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Abstract

Metastatic cancer involving spread to the peritoneal cavity is referred to as peritoneal
carcinomatosis and has a very poor prognosis. Our previous studies demonstrated a toll-like
receptor 4 (TLR4) and C-type lectin receptor (CLR; Mincle/MCL) agonist pairing of
monophosphoryl lipid A (MPL) and trehalose-6,6’-dicorynomycolate (TDCM) effectively inhibits
peritoneal tumor growth and ascites development through a mechanism dependent upon B-1a cell-
produced natural IgM, complement, and phagocytes. In the current study, we investigated the
requirement for TLR4 and Fc receptor common vy chain (FcRy), required for Mincle/MCL
signaling, in the MPL/TDCM-elicited response. MPL/TDCM significantly increased macrophages
and Ly6C"i monocytes in the peritoneal cavity of both TLR4™~ and FcRy ™~ mice, suggesting
redundancy in the signals required for monocyte/macrophage recruitment. However, B1 cell
activation, antibody secreting cell (ASC) differentiation, and tumor-reactive IgM production was
defective in TLR4™~, but not FcRy ™~ mice. TRIF was required for production of IgM reactive
against tumor- and mucin-related antigens, but not phosphorylcholine, whereas TLR4 was
required for production of both types of reactivities. Consistent with this, B1 cells lacking TLR4
or TRIF did not proliferate or differentiate into tumor-reactive IgM-producing cells in vitro and
did not reconstitute MPL/TDCM-dependent protection against peritoneal carcinomatosis in
CD197/~ mice. Our results indicate a TLR4/TRIF-dependent pathway is required by B1 cells for
MPL/TDCM-elicited production of protective tumor-reactive natural IgM. The dependency on
TRIF signaling for tumor-reactive, but not phosphorylcholine-reactive, IgM production reveals
unexpected heterogeneity in TLR4-dependent regulation of natural IgM production, thereby
highlighting important differences to consider when designing vaccines/therapies targeting these
specificities.
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A combinatorial treatment of monophosphoryl lipid A and trehalose-6,6’-dicorynomycolate
potently inhibits peritoneal carcinomatosis by activating B1 cells to secrete protective tumor-
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reactive IgM via a pathway dependent on TLR4/TRIF signaling.
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Introduction

Metastatic disease is a major cause of morbidity and mortality in cancer patients. In
particular, the spread of malignant cells to the peritoneal cavity carries a grave prognosis,
especially when associated with ascites development [1]. The peritoneal cavity provides
extensive surface area and volume for tumor growth and supports growth of malignant
epithelial (carcinomatosis), mesenchymal (sarcomatosis) and more rarely, lymphoid
(lymphomatosis) cells [2]. Treatment options are limited and often palliative rather than
curative, although cytoreductive surgery and hyperthermic intraperitoneal chemotherapy and
emerging treatments show promise in some patients [3]. Immunotherapeutic approaches to
treat peritoneal malignancies have been limited, although results obtained from some mouse
models offer hope for future treatments [3].

Understanding the distinctive environment of the peritoneal cavity is key to devising optimal
immunotherapies for peritoneal metastasis. The peritoneal space represents a unique
immune environment [4]. Monocytes and macrophages comprise the majority of leukocytes
in the cavity under normal conditions. Innate-like B-1 cells, composed of CD5* B-1a cells
and CD5™ B-1b cell populations, are the second most numerous [4, 5]. These B cells have
been studied most in mice, but have been identified in non-human primate peritoneal and
omental tissue [5, 6] as well as in human blood [7]. B-1 cells produce natural IgM and IgA
as well as pathogen-specific antibodies (Abs), which are critical for host defense and
clearance of apoptotic debris [8]. Although B-1 cells are known to have a critical role in
protection against infectious diseases, their role in cancer is not well understood. Our recent
work and that of others has highlighted that natural reactivities against tumor associated
carbohydrate antigens (TACAS) are present in the B1 cell Ab repertoire [9-11]. TACAS
found on aberrantly glycosylated glycoproteins and glycolipids selectively expressed on
cancer cells include Tn, sialyl Tn, TF, LeY, GM2, GD2, and GD3 [12-14]. In mice and
humans, Abs against TACAs largely belong to the IgM subclass [9, 10, 12] and in some
cases exhibit oncolytic effects[12, 15]. Additional studies indicate the production of TACA-
specific Abs are associated with increased survival rates in patients [16—-19] and in mice [9,
10]. Under normal conditions, both peritoneal B-1 cells and macrophages inhibit T cell
activation and peritoneal macrophages additionally inhibit B cell proliferation and Ab
production [20-24]. Overcoming immune suppression in the peritoneal cavity may provide
opportunities for effective treatment of peritoneal carcinomatosis.

