

contribute to this imbalance, responding to CD40 ligation with more IL-10 production [16–

18].

LPS also activates B cells, dendritic cells, and macrophages but unlike CD40 ligation did not 

lead to significant PerC B cell proliferation unless IL-10 was neutralized. LPS triggers 

macrophages to produce ROS via NADPH oxidase (Nox4) [27]. Direct interaction between 

TLR-4 and Nox4 is essential for ROS and IL-10 production [28]. IL-10 reduces monocyte 

and macrophage transcription of IL-1β, IL-6, and TNF-α, the key pro-inflammatory 

cytokines produced by cells that respond to LPS [29]. TLR-activated B cells, via IL-10 

production, promote self-tolerance in TH1 and TH17 cells [30]. BCR ligation also triggers 

ROS production, which, although essential for full activation, tempers B cell proliferation 

[31]. ROS triggers COX in macrophages to produce PGE2, which has direct effects on B cell 

proliferation and antibody production and promotes TH2 polarization [32–36]. The growth 

suppressive effect of PGE2 is mediated via binding EP4, a PGE2R and candidate tumor 

suppressor [37]. CD40-activated B cells resist PGE2 and have been suggested to serve as 

APCs for tumor vaccination within the suppressive TME [38–40]. Regardless of the form of 

B cell stimulation, regulatory mechanisms, mediated by macrophages and dendritic cells, are 

initiated upon activation (41,42). These anti-inflammatory constraints on immunity can be 

co-opted to contribute to the development of the ROS- and IL-10-rich, immunosuppressive 

TME [43–45].

PerC B cell subsets differed in their release from suppression with B2 cells having better 

responses to both BCR and TLR-4 ligation. B1 cells are known to differ from B2 cells in 

their failure to proliferate in response to BCR ligation, which is postulated to reflect 

increased phosphatase activity and IL10 production [15, 46–49]. Unlike B2 cells, B1 cells 

had a measurable LPS response prior to IL10 neutralization. However, the response of B2 
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cells was greater with IL10 blockade. Both B cell subsets responded best to CD40 ligation. 

Activation of B1 cells promotes their production of autocrine IL-10, a property shared with 

the B10/Breg cells that are best driven to IL-10 production by CD40 ligation [16]. B10/Breg 

cells suppress pathogenic TH1 and TH17 cells and induce production of Tregs [50]. 

Although B2 cells generally responded better than B1 cells under macrophage-dense 

conditions, this environment has the potential to promote B2 cell conversion into B1 cells, 

generating cells with enhanced survival capability [51, 52]. Considering the potent ability of 

IL-10 to temper cell-mediated immunity, this characteristic is perhaps most problematic for 

B cell activation in TMEs.

Putative ligands for activating B cells within macrophage-rich TMEs are numerous. B1 cells 

have polyspecific or “natural antibody” receptors that might bind N-glycosylated 

gangliosides, oxidized lipids, phosphatidylcholine, cancer-derived microvesicles or 

exosomes, and apoptotic debris, all antigens likely enriched within TMEs [53–55]. 

Furthermore, the TLR-4 ligands HMGB-1, HSP, hyaluronan, and heparin sulfate are self-

antigens found in TMEs [56]. Trafficking with macrophages, B1 cells have been implicated 

in anti-inflammatory tissue “housekeeping” and apoptotic corpse clearance [15]. 

Furthermore, several forms of cancer have been found to enhance B1 B cell survival, 

increasing IL-10 production and suppressing CTL effector generation [57–60]. Thus, TMEs 

likely provide a milieu that can activate B1 and B10/Breg cells or drive B2 cells to become 

B10/Breg cells. Such cells can facilitate generation of Tregs , polarize macrophages and foster 

the maturation of myeloid-derived suppressor cells (MDSCs), potent inhibitors of cell-

mediated immunity [17,18,61–63].

PerC cell culture can serve as an in vitro system to model the multifaceted, aberrant immune 

regulation found within macrophage-rich TMEs. The complexity found therein is 

exemplified by the difference in lymphocyte costimulatory responses found for B versus T 

lymphocytes, where B cell costimulation through CD40 reduced and T cell costimulation via 

CD28 increased, suppression [14]. That suppression manifest by T cell activation was 

dominant to the CD40 response is further evidence of the challenge in promoting immunity 

under macrophage-dense conditions. Deciphering the contribution of genetics (BALB/c, 

C57BL/6, etc.), immune checkpoint receptor/ligand combinations (PD/PDL1/2, CTLA4/

CD80/6, etc.), sterile inflammation receptors (CD36, TLRs, etc.), and the cytokine (TH1, 

TH2, TH17, etc.) milieu to the impaired immunity generated by macrophage-dense 

conditions becomes pliable with the mouse PerC cell culture model. By advancing 

knowledge of which conditions best promote immunity these studies could inform strategies 

for restoring immunity in TMEs and optimizing cancer vaccine design [64].
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Abbreviations

APC antigen presenting cell

ARG arginase

COX cyclooxygenase

IDO indoleamine 2,3-dioxygenase

INDO indomethacin

iNOS inducible nitric oxide synthase

PerC peritoneal cavity

ROS reactive oxygen species

SP spleen

1-MA NG-monomethyl-L-arginine

1-MT 1 methyl tryptophan

1-NA N-w-hydroxy-nor-L-arginine
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Highlights

