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Abstract 

The role of B cells in tumor progression is complex and often overlooked. Specifically, 

little is known about the extent to which the specialized populations of innate-like B-1a 

and B-1b cells participate in and contribute to the anti-tumor immune response. The 

totality of work presented in this document demonstrates novel roles for B-1 cells in the 

anti-tumor response. B-1a cells are important for the innate response against peritoneal 

carcinomatosis through the production of natural antibody (nAb) that recognizes tumor 

cells. The protective B-1a cell anti-tumor response is stimulated by pathogen-associated 

molecular patterns derived from bacteria. The B-1b cell subpopulation plays an important 

role in the adaptive humoral response against tumors expressing tumor associated 

carbohydrate antigens (TACAs). B-1b cells specifically contribute to the antibody 

response to the TACA, Tn. TACAs are normally masked on healthy cells, which make 

these carbohydrate antigens ideal targets for the anti-tumor immune response. Thus, there 

is great interest in developing TACA-based vaccines. Unfortunately, this effort has been 

hindered by a lack of success in clinical trials. This is potentially due to complex 

immuno-regulatory mechanisms which ultimately serve to inhibit the protective humoral 

response against TACA-expressing tumors. The immuno-inhibitory molecule PD-1 is 

expressed by antigen-activated B cells and suppresses B cell expansion and mucin- and 

Tn-specific antibody production. These antibodies contribute to the anti-tumor response 

via a complement-dependent mechanism. Immune-regulation of humoral responses to 

sialylated TACAs is governed by the inhibitory molecule CD22, which is constitutively 

expressed by B cells. CD22, is a sialic acid-binding, Ig-like, lectin receptor (Siglec), and 

was found to significantly suppress antigen-specific antibody responses to mucins 
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bearing sialylated TACAs. Inhibition of CD22 binding of sialic acids using monoclonal 

antibody blockade during immunization significantly increased anti-mucin antibody 

production and subsequent protection in mouse models of peritoneal carcinomatosis and 

prostate cancer. Collectively, the work presented here provides a greater understanding of 

the intricate mechanisms regulating the humoral response to TACAs and the unique role 

of different B cell subsets in the anti-tumor response. Finally, it highlights potential novel 

therapeutic strategies to promote B cell anti-tumor immune responses in the treatment of 

cancer.  
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Chapter 1 

Introduction 

B cell subsets 

 B cells are predominantly known for their capacity to secrete Ab, however, B 

cells are also important for cytokine production and Ag presentation. The role of B cells 

in infection and autoimmunity is more well-known and understood than their role in the 

anti-tumor response. Only recently has the role of B cells in cancers been investigated. 

Studies show that B cells can elicit either a pro- or anti-tumor response (1-5). B cells can 

be divided into at least five subsets: B-2, marginal zone (MZ), regulatory, and B-1 cells 

which are further divided into B-1a and B-1b cells. Each B cell subset has unique 

functions in the immune system.  

B-2 cells 

Resting B-2 cells are phenotypically defined as 

IgM
low

IgD
High

B220
+
CD21

int
CD23

+
CD43

-
 (6-8). B-2 cells predominantly respond to TD 

antigens such as protein antigens (9, 10). B-2 cells originate from bone marrow (BM) 

hematopoietic stem cells (HSC) and once they mature, naive B-2 cells migrate through 

the blood and the lymph until they encounter an antigen (Ag). This often occurs within 

the lymphoid follicles of secondary lymphoid tissues where specialized macrophages or 

follicular dendritic cell (FDC) display Ags on their surface. FDC secrete CXCL13 which 

attract B cells into the follicle but also secrete BAFF (B-cell activating factor belonging 

to the Tumor Necrosis Family), which is important for B cell maturation and survival (11, 

12). B cells that have encountered their Ag migrate towards the T-cell zone where they 
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present Ag on their MHCII molecule to their cognate T cell. The interaction between the 

B-2 cell and T cells through CD40:CD40 ligand and cytokines secreted (IL-4, -5, -6) by 

T cells provides the necessary signals for B cell proliferation. The primary focus is 

formed where proliferating B cells differentiate into short lived plasmablasts and 

primarily secrete IgM or differentiate into plasma cells and migrate to the BM and 

continue to produce Abs. A few of the activated B cells in the primary focus migrate back 

to the primary follicle where they continue to proliferate and form the germinal center 

(GC). B cells in the GC are rapidly proliferating and undergo affinity maturation and 

class switching. T follicular cells are required to sustain GC B cells via ICOS:ICOS 

ligand and CD40:CD40 ligand interactions (10). The germinal center is important for the 

generation of high affinity class switched Ab, long lived plasma cells that secrete higher 

affinity Abs, and production of memory B cells (8-10).  

Marginal zone (MZ) B cells  

MZ B cells are located in the marginal sinus of the spleen and are identified as 

IgM
High

IgD
low

B220
High

CD21/35
High

CD1d
High

CD23
low

CD43
-
 (6-8). Like B-2 cells, MZ B 

cells are also derived from BM precursor cells. Due to their location, they play an 

important role in an innate-like response to pathogens that penetrate the blood stream. 

MZ B cells play an important role in TI responses and as well as TD responses as they 

are able to produce antibody in response to carbohydrate and protein Ags (13). MZ B 

cells can also aid TD Ab responses by trafficking Ag to the follicle (13). The low affinity 

polyreactive Ab rapidly produced by MZ B cells provides an important first line of 

defense to blood borne pathogens (8, 13, 14).  
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Regulatory B cells (Breg) 

B cells that secrete IL-10 and elicit immunosuppressive function have been 

classified as B regulatory (Breg) cells (15, 16). Breg cells, like their T cell counterpart 

(Tregs), have the ability to negatively regulate cellular immune responses and 

inflammation. Bregs play an important role in suppressing autoimmune response as 

shown in experimental autoimmune encephalomyelitis (EAE) model of multiple 

sclerosis, colitis mouse models as well as other autoimmunity models (17-19). Bregs can 

suppress T cells, macrophages, and dendritic cell (DC) activation but play an important 

role in Treg development and maintenance (15, 16, 20-23). It is well established that IL-

10 is important for Breg regulatory function but they also secrete other immune-

regulatory cytokines including TGF-β and IL-35 (15, 16, 23). Bregs also play a role in 

suppressing the anti-tumor response by maintaining Tregs and suppressing CTL 

responses (24-27). B cells with regulatory functions have been identified as B10 cells (B 

cells that predominantly secrete IL-10), CD5
+
 B-1a cells, CD1d

+
 MZ B cells, and 

transitional-2-marginal zone precursor B cells to name a few (15, 16). There has not been 

a set of defining phenotypic markers, signaling molecules or transcription factors to 

identify Breg cells. Whether the immunological environment influences different B cells 

to elicit regulatory functions or to differentiate into B regulatory cells that are 

phenotypically and characteristically different from other B cells is not well understood.  

B-1 cells 

The B-1 family (IgM
High

IgD
low

CD19
High

B220
low

CD43
+
CD21

-
CD23

-
 and CD11b

+
 

in the peritoneal cavity) of B cells is composed of B-1a and B-1b cells. The phenotypic 
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marker distinguishing the two populations is CD5 (CD5
+
 B-1a cells and CD5

-
 B-1b cells) 

(7, 8, 28). B-1 cells are predominantly found in the peritoneal and pleural body cavities 

(7, 8). They can also be found in the spleen and BM but at much lower frequencies than 

the peritoneal cavity.  B-1a cells are mainly responsible for producing natural Ab (nAb) 

found in circulation (8, 28-30).  Natural Abs are germline encoded with little to no 

nontemplated (N)-addition and play an important role in cell homeostasis and 

surveillance against pathogens and tumor cells (31-34). B-1b cells are very important in 

TI-2 responses and generating immunity to bacterial pathogens (32, 35-37). B-1 cells 

have also been shown to be important antigen presenting cell (APC), influence T cell 

polarization and have phagocytic capabilities (38-40).  

B-1 cells maintain their numbers in the steady state by self-replenishment where 

B-2 cells are replenished from BM HSC (7). The progenitor cells which give rise to B-1 

cells are different than the progenitors that give rise to B-2 cells.  B-1a cell progenitors 

have been identified in the mouse embryonic yolk sac as well as in the fetal liver (7, 8, 

41, 42). Even though B-1b cells are similar to B-1a cells, their developmental lineage is 

less well known, as B-1b cells can be reconstituted from the fetal-liver and BM (7, 8). 

However, it has recently been shown that in the BM of adult mice there is a unique 

progenitor population that is capable of reconstituting the B-1a populations when there is 

an alteration in the steady state of the B-1 population. Interestingly the B-1a cells from 

the BM progenitors have more nontemplated (N)-additions in their germline encoded B 

cell Ag receptor (BCR) than the B-1a cells from the fetal liver derived progenitors (43, 

44). Additionally, where B-2 cells have high junctional diversity in their VHDJH 

rearrangement due to higher frequency of N-additions. B-1a cells have more germline 
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encoded gene rearrangements with few to no N-additions and B-1b cells have an 

intermediate use of N-additions (45). The Vh gene family usage is diverse among B-2 

and B-1 cells but there are differences among which Vh genes are more frequently used 

among the different B cells subsets. For example, the Vh11 and Vh12 families which 

have been associated with B-1 cells that are specific for phosphatidylcholine are only 

found to be in B-1a and B-1b cells (45). This is not surprising as B-1 cell reactivity is 

skewed towards common bacterial and self-antigens (28). Interestingly B-1 selection also 

differs from B-2 cells, in that BCR signaling and positive selection on self-antigens is 

important for B-1 cell development, whereas self- reactive B-2 cells are deleted from the 

peripheral repertoire (8, 28). It is currently unknown whether B-1 cells would then play 

an important role in eliciting a protective immune response to tumors which express 

modified self Ags. 

 

Types of antigens 

T cell dependent (TD) antigens  

 TD responses requires cognate T cell help through CD40:CD40 ligand 

interactions and cytokines for full B cell activation and differentiation into long lived 

plasma cells or memory cells (46). These antigens consist of soluble protein Ag such as 

ovalbumin, as well as proteins from pathogens (i.e. tetanus toxoid). B-2 cells 

predominantly respond to TD Ag but MZ and B-1 cells are also capable of responding to 

TD Ag (7, 13). However, B-1 cells do not elict  as good of a response to TD Ag as B-2 

cells (7). TD responses can be generated in neonates where as certain TI responses 
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cannot. The initial TD response will produce short-lived antibody secreting cells (ASC) 

that secrete low affinity IgM. However, once the GC has formed this leads to the 

production of high affinity Ab, class switching, long lived plasma cells, and memory B 

cells as described above (47).  

T-cell independent (TI) Ag  

 TI Ags do not require direct interactions with T cells to elicit B cell activation. TI 

Ags are divided into two categories, type 1 (TI-1) and type 2 (TI-2).  TI-1 Ags elicit 

broad, polyclonal, non-Ag specific and Ag-specific B cell activation and differentiation 

and are capable of eliciting a response in neonates. Examples of TI-1 Ags include LPS, 

bacterial DNA, and other mitogens capable of eliciting polyclonal activation of B cells 

(48). TI-2 Ags are high in molecular weight with highly repetitive antigenic determinants 

that extensively crosslink the BCR leading to Ag specific B cell activation and 

differentiation. TI-2 Ags are often polysaccharide Ags such as pneumococcal capsular 

polysaccharides, Haemophilus influenzae polysaccharides, dextran, and haptenated 

Ficoll. TI-2 Ags do not elicit responses in neonates or in Bruton’s tyrosine Kinase (Btk)-

deficient mice unlike TD and TI-1 Ags (48, 49). In order for TI-2 Ags to elicit responses 

in neonates, TI-2 Ags need to be converted into TD Ag by conjugating them to carrier 

proteins. TI Ags typically produce low affinity IgM responses; however class switching 

to IgG can occur if appropriate cytokines and signaling are received from DC, non-

cognate T cell interactions, other immune cells, or TLR agonists expressed on bacteria 

(49-52). It was originally believed that TI Ags could not elicit long lasting protective 

responses to pathogens that express these antigens because they predominantly produce 

short-lived IgM responses, and do not generate memory (53). However, it is now 
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established that TI Ags are capable of eliciting long lasting protection against pathogens 

expressing TI-Ags, generate long-term ASC in extra-follicular foci as well as memory 

(32, 36, 47, 54-61). These responses are primarily from MZ and B-1 cells, particularly B-

1b cells (14, 51, 60-62).   