We recently found that a combination of pathogen-associated molecular pattern molecules
(PAMPSs), consisting of a toll-like receptor 4 (TLR4) and C-type lectin receptor (CLR;
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Mincle/MCL) agonist pairing of monophosphoryl lipid A (MPL) and trehalose-6,6’-
dicorynomycolate (TDCM), effectively inhibits peritoneal tumor growth and ascites
development[9]. Protection is elicited through a mechanism dependent upon B-1a cell-
produced natural IgM reactive against TACAs and complement. Phagocytes also play a
supportive role in the therapeutic effects of MPL/TDCM treatment through production of
cytotoxic intermediates and likely engaging in mechanisms of complement-dependent
cellular cytotoxicity[25]. MPL signals through the TLR4/MD2 complex[26] whereas TDCM
relies on the CLRs, Mincle and MCL, which require the Fc receptor common -y chain
(FcRry) for signaling [27]. Understanding how these PAMPs activate the effector functions
of key populations required for the therapeutic effects of MPL/TDCM is critical for devising
effective therapies to treat patients suffering from peritoneal carcinomatosis. In the current
study, we examined the role of TLR4 and FcRy in eliciting monocyte/macrophage
recruitment and B1 cell activation and tumor-reactive IgM production in response to MPL/
TDCM treatment. A primary role for TLR4, along with its activation of the TRIF signaling
pathway, was determined to be essential for B1 cell-elicited protection against peritoneal
carcinomatosis. These findings will help to guide future strategies aimed at harnessing the
anti-tumor potential of TACA-reactive B cells in humans.

Materials and Methods

Mice
Wild-type (WT), TLR4™-, MyD88~/~, TRIF~/~, FcRy~/~ mice were from Jackson
Laboratories and on a C57BL/6 background. Animal experiments were approved by Wake
Forest Animal Care and Use Committee. Mice were housed in a specific pathogen-free
animal facility and fed standard chow and housed in autoclaved cages. MyD88~/~ mice were

provided water containing 4 mg/ml sulfamethoxadole and 0.8 mg/ml trimethoprim where
indicated. Experiments were conducted using 8- to 12-week old age-matched mice.

Tumor challenges and treatments

TA3-Ha cells were obtained from Dr. Richard Lo-Man (Pasteur Institute, Paris, France) in
2010, as previously described[9, 10]. Stocks were tested for rodent pathogens (IMPACT IV
testing, IDEXX-RADIL). TA3-Ha cells were expanded in culture for 3 days prior to
injection. Mice were given 2.5 x 104 TA3-Ha cells in 200 pl PBS intraperitoneally (i.p.).
Mice developing ascites with signs of distress were humanely euthanized.

Mice were injected i.p. with Sigma adjuvant system containing 10 ug monophosphoryl lipid
A (MPL) and 10 pg synthetic trehalose dicorynomycolate (TDCM) mixed in 0.4% squalene
(Sigma) in a 200 pl volume as previously described[9]. Adoptive transfers of 2 x10° B1 cells
into CD19™"mice were performed as previously described[9] one day prior to tumor
challenge, using the B1 cell purification strategy described below.

Flow cytometry

Peritoneal cells were harvested using 10 ml of DPBS to lavage the peritoneal cavity.
Splenocyte preparations were lysed, filtered, pelleted, and resuspended in staining buffer
(DPBS + 2% newborn calf serum). Visceral adipose tissue (VAT) was diced with scissors
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and incubated for one hour in collagenase IV (1 mg/ml in RPMI) with gentle stirring,
filtered (70 um), and centrifuged at 300xg for 7 minutes to separate the floating adipocytes
from pelleted cells. Cell pellets were washed twice with cold RPMI-1640 and resuspended
in staining buffer. Cells were pre-incubated with 0.5 pg/ml FcBlock (eBioscience) and
stained with mAbs conjugated to fluorochromes (Biolegend, eBioscience, and BD
Biosciences): CD5 (53-7.3), Ly6G (Gr-1), CD86 (GL-1), CD19 (1D3), CD11b (M1/70),
F4/80 (BM8), CD11c (N418), Ly6C (HK1.4), MHC Il IA-IE (M5/114.15.2), and CD138
(281-2). BLIMP1 and Ki-67 staining was performed using eBioscience’s Foxp3/
transcription factor staining set. Small and large peritoneal macrophages were distinguished
as previously described by Cain et al [28]. Serum (diluted 10-fold) and B cell supernatant
(diluted 5-fold) IgM binding to tumor cells was assessed as previously described[9, 10].
Samples were washed and fixed in 1.5% buffered formaldehyde. Cells were analyzed using
a BD LSR Fortessa X20 (Becton Dickinson).