Peritoneal cell culture models macrophage-rich tumor microenvironments (TMEs)

Cyclooxygenase and IL10 suppress B cells activated by BCR and TLR-4 ligation

Cultured peritoneal cavity B cells respond to CD40 ligation

CD40 ligation enhanced BCR or TLR-4 responses but was suppressed by 

concurrent TCR ligation
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Figure 1. T and B cell proliferation is suppressed in PerC cell cultures
C57BL/6J PerC and SP cells were cultured with anti-TCR or -BCR MAbs (αCD3, F(ab′2) 

αIgM) (A) or B or T cell mitogens (LPS, ConA) (B). * = p < 0.05, ** = p < 0.005, *** = p < 

0.0005 relative to control. Numbers depict stimulation indices (SI) and represent the 

experimental CPM value divided by the pertinent control (complete media (CM) or 

stimulation alone).
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Figure 2. Greater myeloid composition of PerC cells
FSC and SSC profiles of PerC and SP cells from C57BL/6J mice (A). Numbers reflect the 

percentage of myeloid (upper gate) and lymphoid (lower gate) cells and are representative of 

compiled data illustrated in panel B. Percentages of lymphoid cells, total B cells (IgM+), SP 

B1 (IgM+, CD5+) and B2 B (IgM+, CD5−) cells, PerC B1 (IgM+, CD11b+) and B2 (IgM+, 

CD11b−) cells, and percentages of myeloid cells, predominately macrophages (F4/80+, 

CD11b+), in C57BL/6J mice (B).
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Figure 3. PerC macrophages suppress spleen T and B cell responses
C57BL/6J SP cells at 2 x 105 cells/well were cultured with αCD3, αIgM, or LPS alone or 

with PerC cells at 1 x 105 cells/well (A). BALB/c SP cells were cultured with LPS or αIgM 

alone or with CB.17 SCID PerC cells (B).
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Figure 4. Regulation of the PerC B cell response to BCR ligation by exogenous cytokines or 
prostaglandin
C57BL/6J PerC cells were cultured with αCD3 or αIgM +/− the inducible nitric oxide 

synthase (iNOS) inhibitor NG-monomethyl_L-arginine (1-MA), the indoleamine 2,3 

dioxygenase inhibitor (IDO) 1 methyl-tryptophan (1-MT), the arginase (ARG) inhibitor N-

ω-hydroxy-nor L arginine (1-NA), the cyclooxygenase (COX) inhibitor indomethacin 

(INDO), αIFNγ, αIL-10, and/or αIL-4 (A). The exogenous cytokines IL-4, IL-10, or IL-13 

+/− indomethacin were added to C57BL/6J PerC cells cultured with αIgM (B). C57BL/6J 

and BALB/c PerC cells were cultured with αIgM and exogenous cytokines (C).
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Figure 5. PerC B cell responses to BCR ligation or LPS
PerC cells from C57BL/6J, BALB/c, IFNγR−/−, and IL-4−/− mice were activated with αIgM 

or LPS +/− IL-10 or indomethacin.
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Figure 6. PerC B cell responses to concurrent BCR and TLR-4 ligation
C57BL/6J PerC cells were cultured with αIgM, LPS, or αIgM + LPS +/− INDO or αIL-10.
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Figure 7. CFSE reveals responses of B cell subsets
CFSE-FITC-labeled PerC cells, were cultured with αIgM, LPS, or αCD40 +/− 

indomethacin or αIL-10, were resolved into B1 (CD45Rlo, CD11bint) and B2 (CD45Rhi, 

CD11b−) subsets by FACS analysis.
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Figure 8. Impact of cytokines on the PerC B cell proliferative response to CD40 ligation
C57BL6/J or BALB/c PerC cells were activated with αCD40 MAb +/− exogenous IL-4, 

IL-10, or IL-13.
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Figure 9. PerC B cell responses to BCR or TLR-4 ligation are enhanced by CD40 costimulation
C57BL6/J PerC cells were activated with αIgM, αCD40, or αIgM + αCD40 +/− INDO (A). 

PerC cells were activated with LPS, αCD40, LPS + αCD40 +/− αIL10, αTNF, or αIL1β 
(B).
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Figure 10. PerC T cell suppression overrides CD40 B cell activation
C57BL/6J and IFNγRKO PerC cells were cultured with αCD40, αCD3, αCD40 + αCD3 +/

− 1-MA or αIFNγ (A). C57BL/6J and iNOSKO PerC cells were labeled with CFSE-FITC 

and cultured with αCD3, αCD40, or αCD3 + αCD40 and cells were resolved into B1 and 

B2 B cell subsets by FACs analysis (B).
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Figure 11. B cell co-stimulation and macrophage suppression in PerC plus SP cell co-cultures
Spleen cells were cultured at 2 x 105 cells/well; titered PerC cells were added as indicated. 

CM control depicts SP cells cultured alone. Values in boxes indicate results that exceed the 

scale.
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