 

B cell activation 

Ag specific activation  

The BCR is composed of the surface immunoglobulin and the signaling subunits 

Igα and Igβ that contain a single immunoreceptor tyrosine-based activation motif 

(ITAM).  BCR crosslinking causes aggregation into the lipid rafts resulting in the protein 

tyrosine kinase (PTK) Lyn, Fyn, Blk or Lck to phosphorylate Igα/β. Lyn is the primary 

kinase that phosphorylates Igα/β (63). This results in the binding of Syk to Igα/β and its 

subsequent activation leading to the activation of multiple signaling molecules and an 

increase in intracellular Ca
2+

 concentration. These activation events eventually leads to 

the activation of the transcription factors NFAT, NFκB, and AP-1, leading to B cell 

proliferation, survival, and differentiation (63). Additional cell surface molecules can 

modulate BCR signaling in a positive and negative manner. The complex of 

CD19/CD21(CR2)/CD81 functions as the co-receptor for the BCR and lowers the 

signaling threshold for B cell activation upon binding complement fragments associated 

with antigens. When the co-receptor is crosslinked with the BCR this leads CD19 

phosphorylation by Lyn which then recruits phosphoinositide 3-kinase (PI3K) and aids in 

the activation of important BCR signaling molecules (63, 64). 
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TLR and Mincle signaling 

 TLRs are a type of pattern recognition receptor (PRR) that recognize pathogen-

associated molecular patterns (PAMPs) expressed on various pathogens.  There are 10 

TLRs that have been identified in humans and 13 in mice (only 11 have been found to be 

functional) (64, 65). TLR-1, -2, -4, -5, -6, and -11 are expressed on the cell surface and 

TLR-3, -7, -8, and -9 are expressed in intracellular vesicles on many types of immune 

cells (10). TLR signaling is initiated by dimerization of two TLR ectodomains allowing 

the cytoplasmic adaptor molecules to initiate intracellular signaling (10). There are four 

adaptor proteins that TLRs interact with: myeloid differentiation factor 88 (MyD88), 

MyD88 adaptor-like (MAL), TIR domain-containing adaptor-inducing IFN-β (TRIF), 

and TRIF-related adaptor molecule (TRAM). TLR-5, -7, and -9 only interact with 

MyD88 where TLR-3 only interacts with TRIF. Signaling by the TLR-2 heterodimers 

(TLR-2/1 and TLR-2/6) use the MyD88/MAL domains and TLR-4 can use both 

MyD88/MAL and TRIF/TRAM. TLR stimulation activates a signaling cascade that leads 

to the activation of transcription factors NFκB, AP-1, and interferon regulatory factors 

(IRFs), which result in the production of cytokines, and chemokines (10). TLR4 signaling 

through MyD88/MAL leads to the activation of transcription factors NF-κB and AP-1 

and production of IL-1, IL-6, IL-12, and TNF-α (66, 67). TRIF/TRAM signaling leads to 

the activation of NF-κB and IRF3 resulting in production of IFN-α,-β,-γ, IP-10, and IL-

12 (66, 67). 

 Even though TLR signaling is not required for B cell development, TLR signaling 

does influence many different functional responses in B cells such as Ab and cytokine 

secretion, Ag presentation, proliferation, expression of co-stimulatory molecules, and 
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differentiation (65, 68). This is one reason why TLR agonists are used in vaccine 

development (68).  B cells from mice express TLR1-4, and TLR 6-9 (69). Human TLR 

expression levels on B cells can vary depending on the tissue and the differentiation state 

of the B cell. However, overall human B cells have been shown to express TLR-1, -2, -4, 

-6, -7, -8, -9, and -10 (65, 70). B cells also express the TLR4 homolog RP105 (65, 71). B-

1 cells express TLR-1, -2, -4, -7, -8, -9 and low levels of TLR-3 (64, 69). TLR activation 

including RP105 results in robust B cell proliferation and differentiation into ASC (64, 

65, 72-74). However, B-1 and MZ cells are more prone to proliferate and differentiate 

into plasma cells than B-2 with TLR stimulation (64, 65, 69).  

Mincle and macrophage C-type lectin (MCL) are C-type lectin receptors (CLRs) 

that are expressed on macrophages, neutrophils, DC and B cells (75, 76). Mincle/MCL 

recognizes glucosyl and mannosyl glycolipids as well as mycobacterial cord factor (76-

78). Mincle/MCL signals via FcRγ leading to SYK-dependent CARD9-BCL-10-MALT1 

formation which leads to the activation of NF-κB activation producing more of Th1 and 

Th17 response (76, 77, 79, 80). Human data shows Mincle is the primary receptor for 

TDB (Trehalose-6,6-dibehenate; Mycobacterium cord factor) and elicits potent cytokine 

and chemokine production from human macrophages and DCs (81). Mincle has also 

shown to be expressed on human peripheral blood B cells (75). 
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Immunoregulation 

PD-1 

PD-1 is a B7/CD28 superfamily receptor expressed on activated lymphoid and myeloid 

cells (82, 83). As mentioned above, Ag receptor signaling leads to the expression of 

transcription factors NFAT, which binds to the transcription promoter of PD-1 leading to 

increased PD-1 expression on cell surface (82). IFN-α and cytokines IL-2, -7, -15, and -

21 also increase PD-1 expression (82, 84). Upon engagement of its ligands (PD-L), B7-

H1 (PD-L1) and B7-DC (PD-L2), PD-1 negatively regulates critical signaling events and 

thereby dampens immune responses, including responses to tumors. PD-1 contains an 

immuno-receptor tyrosine-based inhibitory motif (ITIM) and a distal immuno-receptor 

tyrosine-based switch motif (ITSM) which gets phosphorylated by Lyn in activated B 

cells, or most likely Lck in activated T cells leading to the recruitment of src homology 2-

domain-containing tyrosine phosphatase 1 and 2 (SHP-1 and SHP-2) to the 

phosphorylated ITSM (85-87). SHP-1 and SHP-2 dephosphorylate key signaling 

molecules resulting in inhibition of BCR and T cell Ag receptor (TCR) signaling (85-88). 

However additional signals from TLR agonists, cytokines (IL-4, -12, -18 and IFN-γ) and 

CD40:CD40 ligand interaction can diminish PD-1 inhibitory effects (89-91).  

 Differences in location where PD-L1 and PD-L2 are expressed influences where 

PD-1 exerts its inhibitory functions (82). Multiple cytokines including IFN-γ, GM-CF, 

IL-2, -4, -7, 15, and-21 can increase the expression of the PD-1 ligands (83, 84, 92). PD-

L1 is more broadly expressed where PD-L2 is more restricted. PD-L1 is expressed on 

most immune cells, parenchymal cells, endothelial cells, epithelial cells, lung, virus 
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infected cells and tumor cells (82, 83, 92). Since PD-L1 is expressed on a variety of 

tumors (lung, colon, ovarian, melanoma, breast and many others) interaction with PD-1 

on T cells leads to inhibition of T cell activation and tumor killing (82, 83). Using mAb 

to block PD-1 or PD-L1 has been shown to improve anti-tumor immunity and protection 

(82, 93, 94). Similarly increased PD-L1 expression on epithelial cells during viral or 

bacterial infection leads to inhibition of T cell responses and chronic viral infections 

leads to T cell exhaustion (83). However, PD-1:PD-L1 interactions are important in 

suppressing autoimmunity by suppressing auto reactive T cells (83).  

 PD-L2 is more restricted to APC and may influence immune cell activation, such 

as interactions between B cells and T cells, where PD-L1 may influence more of the T 

cell effector responses. PD-L2 is expressed on DCs, macrophages, germinal center B 

cells, B-1a cells, and memory B cells (83, 92, 95-97). PD-1:PDL-2 interactions has been 

shown to be important for the quality of the GC Ab responses (82, 98). GC B cells 

express PD-L2 that interacts with PD-1 expressing T follicular helper cells to ensure 

survival and optimal generation of ASC (98). PD-L2 also plays an important role in 

asthma and allergic reactions (83). PD-L2 deficient mice have a more severe airway 

hyper-reactivity (AHR) and airway inflammation which is attributed to IL-4 production 

by invariant natural killer T cells (99). Additionally PD-L2 also plays a role in 

suppressing the response in an allergic asthma, as PD-L2 blockade results in an increase 

in AHR and influx of eosinophils in the lung (100). 

As mentioned above, the PD-1:PD-L regulatory axis plays a major role in 

suppressing anti-tumor immunity. PD-1 inhibition is regarded as one of the most 

promising anti-cancer strategies to have been introduced into the clinic in recent years, 
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with successful outcomes reported for melanoma, renal cell carcinoma, non-small cell 

lung cancer, and bladder cancer (101, 102). Intense interest in exploiting the PD-1:PD-L 

regulatory axis for treatment of cancer stems from several preclinical and clinical studies 

demonstrating the potent effects this pathway has on suppressing T cell responses to 

tumors (94, 101-107). Recent studies show Abs targeting PD-1 and PD-L1 produce 

clinical responses in patients with distinct tumor types (101, 102). Disruption of this 

critical regulatory axis is proposed to improve anti-tumor immunity by overcoming 

suppression of antigen-specific T cell responses to tumors (101, 102). While modulation 

of T cell function is clearly a major mechanism by which PD-1/PD-L therapeutics 

enhance anti-tumor immunity, a role for effects on other types of immune cells has not 

been fully explored. 

While evidence clearly supports a role for PD-1 in regulating T cell function in 

cancer, autoimmunity, and host defense (82, 108), until recently little is known about the 

role of PD-1 in humoral responses.  Studies from our lab and others demonstrate PD-1 

plays an important role in regulating humoral responses (89, 98, 109-113). PD-1 

regulates humoral responses to T cell independent type 2 (TI-2) antigens, including 

pneumococcal polysaccharides (PPS) and haptenated Ficoll (89, 110, 111). Antigen-

specific B-1b cells responding to TI-2 antigens specifically and transiently upregulate 

PD-1 following immunization (89, 109, 110, 114). Importantly, we have shown B cell-

intrinsic PD-1 expression, including expression on B-1b cells, directly contributes to 

suppression of antigen-specific B cell division, isotype switching, and Ab production in 

response to TI-2 antigens (109). Interestingly, PD-1
-/-

 mice generate significantly 

increased Ab responses to native PPS, but normal responses to PPS in protein-conjugated 
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form (109). T cell help stimulated through linked recognition of a foreign peptide may 

therefore limit PD-1 inhibitory effects on polysaccharide-specific B cells. In support of 

this, CD40 stimulation of B cells overcomes PD-1 inhibitory effects on BCR-induced 

proliferation in vitro (89). The presence of B-1 cells in primates, along with evidence that 

primate antigen-specific B cells upregulate PD-1 following immunization with TI-2 

antigen immunization (114), supports the possibility that PD-1 may also regulate B-1 

responses to TACAs in humans. The potential effects of blocking PD-1:PD-L interactions 

on B cell-dependent anti-tumor responses have not been investigated to our knowledge, 

despite its growing use in cancer patients. 

CD22 

CD22 is a sialic acid binding immunoglobulin like lectin (Siglec) that is an 

important regulator of the BCR and CD19 signaling pathways (115-120). CD22 is fully 

expressed on all mature B cell subsets but is lost during plasma cell differentiation (121). 

CD22 contains seven Ig like domains, with the two most amino terminal domains 

recognizing ligands containing α2-6 linked sialic acid (122-128), including sialyl Tn 

(129-131).  The cytoplasmic domain of CD22 contains both ITAM and ITIM (121).  The 

ITIM domains recruit SHP-1 and SHIP phosphatases which are crucial for CD22 

negative regulation functions, including down regulation of BCR-induced Ca
2+

 responses 

and the other involving the CD19/CD22 regulatory loop described below (121). 

However, CD22 also recruits positive effector molecules of cell activation, and plays a 

role in positive regulation in signaling through persistent BCR ligation (132). The 

CD19/CD22 regulatory loop plays an important role in regulating BCR signaling. As 

mentioned above, BCR signaling leads to CD19 phosphorylation by Lyn. CD19 then 
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facilitates CD22 phosphorylation also by Lyn. SHP-1, which is recruited to CD22, then 

dephosphorylates CD19 (121, 133). Interestingly, simultaneous ligation of the BCR and 

CD19 inhibits the phosphorylation of CD22, presumably by Lyn being sequestered to the 

CD19 complex (121, 133-135).   

B cells from mice lacking CD22 have alterations in BCR signaling and B cell 

function (127). Interestingly, mice lacking CD22 sialic acid ligand binding domains 

(CD22Δ1-2) have more modest alterations in B cell function relative to mice lacking 

CD22 (136), suggesting ligand-independent forms of regulation. Sialic acid is a terminal 

modification on mammalian cells and CD22 may play a role in preventing the activation 

of autoreactive B-cells (137). Therefore sialylated TACAs may evade humoral responses 

by engaging CD22 and inhibiting B-cell activation.  