ELISAs

Serum samples were diluted 1:100 in TBS containing 1% BSA (TBS-BSA) and analyzed for
PC-specific IgM as previously described[29]. Diluted serum samples were added to Costar
plates coated with 2 pg/mL PC(4)BSA (Biosearch Technologies) and blocked with TBS-
BSA. Desialylated bovine submaxillary mucin (dBSM; MP Biologicals)-specific ELISAs
were carried out as previously described[10]. Briefly, Nunc Maxisorb plates were coated
with 10 pg/ml dBSM (in 0.1 M borate buffered saline overnight and then blocked with TBS-
BSA), followed by incubation with serum diluted 1:100. Alkaline phosphatase-conjugated
polyclonal goat anti-mouse IgM (Southern Biotech) and pNPP (Sigma) were used to detect
bound IgM.

B cell purification and in vitro activation assays

B cells were isolated from peritoneal lavages using EasySep Pan B cell isolation (untouched)
kit according to manufacturer’s instructions (StemCell), with supplementation of
biotinylated anti-mouse CD23 and F4/80 during B cell isolation. Enriched B1 cells were
further purified by incubation with biotinylated F4/80 and GR1 mAbs, followed by
incubation with Dynal Biotin binder beads and magnetic removal. B1 cell purity was >92%.
B cells were washed in DPBS and injected i.p. into recipients. Alternatively, B1 cells
(5%105/ml) were cultured in 96 well plates in RPMI + 10% FCS containing 50 uM BME
either alone with 10 pg/ml MPL and TDCM and 0.08 % squalene in triplicate or
quadruplicate. On day 6, supernatants were collected and analyzed for IgM production and
cells were stained and enumerated using Countbright beads (ThermoScientific) by flow
cytometry.

Statistical analysis

Data are shown as means + SEM with differences assessed using unpaired Student’s #test
unless otherwise indicated. Differences in Kaplan-Meier survival curves were assessed using
the Log Rank test.
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Results

MPL/TDCM-induced increases in peritoneal monocytes and macrophages are normal or
augmented in TLR4™~ and FcRy™~ mice

The efficacy of MPL/TDCM treatment against peritoneal carcinomatosis depends on the
production of tumor-reactive IgM by B-1a cells, classical complement activation[9], and
Ly6C*/phagocytic cells[25]. To begin to elucidate the receptors and signaling pathways
required for activation of these cells, we used FcRy ™~ mice which lack the capacity to
signal through the TDCM receptor, Mincle, and TLR4™~ mice which lack the major
receptor for MPL. Monocyte and macrophage numbers were significantly increased in the
peritoneal cavities of WT and FcRy ™'~ mice at 24 hours post treatment (Fig. 1A). Small
peritoneal macrophages (SPMs) which arise from recruited monocytes were increased in
WT and FcRy ™~ mice, although large peritoneal macrophages (LPMs), the resident
macrophages of the peritoneal cavity, did not decrease in FcyR™~ mice as occurs in WT
mice and SPM numbers FcRy ™~ mice were significantly increased over numbers in treated
WT mice (Fig. 1B). The number of MHC II* SPMs and monocytes were also increased in
MPL/TDCM-treated FcRy ™~ mice and were elevated over increases found in WT mice
(Fig. 1C). TLR4™/~ mice exhibited similar increases in monocytes and macrophages (SPM)
compared to WT mice (Fig. 1D) along with decreases in LPMs (Fig. 1E). TLR4~/~ mice also
had similar increases in activated MHC 11* SPM and monocytes (Fig. 1F). Thus, TLR4 and
FcyR-mediated signaling are not individually required for recruitment of peritoneal
monocytes/macrophages following MPL/TDCM treatment, suggesting that either signaling
pathway is sufficient to compensate for the loss of the other. Nonetheless, it remains possible
that functional (anti-tumor) responses of these cells could be impacted in the absence of
either.

MPL/TDCM-induced increases in Ab-secreting B1 cells are intact in FcRy™~, but defective

in TLR47~ mice
MPL/TDCM treatment increases B1 cells in the peritoneal cavity by day 5 post treatment.
CD?5 expression on B1 cells decreases upon TLR agonist-induced activation and
differentiation in this (data not shown) and other model systems [30, 31]. Although CD11b
is also gradually downregulated with B1 cell differentiation to ASC, CD11b*CD19* B1 cells
remain detectable at day 5 post MPL/TDCM treatment. Peritoneal B1 cell frequencies and
numbers along with dividing (Ki67*) peritoneal B1 cell frequencies and numbers, were
significantly increased in treated WT and FcyR ™~ mice, but not in TLR4™~ mice on d5
(Fig. 2A-B). B1 cell frequencies and numbers, as well as Ki67* B1 cells, were also
significantly increased in the spleens and visceral adipose tissue (VAT) of WT and FcyR™~
mice, but not TLR4~/~ mice (Fig. 2D-E, 2G-H). Finally, B1 cell ASC numbers (enumerated
as BLIMP1*CD138*CD11b*CD19* B cells) were significantly increased in WT and FcyR
/= PerC, VAT, and spleen, but this was not observed in TLR4~/~ mice (Fig. 2C, 2F, 21).