  CD22 interactions with sialic acid ligands expressed on B cells may regulate 

CD22 interactions with the antigen receptor as well as provide tonic suppressive signals 

and thereby play critical roles in regulating B cell signaling (126, 127). Importantly, 

interactions with sialic acid ligands in trans, especially if complexed with antigens, may 

adversely affect B cell activation and subsequent antibody production (137, 138). Strong 

evidence for this was provided by a previous study using high affinity synthetic T cell 

independent antigens (138). However, whether CD22 interactions with naturally 

occurring sialylated TACAs or other sialylated self-antigens inhibit antigen-specific B 

cell activation and Ab production remains unknown. 
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Tumor associated Carbohydrate Antigens 

Glycosylation is a very important post-translation modification of surface proteins and 

lipids to maintain proper biological function (139-141). Post-translational modification 

involves only ten monosaccharides (fucose, galactose, glucose, N-acetylgalactosamine 

(GalNAc), N-acetylglucosamine (GlcNAc), glucuronic acid, iduronic acid, mannose, 

sialic acid, and xylose) which can be arranged in numerous combinations by different 

glycosyltransferases to produce unique, complex, highly branched glycan patterns on 

surface molecules (139). The glycosylation of surface proteins can be divided into two 

major types: N-glycosylation (glycan linkage to asparagine, Asn) and O-glycosylation 

(glycan linkage to serine, Ser, or threonine, Thr). A common type of O-glycosylation is 

called mucin-type O-glycosylation, which is initiated by the GalNAc monosaccharide 

linking to Ser or Thr on mucins peptide backbone (140, 142, 143). Other 

glycosyltransferases are used to further extend the glycan cores leading to normal 

glycosylation of mucins (140-143). However, tumor cells have aberrant glycosylation due 

to altered expression of glycosyltransferases, loss of chaperone function, and variability 

in availability of the sugar nucleotide (140, 142, 144). These changes in glycosylation 

lead to the formation of tumor associated carbohydrate antigens (TACAs): Thomsen-

nouvelle (Tn), sialyl Tn (sTn), Thomsen-Friedenreich (T), sialyl T (sT), sialyl-Lewis
a
 

(sLe
a
), sialyl-Lewis

x
 (sLe

x
), GM3, GM1a, GD2, GD1b, and GT1b (140, 145, 146). 

Additionally, the majority of TACAs can be considered as oncofetal antigens (T, Tn, sT, 

sTn, GM3, and GD2), which are antigens expressed on embryonic tissues and tumor cells 

but rarely expressed on healthy adult tissues (145, 147-151). 
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Effects of altered glycosylation 

Changes in the glycosylation of surface glycoproteins and glycolipids have been 

shown to influence tumor progression (altering cellular interactions and signaling) and in 

turn, patient prognosis (140, 146, 152-155). Increased expression of glycosyltransferases, 

GnT-V alters glycosylation of E-cadherin, leading to compromised cell-cell interactions 

and increase tumor invasiveness and metastasis (140, 156). Higher sLe
x
 expression has 

been shown to increase tumor cell adhesion to vascular endothelial cells aiding in 

metastasis (140, 156). Changes in vascular endothelia growth factor receptor 

glycosylation is associated with increased tumor angiogenesis (140, 156). Similarly, 

changes in glycosylation of growth factor receptors can lead to increased cellular 

proliferation (140, 156). Overexpression of mucin (MUC) proteins which also have 

aberrant O-glycosylation plays a role in cell signaling through interactions with the 

epidermal growth factor receptor family, ERBB (156-158). MUC1 can interact with 

ICAM-1, E-selectin and Siglecs (sialic-acid-binding immunoglobulin superfamily 

lectins), which can contribute to cell metastasis and interaction with other cell types, 

including immune cells (156-158).  Tumors that express sialylated TACAs, such as sTn 

or sT can interact with inhibitory Siglecs on immune cells and inhibit anti-tumor immune 

responses (144, 159-161). Thus, TACAs are important targets for cancer therapeutics.  

TACAs: Tn, sTn, T and sT 

TACAs including Tn (Thomsen-nouvelle/CD175), T (Thomsen-Fridenreich 

antigen), sTn (CD175s), and sT antigen, represent ideal targets for the anti-tumor 

response, as these antigens are masked on glycoproteins and glycolipids of normal cells 
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(142, 156). Tn antigen is composed of a GalNAc sugar linked to a serine or threonine on 

the peptide backbone of mucins via the polypeptide GalNAc transferases (142). This is 

the initiation of mucin type O-glycosylation mentioned above. Under normal conditions 

Tn is then further modified by three glycosyltransferases: 1) β1,3-galactosyltransferase to 

synthesize T antigen (core 1, Galβ1-3GalNAcαSer/Thr) or by 2) β1,3-N-

acetylglucosaminyltransferase to synthesize core 3 (142). A third and least likely 

outcome is sialylation of Tn by α2, 6-linkage of a terminal N-acetylneuraminic acid 

(Neu5Ac) or N-glycolylneuraminic acid (Neu5Gc) to the GalNAc saccharide by 

ST6GalNAcI, (Neu5Acα2-6GalNAcαSer/Thr; sTn) (142). Core 1 and 3 are then further 

modified and extended by other glycosyltransferases leading to the extensive glycan 

structure on normal mucins. However, as mentioned above cancer cells oftentimes do not 

have normal expression of certain glycosyltransferases leading to increased expression of 

T/sT antigen. Altered glycosyltransferase expression combined with a mutation in the 

core 1 β3-galactosyltransferase-specific molecular chaperone (Cosmc) leads to an 

increase in expression of Tn/sTn antigen (140, 142).  Tn and T along with the sialylated 

counterparts are expressed on tumor-associated mucins on up to 70-90% of 

adenocarcinomas and are associated with increased tumor growth, metastasis, resistance 

to apoptosis and therapy, and poor prognosis (142, 146, 149, 153, 161-165).  

 

TACAs as targets for vaccines 

TACAs are normally masked or express at very low levels on normal cells thus the 

high frequency of tumors that express TACAs makes them a novel and ideal target for 
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immunotherapy. This has led to great interest in generating TACA-based cancer therapies. 

Patients who produce Ab against TACAs and mucins, either naturally or in response to 

vaccination, correlates with improved survival outcomes (166-172). However, eliciting 

protective antibody responses against these carbohydrate antigens has proven 

challenging. TACAs do not stimulate potent humoral immune responses, likely owing to 

their carbohydrate nature and regulatory mechanisms promoting self-tolerance (173). 

Patients that have been immunized with different types of TACA vaccines (Ovine 

submaxillary mucin (OSM), Tn cluster conjugated to keyhole limpet haemocyanin 

(KLH), Tn(c)-KLH, or GM2 plus bacilli Calmette-Guérin (BCG)), have produced 

primarily an IgM response and very little IgG (174-176). What little IgG was made 

during immunization was short lived and subsequent immunizations did not further 

increase IgG levels (174, 175). However, the Tn(c)-KLH vaccine did elicit high IgG titers 

out to 26 weeks but shortly after began to decline dramatically (176). Similarly the IgM 

response also began to decline a few weeks after the last immunization (174-176). 

Because carbohydrate antigens elicit T-cell independent (TI) immune responses, it is 

believed this is one reason why strong long-lasting immune responses are not made to 

TACA-based vaccines (173). However, even though this could be one explanation, the 

aberrant mucin type O-glycosylation leading to the formation of Tn and T and their 

sialylated counter parts exposes more of the mucin peptide backbone which is masked on 

normal cells, and is thus capable of eliciting a T-cell dependent (TD) reactions. Studies 

have shown that glycosylated MUC peptides are capable of being presented on MHC 

molecules and stimulate T cells. However, the capability of MHC presentation and T cell 

recognition seems to depend on level and location of glycosylation on the mucin 

backbone (177-181). Thus, there has been increased interest in developing TACA based 
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vaccines that will elicit a robust humoral and cytotoxic T lymphocyte (CTL) responses 

(173, 182).  

In order to stimulate robust TD responses, TACAs have been conjugated to 

carrier proteins such as KLH. The Theratope (sTn-KLH+ Enhanzyn™, previously called 

Detox B) vaccine was developed to induce an immune response to sTn. Preclinical 

studies showed clustering of sTn influences the specificity of the response and that a 

higher conjugation ratio of sTn to KLH led to greater specific Ab titers. Unfortunately, 

Theratope phase III studies failed to show improved overall benefits in time to 

progression or overall survival (183). However, further analysis of the phase III results 

revealed that patients who were treated with endocrine therapy and who produced higher 

Ab responses to the natural occurring mucin, ovine submaxillary mucin (OSM), had 

significantly longer median overall survival (170). It was then hypothesized that 

generating vaccines that better resemble TACA expression on tumors would elicit better 

protective immunological responses (173). This led to the development of vaccines like 

Tn-MUC1-KLH and multivalent vaccines which contain multiple types of TACAs on a 

peptide backbone linked to KLH or to nanoparticles (173). The MUC1 tripartite vaccine, 

which contains TLR2 agonist Pam3CysSK4 linked with a peptide containing a T-helper 

epitope and Tn-MUC1 epitope elicited a humoral response capable of inducing ADCC as 

well as a CTL response against Tn-Muc murine expressing tumors (184). A variation of 

the MUC1 tripartite construct is the synthetic Multiple Antigenic Glycopeptide Tn3 

(MAG-Tn3) vaccine. The MAG-Tn3 vaccine is composed of a dendrimeric lysine core 

with 4 arms each linked to the CD4
+
 T cell poliovirus type 1 epitope with a short peptide 

containing three Tn clusters (185). MAG-Tn3 vaccine elicited a robust Tn-specific Ab 



20 
 

response in mice that was cross reactive to Tn-expressing tumor cells. Interestingly, the 

MAG-Tn3 vaccine did not require CD8
+
 T cells to elicit tumor protection from the ascites 

developing TA3-Ha mammary adenocarcinoma cell line. However, CD4
+
 T cells were 

required for Ab production and to elicit protection from tumor challenge (185). MAG-

Tn3 vaccine was modified to a “humanized” vaccine using either the tetanus toxin or 

PADRE peptide sequence instead of the polio virus peptide to immunize nonhuman 

primates. Immunization elicited Tn-specific Ab that was cross reactive to Tn expressing 

human tumors and capable of eliciting ADCC and CDC (186, 187). Whether these 

TACA-based vaccines will generate more promising outcomes in the clinic is yet to be 

determined. However, gaining an understanding of the mechanisms regulating the 

immune responses to TACAs may lead to more efficacious vaccines.  
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Abstract 

Tn is a carbohydrate antigen uniquely exposed on tumor mucins and thus, an ideal target 

for immunotherapy. However, it has been difficult to elicit protective antibody responses 

against Tn antigen and other tumor associated carbohydrate antigens. Our study 

demonstrates this can be attributed to PD-1 immuno-inhibition. Our data show a major 

role for PD-1 in suppressing mucin- and Tn-specific B-cell activation, expansion, and 

antibody production important for protection against Tn-bearing tumor cells. These 

Tn/mucin-specific B cells belong to the innate-like B-1b cell subset typically responsible 

for T cell–independent antibody responses. Interestingly, PD-1–mediated regulation is B 

cell–intrinsic and CD4
+
 cells play a key role in supporting Tn/mucin-specific B cell 

antibody production in the context of PD-1 deficiency. Mucin-reactive antibodies 

produced in the absence of PD-1 inhibition largely belong to the IgM subclass and elicit 

potent antitumor effects via a complement-dependent mechanism. The identification of 

this role for PD-1 in regulating B cell–dependent antitumor immunity to Tn antigen 

highlights an opportunity to develop new therapeutic strategies targeting tumor associated 

carbohydrate antigens. 
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Introduction 

Tumor-associated carbohydrate antigens (TACAs), including Tn (Thomsen-

nouvelle/CD175) antigen, represent ideal targets for the antitumor response, as these 

antigens are masked on glycoproteins and glycolipids of normal cells (142). Tn antigen, 

composed of an N-acetylgalactosamine (GalNAc) sugar linked to a serine or threonine on 

the peptide backbone of mucins, and its sialylated derivate (sTn), are abnormally exposed 

on tumor mucins due to hypoglycosylation. Tn antigen has been reported on up to 70-

90% of adenocarcinomas (142, 163), although discrepancies in overall frequencies 

among certain malignancies exist due to differences in Tn Ab specificities (164). Tn and 

sTn expression by several types of tumors is associated with metastatic potential and poor 

prognosis (142).  Patients who produce Ab against TACAs and mucins, either naturally 

or in response to vaccination, may have improved survival outcomes (166-171). 

However, eliciting protective antibody responses against these carbohydrate antigens has 

proven challenging.  

The regulation of B-cell antibody responses to carbohydrate antigens, especially 

TACAs, is not completely understood. The PD-1 immunoinhibitory receptor plays a 

critical role in suppressing IgG responses to classical T cell–independent type 2 (TI-2) 

carbohydrate antigens, including pneumococcal polysaccharides, but nonetheless 

promotes IgG responses to T cell–dependent (TD) antigens (89, 98, 109, 111, 188, 189). 

PD-1 is a B7/CD28 superfamily receptor expressed on activated lymphoid and myeloid 

cells (82). Upon engagement of its ligands, PD-L1 and PD-L2, PD-1 negatively regulates 

critical signaling events and thereby often dampens immune responses. Intense interest in 

exploiting the PD-1:PD-L regulatory axis for treatment of cancer stems from several 
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preclinical and clinical studies demonstrating the potent effects this pathway has on 

suppressing T cell antitumor responses  (94, 101, 102, 104-107, 190). However, a role for 

effects on other immune cell types has not been fully explored.  

 In this study, we examined a role for PD-1 in regulating the humoral immune 

response to mucin and Tn and its potential impact on protection against Tn
+ 

mucin–

bearing tumors.  Our results show PD-1 is a major suppressor of the humoral immune 

response to mucin bearing high amounts of Tn (191) and to the production of cross-

reactive Abs against tumor cells expressing Tn
+
 mucin. Furthermore, we demonstrate Tn-

specific B cells largely belong to the B-1b lymphocyte subset, are nonresponsive to 

mucin immunization in wild-type mice, but become responsive under conditions of PD-1 

deficiency. This regulation is of great physiologic relevance as B cell–intrinsic PD-1 

expression suppresses the protective B cell–dependent antitumor response elicited by 

immunization. Remarkably, generation of high concentrations of mucin- and Tn-specific 

antibody in the context of PD-1 deficiency requires CD4
+
 cells and thereby reveals 

unexpected role for PD-1 in regulating immunity to these unique antigens. In summary, 

our results demonstrate a critical role for B cell–intrinsic PD-1 expression in regulating 

protective B-cell responses to Tn-bearing tumors. 
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Materials and Methods 

Mice 

Wild-type C57BL/6 and μMT mice were from Jackson Laboratories. PD-1
–/–

 (111) mice 

were on a C57BL/6 background (permission obtained from Dr. Tasuku Honjo). µMT/PD-

1
-/-

 mice were generated by crossing μMT mice with PD-1
–/–

 mice. Studies were 

approved by Wake Forest’s Animal Care and Use Committee. 

 

Immunizations and ELISAs 

Bovine submaxillary mucin (Sigma, Millipore) was desialyated (dBSM) as described 

(192) and treated with endotoxin-removal resin. Bacteriophage Qβ virus-like particles 

bearing Tn (Qβ-Tn) were generated as described (193). Mice were immunized 

intraperitoneally (i.p.) with 5 µg Qβ-Tn, 100 µg dBSM (Sigma), or 250 µg dBSM plus 

10µg LPS (Escherichia coli O111:B4, Sigma) in 200 µl PBS. CD4 depleting (GK1.5) 

and control (LTF-2) antibodies were from BioXcell (inVivoMAb).  

ELISAs were as described (35) using Nunc Maxisorp plates coated with 10 µg/ml 

dBSM in 0.1M borate buffered saline and pre-blocked with TBS-BSA prior to incubation 

with sera. To detect dBSM-specific Abs, alkaline phosphatase-conjugated polyclonal 

goat anti-mouse IgM and IgG Abs (Southern Biotechnology) diluted in TBS-BSA and 

pNPP (Sigma) were used. ELISA values are reported as relative absorbance units (AU; 

OD405nm reading for serum samples minus OD405nm reading from wells with serum 

omitted).  
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Tumor challenge 

TA3-Ha cells were obtained from Dr. Richard Lo-Man (Pasteur Institute, Paris, France) 

in 2010. This stock was tested for rodent pathogens (IMPACT IV testing, IDEXX-

RADIL). One pooled ascites frozen stock was used for all subsequent challenge 

experiments. Cells were expanded for several days prior to injection. Mice developing 

ascites with signs of distress (lethargy, dehydration, reduced/impaired movement, 

reduced grooming, labored breathing, etc.) were humanely euthanized.  

 

Cell transfers and cobra venom factor administration  

Naïve spleen and peritoneal B cells were purified using negative depletion as described 

(89, 109). B cells from immune mice were purified using EasySep untouched mouse B-

cell purification (Stem Cell Technologies) with biotinylated F4/80 antibody included. 

Cobra venom factor (Millipore) was administered i.p. (20 µg/mouse) one day prior to 

tumor challenge and on days 1, 3, 5, 7, 9, and 11. 

 

Flow cytometry 

TA3-Ha cells, E0771 cells, and Jurkat cells (1 x 10
6
/ml) were stained with diluted sera 

(1:10-1:50) in PBS containing 2% calf serum for 30 minutes at RT and washed. Goat 

anti-IgM-FITC and anti-IgG-PE (Southern Biotechnology Associates, Inc.) were used to 

detect bound Ab. For antigen-specific analysis, cells were pre-incubated with 0.5 µg/ml 

Fc block and stained with 18 µg/ml dBSM-AlexaFluor488 or 2.5 µg/ml Tn-BSA-
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AlexaFluor647, and mAbs conjugated to fluorochromes or biotin: CD5 (53-7.3), 

CD80(16-10A1), CD86(GL-1), CD11b(M1/70), CD138(281-2) all from Biolegend, 

CD21/35 (7E9) from eBioscience, and CD19(1D3), PD-1(J43) from BD Biosciences, and 

corresponding isotype controls. Biotin-conjugated mAbs were detected using 

streptavidin-fluorochrome conjugates. Cells were analyzed using a FACSCanto II 

cytometer (Becton Dickinson).  

 

Statistical analysis 

Data are shown as means ± SEM with differences assessed using unpaired Student’s t 

test. Differences in Kaplan-Meier survival curves were assessed using the Log Rank or 

Gehan-Wilcoxon tests.  
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Results 

PD-1
–/– 

mice produce Abs that cross-react with Tn
+
 mucin-expressing tumors 

Desialylated ovine and bovine submaxillary gland mucins (dBSM) have been used to 

study Ab responses to T, Tn, and sTn in both mice and humans due to their display of 

natural glycan clusters mimicking TACAs found on tumor-derived mucins (170, 174, 

191, 192, 194). In contrast to weak IgM and IgG responses to dBSM in WT mice, PD-1
–/–

 

mice produced robust dBSM-specific IgM and IgG responses following boosting (Fig. 

1A). Moreover, sera from dBSM-immunized PD-1
–/–

 mice exhibited significant IgM, and 

to a lesser extent IgG, reactivity with TA3-Ha cells—a mucinous Tn-expressing 

mammary tumor line ((192, 195); Fig. 1B-C). Free GalNAc, but not glucose, inhibited 

IgM binding, indicating a portion of dBSM-elicited IgM in PD-1
–/–

 mice was Tn-reactive 

(Fig. 1D). Free GalNAc had no measurable effect on WT sera binding (percent reduction 

in MFI: WT, 2.6%; PD-1
–/–

, 31%). We did not detect differences between WT and PD-1
–

/–
 d35 immune sera reactivity with a Tn-negative mammary carcinoma line, E0771 (Fig. 

1E). Sera from dBSM-immune PD-1
–/–

, but not WT, mice also showed significant 

reactivity with Jurkat cells, a human T-cell leukemia line with high Tn expression (Fig. 

1F-G; (142)). GalNAc inhibited binding, suggesting reactivity was due to Tn Ab (Fig. 

1H). Consistent with dBSM results, PD-1
–/– 

mice immunized with Qβ-Tn, a 

bacteriophage displaying Tn (193), had significantly more IgM and IgG reactive with 

TA3-Ha cells
 
(Fig. 1I). Thus, PD-1

–/– 
mice produce significantly more Abs that are cross-

reactive with Tn/mucin-bearing tumor cells following immunization with Qβ-Tn and 

dBSM, which could be attributed in part to increased Tn-specific Ab production. 



29 
 

 
Figure 1. PD-1

–/–
 mice produce increased dBSM- and Tn

+
 tumor mucin-specific Ab 

following dBSM and Qβ-Tn immunization 

A-H) WT and PD-1
–/–

 mice were immunized with 100µg dBSM on d0 and 21. A) Mean(± SEM) 

dBSM-specific serum IgM and IgG concentrations. B-C) Serum IgM and IgG reactivity with 

TA3-Ha cells. Representative staining (B) and average MFI (+SEM) values (C). Results 

representative of 4 independent experiments. D) GalNAc but not glucose inhibits IgM from 

dBSM-immunized PD-1
–/–

 mice (d28) from binding TA3-Ha cells. E) Serum IgM (mean MFI 

+SEM) reactivity with E0771 cells. F-H) Immune (d35; n=7-8 mice/group) and naive serum IgM 

and IgG reactivity with Jurkat cells. Representative staining (F) and mean MFI (+SEM) values 

(G). H) GalNAc(50 mM) inhibits PD-1
–/–

serum (d35) from binding to Jurkat cells. I) Mice were 

immunized with 5 µg Qβ-Tn on d0 and d21. Serum IgM reactivity (d35) with TA3-Ha cells 

shown as mean MFI(+SEM; n≥6/group). Asterisks (*) indicate significant differences (p <0.05) 

between mean values. Chad Littrell assisted with experiment in figure 1C. Karen Haas performed 

experiments in figure 1F-I.  
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Protection against an aggressive Tn-bearing tumor in PD-1
–/–

 mice by immunization 

TA3-Ha cells are used as an aggressive model of peritoneal carcinomatosis (192, 196-

198). TA3-Ha cells (10
4
) injected i.p. into naïve WT C57BL/6 mice induced visible 

ascites between days 8-10. Mice rapidly succumbed to tumor burden and overwhelming 

ascites development by d14 (Fig. 2A). Naïve WT, naïve PD-1
–/–

, and immune WT mice 

showed similar susceptibility to TA3-Ha challenge, with all mice succumbing to tumors. 

However, dBSM and Qβ-Tn immunization provided PD-1
–/–

 mice with significant 

protection as shown by increased median time to death and ~35% overall survival (Fig. 

2A-B).  

    

Figure 2. DBSM immunization elicits protection against a Tn-bearing tumor in PD-1
–/–

 but 

not WT mice 

WT and PD-1
–/–

 mice were immunized with dBSM (A) or Qβ-Tn (B) on d0 and d21. Mice were 

given 10
4
 TA3-Ha cells i.p. on d42 (A) or d49 (B). Significant differences in survival were 

assessed by Log-rank analysis (A, n=6-7 naive mice/group and 11-12 immune mice/group; B, 

n=6-8 mice/group).  

 

Adjuvant further enhances mucin-elicited B cell-dependent tumor protection in PD-

1
-/-

 mice 

We investigated whether LPS would enhance responses to dBSM, due to its potent 

activity in promoting B-cell activation and Ab production. PD-1
–/–

 mice produced 
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significantly higher dBSM- and TA3-Ha-specific IgM concentrations relative to WT 

mice in response to primary dBSM+LPS immunization (Fig. 3A-B). Despite negligible 

increases in IgG reactivity with TA3-Ha cells (not shown), immune PD-1
–/–

 mice were 

nonetheless protected during tumor challenge. Staining with tumor-reactive Helix 

pomatia agglutinin (HPA) (199) indicated that > 70% of blood cells (> 10
7
 cells/ml) in 

naïve WT and PD-1
–/–

 mice, as well as immunized WT mice, consisted of HPA
+
FSC

hi 

(TA3-Ha) cells 10d post-challenge (Fig. 3C). In contrast, HPA
+
FSC

hi 
cell numbers were 

at background in immunized PD-1
–/–

 mice, suggesting tumor cells had not disseminated 

to the blood. Significant differences in HPA
–
 (leukocyte) cell numbers among naïve and 

immune groups were not detected (Fig. 3C). Consistent with these findings, > 90% of 

naïve WT, naïve PD-1
–/–

, and immune WT mice succumbed to the tumor (Fig. 3D). In 

contrast, the majority of immune PD-1
–/–

 mice survived. Immunization with dBSM did 

not increase survival in B cell–deficient µMT mice lacking PD-1 (µMT/PD-1
–/–

) (Fig. 