We next examined the extent to which MPL/TDCM induced production of IgM reactive with
TA3-Ha cells, a murine mammary adenocarcinoma which expresses high levels of
epiglycanin bearing high levels of TACAs. FcyR™~ mice had higher pre-existing levels of
TA3-Ha-reactive serum IgM relative to WT mice (Fig. 3A). FcyR™~ mice also had
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significantly higher levels of TA3-Ha-reactive IgM in response to MPL/TDCM treatment
relative to WT mice. However, the overall increase in IgM binding relative to baseline levels
was similar between FcyR™~ and WT mice (Fig. 3C). Interestingly, TLR4~/~ mice also had
significantly higher pre-existing levels of serum IgM reactive with TA3-Ha cells relative to
WT mice (Fig. 3B). However, MPL/TDCM treatment did not elicit further increases in TA3-
Ha-reactive IgM in TLR4™~ mice (Fig. 3B-C). Collectively, our findings demonstrate a
critical role for TLR4, but not FcyR, in eliciting in vivo B1 cell activation, expansion, ASC
differentiation and production of TA3-Ha-reactive IgM in response to MPL/TDCM
treatment.

MPL/TDCM-elicited protection depends on TRIF signaling

We next examined the role of TLR4 and its signaling components in MPL/TDCM-mediated
protection against TA3-Ha challenge. Unexpectedly, TLR4~/~ mice were relatively resistant
to TA3-Ha tumor challenge, with only ~50% of mice developing peritoneal carcinomatosis
(Fig. 4A). It is not clear whether altered inflammation in the peritoneal cavity of these mice
influences this resistance. MPL/TDCM slightly improved survival in these mice, although
this was not significant (p=0.1). In contrast, naive FcyR ™~ mice were fully susceptible to
TA3-Ha challenge but were offered significant, although partial, protection by MPL/TDCM
treatment (~50% survival; Fig. 4E).

TLR4 can signal through MyD88- and TRIF-dependent pathways. We therefore assessed the
effect of MyD88 and TRIF deficiency on MPL/TDCM-elicited protection. Untreated
MyD88~/~ mice had prolonged survival relative to WT mice, but eventually succumbed to
ascites development (Fig. 4B). MPL/TDCM treatment provided significant protection in
MyD88~/~ mice, improving survival from 0% to 60%. Untreated MyD88~/~ mice born and
raised on antibiotic water (bactrim) exhibited survival curves similar to WT mice (Fig. 4C),
suggesting microbial differences in these mice may have contributed to their enhanced
survival. MPL/TDCM treatment completely protected these antibiotic-reared MyD88~/~
mice during TA3-Ha challenge. In contrast, MPL/TDCM did not significantly protect TRIF
~I~ mice against challenge, with ~30% survival in treated TRIF~/~ mice vs. 90% survival in
WT mice (Fig. 4D). This finding is consistent with the known role for MPL in skewing
TLR4 induction of the MyD88-independent, TRIF-dependent signaling pathway[32].

TRIF signaling is essential for B1 cell activation, proliferation, and differentiation into
tumor-reactive IgM-producing cells

Given the above result, we assessed the capacity of MPL/TDCM to elicit tumor-reactive IgM
production in TRIF™~ mice. Similar to results with TLR4™~ mice, this treatment did not
significantly increase TA3-Ha reactive IgM levels in TRIF~/~ mice (Fig. 5A). A similar trend
was found for serum IgM reactivity with desialylated bovine submaxillary mucin (dBSM)
which shares tumor-associated antigens, such as Tn and TF, with the epiglycanin mucin
expressed at high levels by TA3-Ha cells[9, 10, 33, 34]. MPL/TDCM elicited significant
increases in dBSM-reactive IlgM in WT mice, but responses were not elicited in TLR4™/~
mice and were also significantly lower in TRIF~ mice (Fig. 5B). In contrast to results with
tumor-related Ags, MPL/TDCM treatment induced WT levels of PC-specific IgM, a
common specificity of peritoneal Bla cells[29, 35], in TRIF™/~, but not TLR4~/~ mice (Fig.
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5C). Collectively, these results indicate TRIF expression is differentially required for MPL/
TDCM-induced tumor-reactive vs. PC-reactive IgM production, although TLR4 is essential
for both.