3E). Thus, primary dBSM+LPS immunization significantly prevented tumor 

dissemination and promoted survival in PD-1
–/–

, but not WT, mice, and this effect 

depended on B cells.  

 

PD-1 suppresses dBSM- and Tn-specific B-1 B cell responses against dBSM 

We assessed changes in dBSM-specific B cell populations in WT and PD-1
–/–

 mice 

following dBSM immunization. Representative gating strategies for dBSM-specific B 

cells are shown in Fig. 4A for peritoneal cavity and Supplemental Fig. S1A for spleen. 

Peritoneal and splenic dBSM-binding B-cell numbers were lower in naïve PD-1
–/–

 mice 
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relative to WT mice (Fig. 4B). However, peritoneal and splenic dBSM-specific B-cell 

numbers were significantly increased 5 days following dBSM boosting in PD-1
–/–

, but not 

WT mice (Fig. 4B). Overall, dBSM-specific FSC
hi

CD86
+
 B-cell frequencies and numbers 

in peritoneal cavity (Fig. 4C) and spleen (Fig. 4D) increased > 2.5-fold in immune PD-1
–

/–
 mice relative to naïve PD-1

–/–
, immune WT, and naïve WT mice (Fig. 4C-D and Fig. 

S1B). Activated dBSM-specific peritoneal B cells were CD19
hi

, CD11b
+
(94±1%), and 

CD5
neg

(74±7%), indicating most belonged to the B-1b cell subset (Supplemental Fig. 

S1C). Thus, dBSM-specific B cells were selectively expanded and activated following 

dBSM immunization in PD-1
–/–

, but not WT, mice.  

 

Figure 3. Primary dBSM + LPS immunization protects PD-1
–/–

 mice against TA3-Ha 

challenge and requires B cells 

WT and PD-1
–/–

 mice were immunized with 250 µg dBSM plus 10 µg LPS. A-B) Serum IgM 

reactivity against dBSM (A) and TA3-Ha cells (B). C-D) Mice were challenged with 10
4
 TA3-Ha 

cells on d21. Ten days post-challenge, tumor cells in blood were detected using HPA staining and 

FSC (FSC
hi
HPA

+
) (C). D) Differences in survival were assessed by Log-rank analysis (n=4-9 

naive and 10-14 immune mice/group). Results representative of 3 independent challenge 

experiments. E) Survival in µMT mice and µMT/PD-1
–/–

 mice immunized and challenged with 

TA3-Ha cells as above (n=5 mice/genotype). Asterisks(*) indicate significant differences (p 
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<0.05) between mean (+SEM) values for WT and PD-1
–/– 

mice. Karen Haas assisted with analysis 

in figure 3C. 

 

We analyzed Tn-specific B cells in WT and PD-1
–/–

 mice 5 days after dBSM 

boosting in a similar manner. The frequencies of peritoneal B cell specific for Tn were 

significantly increased in PD-1
–/–

 (~2-fold) 5 days after dBSM boosting, but remained 

unchanged in WT mice (Fig. 4E-F). Consistent with this, the overall frequencies of Tn-

specific peritoneal B cells among total leukocytes were significantly increased in immune 

PD-1
–/–

 mice relative to naïve PD-1
–/–

 and immune WT mice (Fig. 4F, right). FSC was 

increased for Tn-specific peritoneal B cells from both immune WT and PD-1
–/– 

mice 

relative to naïve mice (Fig. 4G-H). However, CD86 expression was only increased on 

Tn-specific peritoneal B cells from immune PD-1
–/–

 mice (Fig. 4G). Moreover, in 

immune PD-1
–/–

, but not WT, mice, an increased frequency of Tn-specific peritoneal B 

cells expressed the plasmablast marker, CD138 (Supplementary Fig. S1D). Tn-specific 

peritoneal B cells were CD11b
+
 and CD5

–
, suggesting they also belonged to the B-1b cell 

subset (Fig. 4H). CD11b
+
CD5

-
 Tn-specific B cells were also present in the spleens of 

some immune PD-1
–/–

 mice (data not shown). Thus, dBSM immunization resulted in 

significant activation and expansion of Tn-specific B-1b cells and increased Tn-specific 

plasmablast numbers in peritoneal cavities of PD-1
–/–

, but not WT, mice.  
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Figure 4. PD-1 suppresses activation and expansion of dBSM- and Tn-specific B-1b cells 

and B cells from immune PD-1
–/–

 mice transfer antitumor protection 
A-D) Analysis of dBSM-specific B cells in peritoneal cavities and spleens. A) Representative 

gating for peritoneal dBSM
+
CD19

+
 B cells with subgating on CD86

+
FSC

hi
 cells for naïve and 

immune (d5 post dBSM boost) mice. B) Mean numbers (±SEM) of dBSM-binding B cells. C-D) 
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Mean frequencies and numbers (±SEM) of CD86
+
FSC

hi
 dBSM-binding B cells in peritoneal 

cavities (C) and spleens (D). E-K) Analysis of Tn-specific peritoneal B cells. E) Representative 

gating of Tn-BSA-binding and BSA control-binding CD19
+
 peritoneal B cells. F) Mean 

frequencies of B cells binding Tn(left panel) and frequencies of Tn-specific B cells among 

peritoneal leukocytes (right panel). G) Mean (±SEM) FSC and CD86 MFI values for Tn-specific 

peritoneal B cells. H) Phenotype of Tn-specific peritoneal B cells. Shaded histograms represent 

isotype controls. For panels A-H, WT and PD-1
–/–

 mice were immunized with dBSM on d0, 21, 

and 176. Ag-specific B cells were analyzed on d181 (d5 post boost). In A-G, asterisks(*) indicate 

significant differences in mean (± SEM) values (p <0.05; n=4-8 mice/group). I-J) PD-1
–/–

 mice 

were immunized with dBSM on d0 and 21 and challenged with TA3-Ha cells on d42. On d125, 

Tn-specific peritoneal B cell phenotype (I) and numbers (J) were assessed (n=3-4 mice/group). 

K) Spleen B (3 x 10
7
 i.v.) and peritoneal B (8 x 10

6
 i.p.) cells from dBSM-immune PD-1

–/–
 mice 

that survived TA3-Ha challenge were transferred into naïve WT mice. Two days later, mice were 

challenged with 2 x 10
4
 TA3-Ha cells (n= 5/group). Karen Haas assisted with analysis in figure 

4A-J. 

 

An expanded pool of Tn-specific memory B cells in PD-1
–/–

 mice transfers tumor 

protection 

Twelve weeks post-tumor challenge, Tn-specific peritoneal B-1b cells remained 

CD19
hi

CD11b
+
CD5

neg
CD21/35

lo/neg 
and were significantly increased over naïve mice 

(Fig. 4I-J). Tn-specific spleen B-cell frequencies in survivor mice were also significantly 

increased over naive mice and nonspecific BSA-binding B-cell frequencies 

(Supplemental Fig. 1E). In particular, the frequency of Tn-specific spleen CD21/35
lo/neg

 B 

cells in PD-1
–/–

 tumor survivors was significantly increased (2.5-fold; Supplemental Fig. 

S1F), suggesting Tn-specific B-1 cells had expanded and/or trafficked to the spleen. 

Thus, the expanded pool of Tn-specific B cells resulting from immunization and/or tumor 

challenge persists and is predominantly composed of B-1b cells. This expanded 

“memory-like” population along with other tumor-reactive cells may contribute to long-

term protection. Consistent with this notion, immune PD-1
–/– 

survivors survived a 

secondary TA3-Ha challenge (Supplemental Fig. S2). Moreover, transfers of spleen and 

peritoneal B cells from PD-1
–/– 

survivors into WT naïve mice prolonged survival 
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following TA3-Ha challenge, whereas all mice receiving naïve PD-1
–/– 

cells were 

deceased on day 10 (Fig. 4K).  

 

Secondary mucin- and Tn-specific antibody responses in PD-1
–/–

 mice requires CD4
+
 

cells  

Mucins have characteristics of TI antigens—given their high carbohydrate content, 

repeating antigenic epitopes, and predominant elicitation of IgM—but have the potential 

to elicit T-cell help, given their peptide content. We therefore examined whether CD4
+
 

cells played a role in the augmented dBSM-specific and TA3-Ha cross-reactive antibody 

response in PD-1
–/–

 mice. CD4
+
 cell–depletion during the primary response had no 

measurable effect on IgM or IgG responses to dBSM or TA3-Ha cells (Fig. 5A-B). 

However, CD4
+
 cell–depletion significantly blunted secondary dBSM and cross-reactive 

TA3-Ha antibody responses in PD-1
–/–

 mice (Fig. 5A-B). Free GalNAc moderately 

reduced primary immune (d20) sera binding (by 10-20%) to TA3-Ha cells (Fig. 5C). 

Blocking was similar between primary sera from control and CD4
+
 cell–depleted mice. 

By contrast, free GalNAc reduced binding of sera from control dBSM-boosted mice 

(d37) to TA3-Ha cells by 60%, whereas sera from dBSM-boosted mice that had received 

CD4-depleting antibody was only moderately blocked, as observed for primary sera (Fig. 

5C). Similar results were obtained using Tn-expressing Jurkat cells (Fig. 5D). Not 

unexpectedly, mice depleted of CD4
+
 cells during primary and secondary dBSM 

immunization all succumbed to TA3-Ha challenge despite a return of CD4
+
 cells by the 

time of tumor challenge, whereas mice that had received control Ab exhibited 
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significantly increased survival (Fig. 5E). Thus, in PD-1
–/–

 mice, CD4
+
 cells are required 

for optimal secondary antibody responses to dBSM, including the production of Abs that 

cross-react with TA3-Ha cells and Tn antigen.  

  

            

Figure 5.  Secondary mucin- and Tn-specific antibody responses in PD-1
–/–

 mice requires 

CD4
+ 

cells  

A-E) PD-1
–/–

 mice were immunized with 100µg dBSM on d0 and 21. Mice received GK1.5 (anti-

CD4) or control rat IgG2b i.p. on days -3 (200 µg), 0 (200 µg), and +3 (100 µg) of primary and 

secondary immunization. A-B) dBSM-reactive (A) and TA3-Ha-reactive (B) serum IgM and IgG. 

C) GalNAc inhibition of dBSM-elicited IgM binding to TA3-Ha cells. MFI values for GalNAc-

incubated samples were compared to PBS-only samples (pooled sera (d20 [1/10 dilution]; left 

panel and d37 [1/50 dilution]; right panel) to determine percent blocking. (D) Inhibition of IgM 

(d37; 1:25 dilution) binding to Jurkat cells by GalNAc. (E) Survival of dBSM-immunized PD-1
–/– 

mice following TA3-Ha challenge on d42 (n=5 mice/group). Asterisks indicate significant 

differences between GK1.5- and control Ab-treated mice (p<0.05; n=5/group).  

 

B cell–intrinsic PD-1 suppresses dBSM-specific Ab responses and weakens tumor 

protection 

DBSM-specific B-1b cells upregulated PD-1 following dBSM immunization (Fig. 6A). 