To determine whether TLR4- or TRIF -intrinsic signaling was required for B1 cell effector
functions, we isolated B1 cells and stimulated them with MPL/TDCM in vitro. Six days post
culture we analyzed their activation, proliferation, differentiation to ASC, and secretion of
tumor-reactive IgM. As shown in Fig. 6A-B, WT, but not TLR4~/~ or TRIF~ B1 cells
upregulated CD86 and proliferated (cell yield) in response to MPL/TDCM. Interestingly,
WT and TRIF™~, but not TLR4~/~B1 cells downregulated surface IgM and MHC class |1
following MPL/TDCM stimulation (Fig. 6C), which was perhaps associated with ASC
differentiation. Indeed, WT B1 cells treated with MPL/TDCM exhibited significant
increases in the number of CD138" cells, indicative of ASC differentiation, with nearly a 10-
fold expansion relative to B1 cells cultured in media (Fig. 6D). TLR4~/~ B1 cells exhibited
no increase whereas a doubling was observed in TRIF™~ cells. This was associated with a
significant increase in CD138M, but not CD138 intermediate cells in TRIF~~ B1 cell
cultures. This could perhaps be explained by the lack of proliferation in TRIF~~ B1 cells but
terminal ASC differentiation by a subset of B cells in response to MPL/TDCM.

Notably, there was significant production of tumor-reactive IgM by WT BL1 cells cultured
with MPL/TDCM (5-fold induction over cells cultured in media; Fig. 6E). TLR4™~ B1 cells
were not induced to secrete tumor-reactive IgM. Finally, TRIF~/~ B1 cells, some of which
were induced to differentiate into CD138M cells but not proliferate, secreted a moderate
amount of tumor-reactive IgM (1.7-fold over media cultures). Collectively, this reveals a
major role for TLR4- and TRIF-mediated signaling in driving B1 cell activation,
proliferation, and differentiation into tumor-reactive IgM secreting B cells.

TLR4 and TRIF signaling is essential for B1-mediated protection against peritoneal
carcinomatosis

Our previous studies demonstrated that MPL/TDCM treatment of mice lacking B cells or
CD19 (CD197") did not provide protection against TA3-Ha-induced peritoneal
carcinomatosis [9]. However, adoptive transfers of Bla cells into these mice restored MPL/
TDCM-elicited protection. We therefore adoptively transferred purified B1 cells from WT,
TLR47~, and TRIF~ mice into CD19~/~ mice which lack the protective effects of B1 cells.
WT B1 cells reconstituted protection in CD19~/"mice as expected (Fig. 7A-B; p=0.003).
However, B1 cells lacking TLR4 or TRIF did not reconstitute protection in MPL/TDCM-
treated CD19™/~ mice (Fig. 7C-D). Thus, B1 cell-intrinsic TLR4 and TRIF expression is
critical for protection elicited by MPL/TDCM treatment.

Discussion

B1 cells play a key role in MPL/TDCM-elicited protection against mouse models of
peritoneal carcinomatosis through their production of tumor-reactive IgM[9], which when
combined with complement and the anti-tumor functions of peritoneal phagocytes, supports
highly effective tumor cell killing[25]. Using mice lacking TLR4 and FcR+y expression, we
determined that the recruitment of monocytes and SPM is intact in the absence of either
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signaling pathway, suggesting redundancy in the MPL- and TDCM-induced signals required
to increase these myeloid cells in the peritoneal cavity. In contrast, MPL/TDCM-induced
increases in B1 cell division, ASC differentiation, and tumor-reactive IgM production were
largely dependent upon TLR4, as opposed to FcR-y, signaling. This indicates MPL, as
opposed to TDCM, drives B1 cell production of tumor-reactive IgM. Importantly, our study
identified a critical role for TRIF in TLR4-elicited tumor-reactive IlgM production by B1
cells and protection against peritoneal carcinomatosis. Thereby, these findings reveal key
pathways through which peritoneal B1 cells and monocytes/macrophages are activated by
MPL/TDCM treatment to participate in tumor cell killing.