PD-1 expression was not increased on nonspecific B-1 cells. We therefore assessed the 
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role of B cell–intrinsic and nonintrinsic PD-1 expression in regulating dBSM antibody 

responses. Transfers of splenic and peritoneal B cells from naïve PD-1
–/–

 mice into µMT 

mice yielded significantly higher primary and secondary IgM responses to dBSM relative 

to mice reconstituted with WT B cells (Fig. 6B). In contrast, µMT mice and µMT/PD-1
–/–

 

mice that had received WT B cells showed no significant differences in dBSM-specific 

Ab responses (Fig. 6C), suggesting a limited role for B cell-extrinsic PD-1 expression in 

regulating the Ab response. Transfers of splenic PD1
–/–

 B cells alone into µMT mice also 

yielded increased dBSM-specific IgM responses relative to WT B cells (Fig. 6D) and 

significantly prolonged survival in response to TA3-Ha challenge relative to mice 

reconstituted with WT B cells (Fig. 6E). Not unexpectedly, all mice eventually 

succumbed to the tumor likely due to the limited amount of TA3-Ha-reactive antibody 

produced in reconstituted mice. Total serum IgM concentrations in µMT mice 

reconstituted with PD-1
–/–

 B cells were not increased over that in mice reconstituted with 

WT B cells (WT: 164  14 µg/ml; PD-1
–/–

: 75  17 µg/ml, d10). Thus, B cell–intrinsic 

PD-1 expression regulates the protective mucin-specific Ab response.  
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Figure 6. PD-1 regulation of dBSM and Tn-specific antibody responses is B cell–intrinsic 

A) PD-1 expression on peritoneal dBSM-specific B cells from naïve and dBSM-immunized (d3) 

WT mice (left and middle histograms) and all B-1 cells in immune mice (right histogram). (B-C) 

Purified spleen B cells (1 x 10
7
) and peritoneal B cells (1 x 10

6
) from naïve WT and PD-1

–/– 
mice 

were transferred i.v. and i.p., respectively, into µMT or PD-1
–/–

µMT mice. Ten days later, mice 

were immunized with 100µg dBSM (d0 and d21). Mean dBSM-specific IgM concentrations (± 

SEM) are indicated (n=7-8/group). (D-E) Purified spleen B cells (2 x 10
7
) from naïve WT and 

PD-1
–/– 

mice were transferred i.v. into µMT mice. Mice were immunized as above.  (D) Mean (± 

SEM) dBSM-specific IgM concentrations at d37 (n=7-8/group). (E) µMT recipient mice were 

challenged with 2 x 10
4
 TA3-Ha cells on d42. Differences in survival factoring for time-to-death 

were assessed by Gehan-Breslow-Wilcoxon test (p=0.02; n=8-9/group). Significant differences 

between Ab concentrations in reconstituted mice in B and D are indicated (*, p<0.05). 
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Antibody from dBSM-immunized PD-1
–/–

 mice elicits protection in the absence of T 

cells 

To determine whether dBSM-elicited Abs in PD-1
–/–

 mice contributed to increased 

survival following TA3-Ha challenge, we performed passive serum transfers. Relative to 

immune WT sera, immune sera from PD-1
–/–

 mice provided significantly increased 

protection during TA3-Ha challenge (Fig. 7A). The total tumor burden was significantly 

reduced in moribund mice that had received PD-1
–/–

 sera, suggesting enhanced antitumor 

immunity in these mice (Fig. 7B). T cells were not essential for therapeutic dBSM-

elicited antibody-mediated protection, as T cell–deficient nude mice administered sera 

from dBSM-immunized PD-1
–/– 

mice had significantly reduced TA3-Ha cell frequencies 

and numbers in the circulation 10d post-challenge (Fig. 7C) and had significantly 

prolonged and improved survival (Fig. 7D). Thus, passive transfer of dBSM-elicited 

antibody from PD-1
–/–

 mice significantly limited tumor dissemination and improved 

survival in the absence of T cells.   

 

Complement is required for dBSM-elicited Ab-mediated killing of tumor cells  

To investigate whether complement was involved in Ab-mediated protection, we 

performed CDC assays. Incubation of naïve or dBSM-immunized mouse sera with TA3-

Ha or Jurkat cells had no effect on cell viability relative to no sera control (Fig. 7E-F). 

However, when complement was present, sera from dBSM-immunized PD-1
–/–

 mice 

elicited significant killing of TA3-Ha and Jurkat cells relative to immune WT, naïve PD-

1
–/–

, and naïve WT sera (Fig. 7E-F). We therefore assessed the effect of depleting 
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complement in vivo using the complement activator, cobra venom factor (CVF). DBSM 

immunization-induced protection in PD-1
–/–

 mice was completely lost with CVF 

treatment, as survival in immune CVF-treated mice (in contrast to PBS control mice), no 

longer differed from that of naïve mice (Fig. 7G). Thus, dBSM-elicited Ab-mediated 

protection in PD-1
–/–

 mice is complement dependent.  

 
Figure 7. Protection against TA3-Ha growth and dissemination in PD-1

–/– 
mice depends on 

antibody and complement 

A-B) Transfer of serum from dBSM-immunized WT or PD-1
–/–

 mice into naïve mice. Mice were 

challenged with TA3-Ha cells and received 30µl sera on d0 and 100 µl sera on d1, 3, and 6 i.p. A) 

Pooled survival results (n=4/group) represent 2 independent challenge experiments (n=8/group). 
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B) Mean TA3-Ha cell numbers (+SEM) in ascites of moribund mice. (C-D) Naïve nude mice 

were challenged with 1,000 TA3-Ha cells on d0 and received 100 µl pooled sera from dBSM-

immune or naïve PD-1
–/–

 mice on d1, 3, 5, and 7 (i.p.). Nude mice received 1mg 

cyclophosphamide on d1 i.p. (n=4/group). Mean frequencies and numbers of TA3-Ha cells 

(HPA
+
CD138

+
CD19

-
CD11b

-
) present in blood 10 days post-challenge (C) and survival results 

(n=4/group; D).  E-F) TA3-Ha (E) or Jurkat (F) cells were incubated with naïve (d0) or dBSM-

immune (d35) serum (1/25 dilution) from individual WT or PD-1
–/–

 mice (n=3-4/group) with or 

without complement (1-2%).  7AAD staining was analyzed after 3 hours. Results representative 

of 2 independent experiments. G) Effect of CVF administration on survival during TA3-Ha 

challenge in dBSM-immune PD-1
–/–

 mice versus survival in naïve PD-1
–/–

 mice(n=5-9 

mice/group; Log-rank analysis). In B, C, E, and F, significant differences between groups are 

indicated (*, p<0.05). Karen Haas assisted in experiments in figure 7A. Karen Haas performed 

experiments in figure 7B-F. 
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Discussion 

Tn- and sialyl Tn-based vaccines have shown efficacy in mice and a fraction of patients 

in clinical trials (170, 182, 200, 201). Despite the promise of these vaccines, inducing 

optimal concentrations of protective Abs against these glycan antigens displayed on 

natural mucins remains a challenge. Our data demonstrating PD-1 plays a major role in 

limiting protective Ab responses to these and other TACAs thereby reveals a tangible 

opportunity for improving protective responses in patients. Specifically, we report several 

clinically relevant findings, the most important of which include: 1) PD-1 suppresses 

mucin- and Tn-specific Ab responses that provide complement-dependent protection in a 

peritoneal carcinomatosis model of tumor growth and dissemination, 2) PD-1 suppresses 

activation, expansion, and plasmablast differentiation of mucin/Tn-reactive peritoneal B-

1b cells, and suppresses anti-mucin responses via B cell–intrinsic expression, and 3) 

CD4
+
 cells play a key role in promoting mucin/Tn-reactive Ab responses in the context of 

PD-1 deficiency, but are not required for these Abs to elicit protection against tumor 

growth and dissemination. Thus, our novel study reveals a critical role for PD-1 in 

suppressing B cell–dependent anti-Tn/mucin Ab responses that provide protection against 

tumors.  

The TA3-Ha model of peritoneal cavity tumor growth and ascites development 

(peritoneal carcinomatosis) with dissemination into the circulation is an ideal model 

system to study effects of Tn-specific B cell responses (192, 196-198). In this tumor 

model, mucin-reactive Abs produced by PD-1
–/–

 mice contributed to tumor killing 

through complement activation, as evidenced by their efficacy in eliciting CDC against 

both TA3-Ha cells and Tn
+
 Jurkat cells in vitro, and the requirement for complement in 
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immune-mediated protection in vivo. These effects may be attributed to the high levels of 

mucin-reactive IgM produced in PD-1
–/–

 mice. Mucin-elicited IgG may also contribute 

via antibody-dependent cellular cytotoxicity and antibodies may function by altering 

mucin signaling and/or adhesion properties important for limiting metastases. Indeed, the 

decreased dissemination observed in immune PD-1
–/–

 mice and in serum transfer 

experiments supports the latter (202). Finally, although mucin/Tn-specific Ab contributed 

to protection, it is possible B cells may regulate additional aspects of antitumor 

immunity, such as antigen presentation (2-4) and/or cytokine production. Future studies 

will address these possibilities. 

The identification of B-1 cells as a major B-cell subset harboring mucin- and Tn-

specific B cells has important implications for therapeutic strategies activating immune 

responses to TACA-bearing tumors. We have identified a B-1b counterpart responsive to 

TI-2 antigens in nonhuman primates (114, 188) and a recirculating B-1–like population 

has also been described in humans (203). In both WT and PD-1
–/–

 mice, dBSM- and Tn-

specific peritoneal B cells were predominantly B-1b cells. Interestingly, the frequency of 

Tn-reactive B cells was enriched in the peritoneal cavity relative to spleen. This has been 

noted for B-1 cells with other self-antigen specificities (8). Evidence of selective 

activation, expansion, and differentiation of these antigen-binding cells in immunized 

PD-1
–/–

 mice, but not WT mice, clearly supports the notion that the PD-1 regulatory axis 

controls B-1 responses to mucins. PD-1 suppresses humoral responses to classical TI-2 

antigens (89, 109, 111). PD-1 is transiently upregulated by antigen-specific B-1b cells 

(89, 109, 114) and thereby contributes to suppression of antigen-specific B cell division, 

isotype switching, and Ab production during TI-2 responses (89, 109). However, dBSM 
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shares functional characteristics of both TI-2 (multivalent carbohydrate display) and TD 

(protein backbone) antigens. Thus, it is possible that conjugating Tn to an immunogenic 

protein carrier could recruit B-2 cells into the response.  Future work will address this 

possibility. 

Our identification of B cell–intrinsic PD-1-mediated suppression of humoral 

responses to dBSM and Tn involving CD4
+
 cells represents a unique finding, as previous 

studies have suggested a positive regulatory role for PD-1 in TD Ab responses based on 

evidence for PD-1-mediated support of T follicular helper cell function (98, 189). The 

poor immunogenicity of dBSM in WT mice suggests there may be limited T cell help 

available, and this along with PD-1 suppression likely contributes to poor activation of 

mucin/Tn-specific B cells. Mucins also bind receptors on professional antigen presenting 

cells and elicit generalized suppression, which can contribute to tumor immune evasion 

(204-206). Inefficient processing and presentation of heavily glycosylated mucins to T 

cells by dendritic cells may also contribute to poor immunogenicity (180).  Thus, T-cell 

activation by mucin-derived peptide, and hence, provision of T-cell help, may rely more 

heavily on antigen presentation by activated mucin-specific B cells expressing 

appropriate T-cell costimulatory signals—the upregulation of which are suppressed by 

PD-1. Nonetheless, it remains entirely possible that the CD4
+
 help involved in supporting 

Tn-specific antibody responses in our study represents a unconventional (non-cognate) 

type of T/NKT cell help. Support for this is based on a previous study showing a TCR-

nonspecific CD86/CD80-dependent form of T-cell help promotes polysaccharide 

(phosphorylcholine)-specific antibody responses against bacteria (207)—a response 

attributed to innate-like B1 cells and marginal zone B cells. Future work is necessary to 
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identify the precise mechanisms by which CD4
+
 cells support mucin/Tn-specific antibody 

responses and the extent to which PDL1 and PDL2 expressed by these and other cells 

contribute to PD-1–mediated regulation. 

 In summary, our results demonstrate that PD-1 suppresses B-cell functions critical 

for optimal antitumor immunity to TACA-bearing tumor mucins. Therapeutics targeting 

PD-1:PD-1 ligand interactions have shown tremendous clinical results (101, 102). 

Although T-cell modulation represents a major mechanism by which these therapies elicit 

their effects, this study raises the exciting possibility that PD-1–directed therapies may 

also support B-cell responses to TACAs. Our preliminary results using PD-1 mAb 

blockade in our model system support this possibility (unpublished observations, KMH 

and MAH). An understanding of the impact this regulatory pathway has on human B 

cells may ultimately lead to the development of additional strategies specifically aimed at 

eliciting effective antitumor B-cell responses.   
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Supplemental 

  

 

Figure S1. Phenotype of dBSM- and Tn-specific B cells 

WT and PD-1
-/-

 mice were immunized as described in Figure 4. A) Representative plot showing 

CD86 expression and FSC levels in dBSM-specific splenic B cells (d5 post boost) from WT and 

PD-1
-/-

 mice. B) Mean frequency (+SEM) of dBSM-specific B cells that express CD86 and have 

increased FSC in naïve versus dBSM-immune (d5 post boost) mice.  C) Phenotype of dBSM-

binding peritoneal B cells relative to all B cells in PD-1
-/-

 mice 5 days post dBSM boosting.  D) 

Mean frequency (+SEM) of Tn-specific B cells that express CD138 in naïve versus dBSM-

immune (d5 post boost) WT and PD-1
-/-

 mice. E-F) PD-1
-/-

 mice were immunized with dBSM on 

d0 and 21 and challenged with TA3-Ha cells on d42. On d125, the mean frequency (+SEM) of 

Tn-specific splenic B cells (E) and CD21
lo/neg 

Tn-specific splenic B cells (F) was assessed in PD-

1
-/-

 mice. Karen Haas assisted with analysis. 
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Figure S2. Survival in PD-1
-/-

 mice following primary and secondary tumor challenge 

WT and PD-1
-/-

 mice were immunized with dBSM and LPS as in Figure 3. On d42, mice were 

challenged with 10
4
 TA3-Ha cells i.p. and monitored for survival.  PD-1

-/-
 survivors (and age-

matched naïve PD-1
-/-

 mice) were rechallenged 7 months post primary challenge with 10
4
 TA3-

Ha cells and survival was assessed by Log rank analysis (n= 3/group). 
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Abstract 

Tumor associated carbohydrate antigens (TACAs) represent aberrant glycosylation 

products that are exposed on the surface of tumor cells but missing or masked on normal 

cells. TACAs are thereby ideal targets for the anti-tumor humoral immune response. 