TLR4 was essential for MPL/TDCM-induced tumor reactive IgM responses in vivo and B1
cell activation, proliferation, and Ab production in vitro. TLR4 signaling was not necessary
for development of Bla or B1b cells, consistent with what has been previously reported [30,
36]. However, it was necessary for inducing key changes required for B1 cell anti-tumor
responses in vivo. This includes the division and increased numbers of B1 cells in the
peritoneal cavity, spleen and VAT, as well as Ab secretion, as evidenced by increases in
CD138*BLIMP1* B1 cells in the peritoneal cavity, spleen, and VAT. The requirement for
TLR4 in eliciting these responses, along with tumor-reactive and PC-specific IgM
production, is perhaps not unexpected given the known sensitivity of murine B1 cells to
TLR4 agonists, such as LPS [37]. LPS elicits significant division and Ab secretion by these
cells both in vivo and in vitro[37, 38]. Although the effects of MPL on these cells have been
studied to a lesser agree, our results show the commercial adjuvant preparation containing
MPL, TDCM, and squalene promotes significant B1 activation, expansion, and
differentiation to ASC via TLR4-dependent activation.

Despite the requirement for TLR4 in driving B1 cell anti-tumor natural IgM responses in
response to MPL/TDCM, naive TLR4~/~ mice had significantly higher levels of tumor-
reactive IgM compared to WT mice and due to this and/or other reasons, such as an altered
inflammatory state due to microbiota changes[39], had reduced susceptibility to TA3-Ha cell
challenge. Nonetheless, MPL/TDCM treatment did not significantly improve survival in
these mice, in line with the observation that TLR4 was required for tumor-reactive IgM
production in response to treatment. Unexpectedly, naive FcyR™~ mice also showed
increased tumor-reactive IgM levels, but in contrast to TLR4~/~ mice, responded to MPL/
TDCM treatment by producing significant increases in tumor-reactive IgM. It is unclear as
to why naive FcyR™~ mice also have increased tumor-reactive IgM, but it is interesting to
note that splenic B1 ASC numbers were increased in the spleens of both strains of naive
mice, suggesting potential dysregulation of the B1 cell compartment. Further studies to
investigate this possibility are warranted. Although naive FcyR™~ mice had higher levels of
tumor reactive IgM, this was not sufficient to confer resistance to TA3-Ha challenge in the
absence of treatment. Nonetheless, treatment did produce significant protection in FcyR™~
mice, albeit to a lesser extent to WT mice, indicating FcryR-dependent signaling is required
for optimal protection elicited by MPL/TDCM treatment. However, it is important to take
into consideration that LPM and SPM were much higher in FcyR™~ versus WT mice
following treatment. This is perhaps not unexpected as Mincle deletion or knockdown
results in significant hyperresponsiveness to LPS in vitro and heightened LPS-mediated
inflammation in vivo [40]. Although hyperreponsive macrophages could be hypothesized to
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provide significantly increased tumor cell-killing in the presence of tumor-reactive IgM, it is
also possible that Mincle/MCL signals dampen selective TLR4-induced signals that are
counterproductive to the anti-tumor response. Although this work focused primarily on
MPL-elicited signals in B1 cells, an understanding of the critical signals elicited by TDCM
and MPL on other cells remain to be elucidated. Indeed, whether MPL or TCDM are
capable of directly activating recruited monocytes/SPM either prior to, or after trafficking
into the cavity hours to days post treatment, remains to be established.

MPL mediates immune responses through activation of the TLR4/MD-2 coreceptor, which
can signal via MyD88-dependent and -independent pathways[26]. Interestingly, MyD88~/~
mice, although susceptible to TA3-Ha challenge, showed significantly delayed development
of ascites and morbidity. MyD88~/~ lack most functional TLR signaling as well as IL1
receptor family signaling and thereby have significant pre-existing alterations that may
confound conclusions drawn regarding signaling through particular TLR[36, 41]. The fact
that antibiotic treatment from birth normalized ascites development in MyD88~/~ mice
suggests that the delayed ascites development in these mice may have been due to altered
bacterial species, load, and/or the inflammation associated with these changes as we
hypothesize to occur in TLR4™/~ mice.

In contrast to results with MyD88~~ mice, TRIF~/~ mice did not show resistance or delayed
development of ascites in response to TA3-Ha challenge. Moreover, they were not protected
by MPL/TDCM treatment and their B1 cells failed to adequately respond to MPL/TDCM by
dividing, differentiating, and producing tumor reactive IgM. E. coli-derived LPS selectively
induces the MyD88-dependent signaling pathway while Salmonella minnesota LPS is
reported to activate the MyD88-independent pathway[42]. Consistent with this, the
immunostimulatory activity of S. minnesota MPL, the detoxified derivative of lipid A, has
been shown to be largely driven by the TRIF-pathway[32]. Indeed, inclusion of MPL in
peptide-loaded liposomes was previously reported to drive TLR4- and TRIF-dependent, but
MyD88-independent stimulation of T cell-independent isotype switching in mice [43].
Another study showed that MPL induces B1 cells to downregulate integrins in the absence
of MyD88 expression, which is required for migration out of the peritoneal cavity[44]. Thus,
several studies support S. minnesota MPL preferentially stimulates TRIF-dependent
signaling. Interestingly, however, in our previous study in which MPL/TDCM was used as
an adjuvant to boost T cell-independent Ab responses to pneumococcal polysaccharides, we
found that B cell-intrinsic MyD88-, but not TRIF-dependent signaling, was required for
optimal adjuvant effects [45]. Taken together, these results suggest it is possible that
different B cell subsets (ie., Bla versus B1lb/marginal zone B cells) may have distinct TLR4
signaling responses that may be further modulated by signaling via other surface receptors,
including the B cell receptor. Indeed, while TLR4~/~ mice lacked production of tumor- and
PC-reactive IgM in response to MPL/TDCM, TRIF~mice produced WT levels of PC-
reactive IgM but had significant defects in the production of tumor-reactive IgM. Of note,
although TRIF™~ B1 cells did not expand in response to MPL/TDCM in vitro, they
downregulated IgM and differentiated into CD138" ASC, in contrast to TLR4~/~ B cells,
suggesting that TRIF-independent signals induced by MPL/TDCM support terminal
differentiation of a subset of B1 cells.
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Currently, it is not clear how tumor-reactive B1 cell development is regulated. Development
of B1 cells with reactivities against some self-Ags, such as PC, appears to be independent of
flora and exogenous Ags[46], whereas development of others may be dependent on the
microbiota [47]. Nonetheless, Ag exposure, microbiota, and cytokines can support
expansion and Ab production by these B1 cells[29, 47]. Recent work by Barton and
colleagues suggests TLR2 and TLR4 regulate microbiota-reactive Bla Ab responses,
whereas Unc93b1-dependent (endosomal) TLRs regulate self reactivities against
phosphatidylcholine [36]. Whether B1 cells with TACA-specificities are similarly regulated
remains to be determined. Defective tumor-reactive IgM production in TLR4~/~ and TRIF
~/~mice appears to be due to defective signaling in direct response to MPL/TDCM, although
we have not yet addressed whether select tumor-Ag-related specificities are altered or
lacking in these mice.

The requirement for TLR4 expression by B1 cells in order to stimulate their anti-tumor
functions likely renders this PAMP unsuitable for use as a B1-cell activating therapy in
peritoneal carcinomatosis patients, given that human B cells do not express appreciable
levels of TLR4[48] and are not responsive to LPS. The only other TLR known to elicit TRIF
signaling, TLR3, is also lacking from most human B cells [48]. That said, it is important to
note that £. coli-derived LPS, which may alternatively elicit MyD88-dependent Ab
secretion, promotes protection against intraperitoneal TA3-Ha challenge[9]. Thus, these
foundational studies suggest there may be promise in using other TLR agonists, or other
PAMPs for that matter, to activate human B cells to secrete protective tumor-reactive Ab.
Our work in NHP clearly shows primates harbor peritoneal B cells with the phenotype and
functional characteristics of mouse B1 cells [5, 6] and thereby supports the exciting
possibility that human peritoneal B cells could also be leveraged to provide protection
against peritoneal cancers.
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Figure 1. MPL/TDCM-induced accumulation of activated small peritoneal macrophages and
monocytes is not reduced in FCyR_/_ and TLR4™~ mice.

(A-F) Inflammatory monocytes (CD11b* Ly6G~ CD11c™ B220~ Ly6C* SSC!W) and
macrophages (CD11b* Ly6G~ CD11c™ B220~ Ly6C!oW SSC!oW) were enumerated in
peritoneal cavities on day 1 post TA3-Ha cell challenge + MPL/TDCM treatment. (A, D)
Monocyte and macrophage numbers in WT, FcyR™~ and TLR4™~ mice. (B, E) Small
peritoneal macrophages (SPM; CD11bMidF4/80Mid) and large peritoneal macrophages
(LPM; CD11b"iF4/80M) were further quantified. (C, F) MHC 11" SPM and monocyte cell
numbers on day 1 post-tumor challenge. Data representative of two experiments. Values
represent means + SEM. Asterisks (*) in A—F indicate significant differences between
indicated groups (p<0.05; n=3-5 mice/group).
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Figure 2. B-1 cell activation, division, and ASC differentiation following MPL/TDCM treatment
is impaired in the absence of TLR4 signaling.