However, TACAs, such as Tn and T antigen found on tumor mucins, are often sialylated. 

We hypothesized that binding of sialylated mucins to the B cell-expressed inhibitory 

Siglec (sialic acid-binding immunoglobulin-like lectin) receptor, CD22 (Siglec-2) would 

inhibit anti-tumor responses. Here we show that mice lacking the two amino terminal 

sialic acid ligand binding domains of CD22 (CD22Δ1-2) produce significantly increased 

antibody levels to bovine submaxillary mucin (BSM)—a mucin that bears high levels of 

sialyl Tn (sTn) and sialyl T (sT). Moreover, BSM-elicited antibodies from CD22Δ1-2 

mice have increased reactivity with a Tn-expressing murine mammary tumor line (TA3-

Ha) transduced with ST6GalNAcI—an enzyme that sialylates Tn antigen. Desialylation 

of BSM prior to immunization eliminated this effect. Challenge of CD22Δ1-2 mice with 

either fixed sTn
+
 tumors or a low dose of live tumor cells also resulted in significantly 

increased anti-tumor and BSM-reactive antibody responses. Treatment of wild type mice 

with monoclonal antibodies (mAb) that selectively block CD22 interactions with sialic 

acids similarly increased antibody levels against sialyl Tn-expressing mammary cells and 

TRAMP-C1 prostate cancer cells. Mice that received CD22 mAb blockade during 

prophylactic BSM immunization had significantly reduced ascites development following 

sTn-TA3-Ha challenge and significantly reduced solid TRAMP-C1 tumor growth. 

Collectively, our results demonstrate CD22 sialic acid ligand binding inhibits protective 
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anti-tumor responses to sialylated tumor antigens and thereby indicates CD22 inhibition 

is a potential strategy that can be used to enhance anti-tumor responses.  
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Introduction 

Tumor associated carbohydrate antigens (TACAs) are formed on tumor cells due to 

aberrant glycosylation of glycoproteins and glycolipids. Changes in the glycosylation 

pattern of surface proteins have shown to influence tumor progress and in turn patient 

prognosis (146, 152-155). Multiple studies have shown that patients who produce 

antibodies against TACAs either spontaneously, in response to tumors, or following 

vaccination have improved survival outcomes (166-170, 172). TACAs represent ideal 

targets for the anti-tumor response, as these antigens are typically masked on surface 

glycoproteins and glycolipids of normal cells. Moreover, these antigens are expressed on 

a high percentage of tumors (149, 163, 208). 

In particular, tumor-associated mucins often express TACAs, including Tn 

antigen (Thomsen-nouvelle/CD175) and its sialylated derivate, sialyl Tn (142). Tn 

antigen is composed of an N-acetylgalactosamine (GalNAc) sugar linked to a serine or 

threonine on the peptide backbone of mucins. Tn is masked on normal mucins due to 

extensive glycosylation, but is exposed on tumor mucins due to hypoglycosylation. 

Sialylation of Tn occurs by α2, 6-linkage of a terminal N-acetylneuraminic acid 

(Neu5Ac) or N-glycolylneuraminic acid (Neu5Gc) to the core saccharide by 

ST6GalNAcI. T antigen (Galβ1-3GalNAc) is also found to be sialylated on cancer 

mucins. Both sTn and sT along with the non-sialylated counter parts are expressed on 

tumor associated mucins in 70-90% of adenocarcinomas and are associated with poor 

prognosis (142, 146, 149, 153, 163, 165).  Importantly, increased sialic acid expression 

on tumors cells correlates with poor prognosis and is associated with increase tumor 

growth, metastasis, and resistance to apoptosis and therapy (161, 162). In addition, 



54 
 

increased sialic acid expression on tumor cells may play a role in immune evasion via 

engagement of inhibitory sialic acid-binding immunoglobulin-like lectins (Siglecs) 

present on immune cells (159-161).  TACAs do not stimulate potent humoral immune 

responses, likely owing to their carbohydrate nature and regulatory mechanisms 

promoting self-tolerance. Thus, it is critical to understand the unique immunoregulation 

of TACA-specific humoral immune responses so that efficacious TACA-based vaccines 

can be generated.     

CD22 is a sialic acid binding immunoglobulin like lectin (Siglec-2) that plays an 

important role in regulating B cell function. CD22 contains seven Ig-like domains, with 

the two most amino terminal domains recognizing ligands containing α2-6 linked sialic 

acid (122-128), including sialyl Tn (129-131). The cytoplasmic domain of CD22 contains 

an immunoreceptor tyrosine-based inhibition motif (ITIM) that recruits SHP-1 and SHIP 

phosphatases. CD22 is thereby a potent regulator of B cell antigen receptor signaling. As 

such, B cells from mice lacking CD22 have alterations in BCR signaling and B cell 

function(127). Interestingly, mice lacking CD22 sialic acid ligand binding domains 

(CD22Δ1-2) have more modest alterations in B cell function relative to mice lacking 

CD22 (136), suggesting ligand-independent forms of regulation. Nonetheless, CD22 

interactions with sialic acid ligands expressed on B cells may regulate CD22 interactions 

with the antigen receptor as well as provide tonic suppressive signals and thereby play 

critical roles in regulating B cell signaling (126, 127). Importantly, interactions with 

sialic acid ligands in trans, especially if complexed with antigens, may adversely affect B 

cell activation and subsequent antibody production (137, 138). Strong evidence for this 

was provided by a previous study using high affinity synthetic T cell independent 
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antigens (138). However, whether CD22 interactions with naturally occurring sialylated 

TACAs or other sialylated self-antigens inhibit antigen-specific B cell activation and Ab 

production remains unknown. 

In this study, we examined the role of CD22 in regulating the humoral immune 

response to sialylated mucin, including tumors expressing sialyated TACAs.  Using both 

mice lacking the amino terminal (sialic acid ligand binding) domains of CD22 and 

antibodies which block CD22 from binding to sialic acid ligands, we show a key role for 

CD22 in suppressing Ab responses to naturally occurring sialylated mucins, including 

those expressed by sialyl Tn-expressing cancer cells. Moreover, we show CD22-mediated 

suppression of these responses inhibits protective anti-tumor immunity in two distinct 

tumor models. Our results showing CD22 sialic acid ligand binding suppresses anti-

mucin antibody responses and the overall protective response to sialyl Tn-expressing 

tumors has important implications for the development of cancer vaccines and other 

strategies designed to target sialylated tumor antigens.  
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Material and Methods 

Mice 

Wild type (WT) C57BL/6 and CD22
-/-

 mice were obtained from Jackson Laboratories. 

CD22Δ1-2 mice on C57BL/6 background were as previously described (136). Studies 

were approved by the Wake Forest Animal Care and Use Committee. 

 

 

Generating TA3HA-ST6GalNAcI cells and tumor challenge 

TA3-Ha mammary adenocarcinoma cells were obtained from Dr. Richard Lo-Man 

(Pasteur Institute, Paris, France) in 2010. This stock was tested for rodent pathogens 

(IMPACT IV testing, IDEXX-RADIL). To increase the expression of sTn and sT on 

TA3-Ha cells, cells were transfected with pCMV6 Entry plasmid expressing the 

ST6GalNAcI gene (OriGene Technologies, Inc.) using Lipofectamine® 2000 

(Invitrogen) and selected using geneticin (G418; 200 µg/ml) to generate TA3HA-

ST6GalNAcI cells. Mice were injected with 10
4
-10

6
 cells in 200 µl PBS i.p. and were 

monitored daily. Ascites development was measured by weighing mice every 2-3 days. 

Mice that developed ascites with any additional signs of distress (lethargy, dehydration, 

reduced/impaired movement, reduced grooming, labored breathing, etc.) were humanely 

euthanized.  
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Immunizations and ELISAs 

Mice were immunized i.p. with 100 µg or 250 µg of bovine submaxillary mucin (BSM; 

Sigma) or 100 µg porcine stomach mucin, (PSM; Sigma) in 200µl PBS. BSM was 

desialylated using neuraminidase from Clostridum perfinges type x (Sigma) as previously 

described(192). Desialylation was confirmed by lack of B72.3 binding (anti-sTn) in an 

ELISA. Where indicated, Sigma Adjuvant System® was included in the immunization. 

For immunizations with fixed TA3HA-ST6GalNAcI cells, cells were fixed in 1% 

glutaraldehyde and extensively washed with PBS prior to i.p. injection. For CD22 

blocking experiments, WT mice received 250 µg dose of MB22-10 (209), MB22-11 

(209) or rat IgG2c control (Southern Biotechnology) mAbs i.p. at the time of 

immunization (209). 

 For BSM ELISAs, Nunc Maxisorp plates were coated with 10 µg/ml BSM in 0.1 

M borate buffered saline and blocked with Tris buffered saline containing 1% BSA 

(TBS-BSA). Serum samples were diluted in TBS-BSA and added to BSM coated plates. 

To detect BSM-specific Abs, alkaline phosphatase-conjugated polyclonal goat anti-

mouse IgM and IgG Abs (Southern Biotechnology) and pNPP (Sigma) were used.  

ELISA values are reported as relative absorbance units (AU; OD405nm reading for serum 

samples minus OD405nm reading from wells with serum omitted). For the TA3HA-

ST6GalNAcI whole cell-based ELISA, 96 well plates (Costar) were coated with 10 µg/ml 

of poly-l-lysine and 1x10
5
 TA3HA-ST6GalNAcI cell were added per well and spun at 

500xg for 5 min.  Cells were fixed to the plate with 0.5% glutaraldehyde in PBS and 

stored at 4C. Plates were washed with TBS and ELISAs were performed as described 

above. 
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Flow cytometry 

TA3HA-ST6GalNAcI and TRAMP-C1 cells were stained with sTn219 (Abcam), TAG-

72 (clone B72.3, Thermo Scientific), or diluted mouse sera (1/10 to 1/25) in PBS 

containing 2% newborn calf serum (wash buffer) for 30 minutes at room temperature and 

washed with wash buffer. Goat anti-mouse-IgM-FITC and anti-mouse-IgG-PE  (Southern 

Biotechnology Associates, Inc.) were used to detect bound Ab. Cells stained with mouse 

sera were fixed using 1.5% buffered formaldehyde prior to flow cytometric acquisition. 

Human and mouse CD22-Fc were as described (209) and diluted in PBS (10 µg/ml) and 

incubated with cells for 45 minutes at room temperature and washed with wash buffer. 

Goat anti- monkey/human IgG(H+L)-FITC (Abd Serotec) was used to detect bound 

fusion proteins.  In indicated experiments, TA3HA-ST6GalNAcI cells were pretreated 

with neuraminidase from Vibrio cholera Type 1.1 (Sigma) to remove surface sialic acid 

prior to staining with mouse or human CD22-Fc. In some experiments, mouse CD22-Fc 

were pre-blocked with MB22-10 prior to staining TA3HA-ST6GalNAcI cells.  

LN and TRAMP-C1 cells were harvest from mice. Harvested TRAMP-c1 tumors 

were cut in half, one part was used for flow staining and the other half was preserved in 

Tissue-Teck Optimal cutting Temperature Compound (Sakura). TRAMP-c1 cells used 

for flow cut in to smaller portions and digested with 1 mg/ml of collagenase plus 200 

units/ml of DNaseI for 1 hour at 37°C (210, 211). Cell suspensions were then passed 

through 80 micron mesh. Cells were then washed with WB and resuspended in RPMI 

1640 + 2% FCS. Single suspension of LN and Tumor cells were then stained with mAbs 

conjugated to fluorochromes or biotin: CD8, CD4, CD25, CD11b, CD11c, Ly6G, Ly6C, 

CD138, CD19, PD-1, CD86, I-A/I-E, NK1.1, FoxP3, granzyme B, perforin, and 
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corresponding isotype controls. Biotin-conjugated mAbs were detected using 

streptavidin-fluorochrome conjugates. Cells were analyzed using a FACSCanto II 

cytometer (Becton Dickinson).  