(A-1) WT, FcyR™~ and TLR4™~ mice were challenged with 2.5 x 10* TA3-Ha cells +

MPL/TDCM on day 0. On day 5, peritoneal lavage, spleen and visceral adipose tissue (VAT)
were harvested and analyzed via flow cytometry. Graphs show B1 cell (CD19*CD11b")
frequencies and numbers in the peritoneal cavity (PerC, A) and spleen (Spl, D) and VAT (G);
frequencies and numbers of dividing (Ki67*) B1 cells in peritoneal cavity (B), spleen (E)

and VAT (H); and frequencies and numbers of BLIMP1*CD138* B1 cells in peritoneal

cavity (C), spleen (F), and VAT (1). Values represent means + SEM. Asterisks (*) indicate
significant differences between treated and untreated mice of the same genotype (n=3-5

mice/group).
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Figure 3. MPL/TDCM-induced anti-tumor IgM responses are independent of FcyR, but
dependent on TLR4.

(A-C) WT and FcyR™~ (A, C) and TLR4~/~ (B, C) mice were treated with MPL/TDCM
i.p., with IgM binding (MFI) to TA3-Ha cells examined for serum harvested on do, 5, and 9
using flow cytometry. Values in C indicate relative changes in IgM MFI values at d9 versus
those obtained for d0. Values represent means = SEM. Asterisks (*) indicate significant
differences from WT mice (p<0.05, n=5-7 mice/group).
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Figure 4. MPL/TDCM does not elicit significant protection against TA3-Ha challenge in
TLR4™~ and TRIF™/~ mice.

WT (A-E), TLR4™~ (B, n=15/group), MyD88~/~ (C, n=6/group and D, n=7/group), TRIF~/~
(D, n=10/group), and FcyR ™~ mice (E, n=8/group) mice were challenged with 2.5 x 104
TA3-Ha cells + MPL/TDCM on d0 and monitored for morbidity requiring euthanasia. In D,
MyD88~/~ were reared on antibiotic water. Experiments were repeated at least once, with
similar results obtained. In A—E, p values indicate Log-rank results comparing survival
curves of untreated and treated knockout mice. In A, B, D, and E, survival in treated WT
mice was significantly greater (p<0.05) than in non-treated WT mice.

Cancer Immunol Immunother. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dyevoich et al.

>

IgM binding (MFI)

Page 18
ODay 0 B Omed c Omed
. = Day 9 \ = MPL/TDCM 14 - i =MPLTDCM
a) " '
4 | N
( # ® :
0 - 2 06 o 1
= | w4 s e 1
I @ 0.4 4 | '
i BI ) Bt BN N Y
1[] 10 g = 0 nih 0
WT  TLR4* TRIF* WT TLR4*  TRIF+ WT TLR4" TRIF*

Figure 5. MPL/TDCM-induced in vivo anti-tumor IgM responses are dependent on TLR4 and
TRIF signaling.

(A-C) WT, TLR4™~ and TRIF~/~ mice were treated with MPL/TDCM i.p., with IgM
binding to TA3-Ha cells (A), dBSM (B), and phosphorylcholine (PC) examined for serum
harvested on d0 and 9 using flow cytometry (A) and ELISAs (B-C). Values represent means
+ SEM. Asterisks (*) indicate significant differences between values for medium and
stimulated cultures of the same genotype, and hashtags (#) indicate differences between WT
values for the same condition(p<0.05, n=5 mice/group). Results representative of 2
independent experiments.
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Figure 6. MPL/TDCM-induced B1 cell activation, proliferation, ASC differentiation, and
production of tumor-reactive IgM are dependent on TLR4 and TRIF signaling.

Purified peritoneal B1 cells from WT, TLR4™/~ and TRIF~~ mice were cultured in medium
alone or with MPL/TDCM + squalene. On day 6, CD86 upregulation (A), cell yield (B),
surface IgM and MHC class 11 expression (C), and CD138* and CD138" B cell yields (D)
were assessed by flow cytometry. (E) TA3-Ha-reactive IgM was detected in supernatants of
cultured B1 cells using flow cytometry. Asterisks (*) indicate significant differences
between medium cultures of the same genotype and hashtags (#) indicate differences
between WT values (p<0.05). Results representative of 3 independent experiments.
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Figure 7. B1 cell-intrinsic TLR4 and TRIF expression is required for B1 cell-elicited protection
against peritoneal carcinomatosis.

(A-D) CD197/~ mice were challenged with 2x10* TA3-Ha cells i.p.= MPL/TDCM
treatment on dO and monitored for survival (p<0.05 shown for Log rank test; n=6-11 mice
per group). In B-D, CD19~/~ mice were reconstituted with 2x108 purified peritoneal B1

cells i.p. one day before challenge. Results representative of 2 independent experiments. In

B, the p value indicates Log-rank results.
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