 

Statistical analysis 

Data are shown as mean ± SEM with differences determined using Student’s t test. 

 

Study approval 

All studies and procedures were approved by the Wake forest Animal Care and Use 

Committee. 
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Results 

CD22 binds to tumor cells expressing sialylated mucins 

The mouse mammary adenocarcinoma line, TA3-Ha, expresses epiglycanin, a mucin that 

displays a high level of T and Tn antigen—a portion of which is sialylated (195). This is 

evident by the binding of the sTn-specific B72.3 antibody to TA3-Ha cells (Fig. 1A). To 

further increase the sialic acid expression on TA3-Ha cells (including sTn) we transfected 

TA3-Ha cells with ST6GalNAcI, the enzyme responsible for the addition of sialic acid to 

Tn (212). An increase in B72.3 reactivity by stable transfection confirmed increased sTn 

expression (Fig. 1A). As shown in Figure 1B, both mouse and human CD22 exhibit 

binding to ST6GalNAcI-TA3Ha cells, which is lost upon pretreatment of ST6GalNAcI-

TA3Ha cells with neuraminidase. This result is consistent with previous reports of CD22 

binding epiglycanin (213) and sialyl Tn antigen (129-131). 

mouse
CD22Ig

human
CD22Ig

Control
IgG

IgG (Fc) binding

TA3-Ha
ST6galNAcI

parental
TA3-Ha

Control
IgG

IgG (Fc) binding

A B

B72.3 (sTn)

Neuraminidase treated

mouse
CD22Ig

human
CD22Ig

 
Figure 1. CD22 binds to tumor cells expressing sialylated mucins. 

TA3Ha cells were transfected with ST6GalNAcI to increase sTn expression. A) sTn expression 

on parental TA3-Ha (solid thin line) and on TA3HA-ST6GalNAcI cells (thick solid line) was 

determined using the sTn-reactive mAb B72.3. The filled histogram indicates isotype control 

stain of TA3HA-ST6GalNAcI cells and the dashed line indicates isotype control stain of parental 

TA3-Ha cells. B) Binding of human (thin solid line) and mouse (thick solid line) CD22Ig fusion 

proteins to TA3HA-ST6GalNAcI cells and TA3HA-ST6GalNAcI cells that had been pre-treated 

neuraminidase. Dashed histogram represents isotype control stain.  
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CD22 is required for antibody responses to mucins 

CD22 is capable of binding to ovine, porcine, and bovine submaxillary mucins (BSM) 

due to the expression of α2,6-linked sialic acids on O-linked carbohydrates (130, 213). 

Therefore, to determine the role of CD22 in regulating the humoral response to sialylated 

mucins, wild type (WT) and CD22
-/-

 mice were immunized with BSM. As shown in Fig. 

2A, CD22
-/-

 mice produced significantly less BSM-reactive IgM relative to WT mice.  

This is not unexpected as CD22 is critical for Ab responses to T-cell independent 

antigens (132, 214-216). Thus, despite its known role as a negative regulator of B cell 

activation, CD22 is required for optimal IgM responses to sialylated mucins.  

 

Mice lacking CD22 ligand binding domains produce increased levels of IgM against 

sialylated mucins 

CD22 has both sialic acid ligand-dependent and –independent roles in regulating B cell 

function (126, 127, 136, 209). To determine the extent to which the sialic acid binding 

domain of CD22 regulates antibody responses to sialylated mucins, antibody responses in 

CD22Δ1-2 mice which lack the two amino terminal sialic acid binding immunoglobulin-

like domains 1 and 2 of CD22 (136) were assessed. As shown in Fig. 2B, CD22Δ1-2 

produced significantly more BSM-specific IgM following immunization. IgG responses 

were weak with no observable difference between WT and CD22Δ1-2 mice (data not 

shown). Importantly, the increased BSM-specific IgM produced in CD22Δ1-2 mice was 

specific to sialylated mucin Ags since differences were not observed when mice were 
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immunized with desialyated BSM, dBSM (Fig. 2C). Thus, CD22 sialic acid binding 

limits the production of IgM against sialylated mucins.  

          

 

Figure 2. CD22 regulates Ab responses to sialylated mucins. 

A-B) WT, CD22
-/-

, and CD22Δ1-2 mice were immunized with 100 µg BSM i.p. Mean (±SEM) 

serum IgM levels reactive with BSM was determined by ELISA (n=4-5mice/group). C) WT and 

CD22Δ1-2 mice were immunized with 100 µg of desialylated BSM i.p. Serum IgM levels 

reactive with dBSM was determined by ELISA (mean ±SEM, n=4-5 mice/group). Asterisks (*) 

indicate significant differences (p<0.05). Ryan Egan and Karen Haas performed experiments in 

figure 2. 

 

BSM-specific Ab elicited in CD22Δ1-2 mice has increased reactivity with mucin-

bearing tumor cells 

BSM immunization elicits Abs that are cross-reactive with mucin-bearing tumor cells, 

including the mammary adenocarcinoma cell line, TA3-Ha (192). We determined the 

extent to which CD22 ligand binding regulates the generation of Abs reactive with 
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ST6GalNAcI-TA3Ha cells using a whole cell-based ELISA and flow cytometry. Relative 

to WT mice, BSM-immunized CD22Δ1-2 mice produced significantly higher IgM and 

IgG levels reactive with ST6GalNAcI-TA3Ha cells during the primary response and 

significantly more IgG during the secondary response (Fig. 3A). This difference was 

confirmed by flow cytometry and was not observed when mice were immunized with 

dBSM (data not shown). CD22Δ1-2 mice also produced significant levels of 

ST6GalNAcI-TA3HA-specific IgM and IgG following immunization with porcine 

stomach mucin (PSM), a heavily sialylated mucin (217), whereas WT mice did not 

mount measurable responses (Fig. 3 B-C).  Thus, CD22 sialic acid ligand binding inhibits 

antibody responses to sialylated mucins and limits the production of antibodies that cross-

react with sialylated tumor cells.  
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Figure 3. CD22Δ1-2 mice produce increased cross-reactive Ab to tumors that express 

sialylated mucins after BSM immunizations.  

A) WT and CD22Δ1-2 were immunized with 100 µg BSM i.p. on day 0 and 21. Mean (±SEM) 

serum IgM and IgG levels reactive to TA3Ha-ST6GalNAcI cells were determined in a whole 

cell- based ELISA (n=5-8/group). B-C) WT and CD22Δ1-2 mice were immunized with 100 µg 

PSM i.p. Serum IgM and IgG reactivity with TA3HA-ST6GalNAcI cells was assessed. 

Representative staining of TA3HA-ST6GalNAcI with day 0 and 20 sera from WT and CD22Δ1-2 

mice is shown in (B) and average (±SEM) change in mean fluorescence intensity (MFI) between 

d0 and 20 is specified in (C; n=5-12 mice/group). D) WT and CD22Δ1-2 mice were immunized 

with 1.4x10
6
 fixed TA3HA-ST6GalNAcI cells i.p. Mean (±SEM) serum IgM levels reactive to 

BSM were assessed by ELISA (n=4-5mice/group). E) WT and CD22Δ1-2 mice were challenged 

with a sublethal dose (1x10
4
) of TA3HA-ST6GalNAcI cells ip. Average change in MFI (±SEM) 

IgM and IgG serum levels reactive to TA3HA-ST6GalNAcI cells (d10 versus d0) was determined 

by flow cytometry (n=4-5 mice/group).  In A-E, asterisks (*) indicate significant differences 

(p<0.05). Eric Routh assisted with experiment in figure 3A. 
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CD22Δ1-2 mice produce increased mucin-specific Ab following immunization with 

fixed tumor cells 

To determine whether CD22 ligand binding would directly regulate antibody responses to 

sialylated tumor mucins, WT and CD22Δ1-2 mice were immunized with 10
6
 

glutaraldehyde-fixed ST6GalNAcI-TA3-Ha cells. Following tumor cell immunization, 

CD22Δ1-2 mice had significantly higher levels of cross-reactive BSM-specific IgM 

relative to WT mice (Fig. 3D). A 10-fold lower dose immunization (10
5
 fixed cells) also 

induced increased BSM reactivity by an average of 20% in CD22Δ1-2 mice, but induced 

little change in WT mice (p=0.05, n=4/group, data not shown). We next assessed whether 

CD22Δ1-2 mice would produce increased tumor reactive Ab in response to a low dose 

live tumor cell challenge. As shown in Fig. 3E, 10 days following challenge with 10
4
 

ST6GalNAcI-TA3-Ha cells, CD22Δ1-2 mice produced increased tumor cell-reactive IgM 

(p=0.06) and significantly increased IgG (p=0.04) relative to WT mice. Notably, survival 

was slightly higher in CD22Δ1-2 mice relative to WT mice although not significantly 

different (75% vs. 50% survival, respectively; p=0.2, data not shown). These results 

demonstrate that CD22 ligand binding inhibits Ab responses to sialylated mucins 

encountered either in isolation or on tumor cells. 

BSM immunization alone was not protective against the rapid ascites formation 

induced by ST6GalNAcI-TA3-Ha tumor cell challenge.  However, when mice were 

immunized with BSM and adjuvant and then primed with a low dose of ST6GalNAcI-

TA3-Ha tumor cells (10
4
), protection was observed. When primed mice were challenged 

with a lethal tumor dose (10
6
), CD22Δ1-2 mice did not develop ascites, while 56% of 

wild type mice developed ascites (p=0.046, data not shown). These results indicate there 
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may be promise in pursuing CD22 ligand binding inhibition strategies as a way to 

increase immunity to tumors expressing sialylated mucins. 

 

Blocking CD22 ligand binding in wild type mice enhances Ab responses to sialylated 

mucins 

We next determined if blocking CD22 ligand binding in WT mice would enhance Ab 

responses to sialylated mucins. As shown in Figure 4A, the CD22 ligand blocking Ab, 

MB22-10 (209) prevented CD22 from binding to ST6GalNAcI-TA3-Ha cells. To 

determine if blocking CD22 during BSM immunization would affect Ab responses, WT 

mice were given a dose of MB22-10 at the time of BSM immunization. To enhance WT 

responses, a Ribi-like adjuvant (Sigma adjuvant system) was included in immunizations. 

As shown in Figure 4B, blocking CD22 during immunization resulted in significantly 

increased BSM-reactive IgM production. Differences in the BSM-specific IgG response 

were not observed. Nevertheless, MB22-10 treatment yielded significantly more IgG that 

bound to ST6GalNAcI-TA3-HA cells compared to mice treated with control Ab (Fig. 

4C). Thus, CD22 ligand mAb blockade in WT mice increases Ab production against 

sialylated mucins. 

To determine the extent to which CD22 blockade influenced protective responses 

of BSM immunization against tumor growth, WT mice were immunized with BSM and 

given either MB22-10 or control Ab at the time of immunization. On day 45, mice were 

boosted with a sub-lethal dose of live ST6GalNAcI-TA3HA cells (10
4 

i.p.) plus MB22-10 

or control Ab given s.c. Mice were challenged with a lethal dose (10
6
 i.p.) of 
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ST6GalNAcI-TA3Ha cells 18 days later. Ascites development was measured as weight 

gain due to fluid retention as a consequence of ascitic tumor growth. There was little if 

any ascites development over the two-week period following the low dose tumor cell 

priming as evidenced by visual inspection and limited weight gain (Fig. 4D). However, 

after the high dose tumor challenge, mice that had received control Ab had a significant 

increase in ascites development as evidenced by the significant increase in weight (d21-

30; Fig. 4D). Within the control mAb-treated group, 2 out of 8 mice had to be euthanized 

due to excessive tumor burden. By contrast, mice that had received CD22 blockade 

during BSM/tumor immunization had a slight but an insignificant change in weight, with 

no visible ascites and all mice surviving (Fig. 4D). Thus, CD22 ligand blockade 

administered during BSM immunization and low dose tumor priming increased 

protection against a rapidly growing ascites-forming mammary tumor.   



68 
 

 
Figure 4. Blocking CD22 ligand binding in WT mice enhances Ab responses to sialylated 

mucins and elicits protection against an ascites-forming tumor line. A) CD22 ligand blocking 

Ab MB22-10 blocks mouse CD22-Ig from binding to TA3HA-ST6GalNAcI cells. CD22-Ig 

binding to TA3HA-ST6GAlNACI cells (left panel). In the right panel, mouse CD22-Ig was 

preincubated with MB22-10 prior to staining TA3HA-ST6GAlNACI cells. Dashed line 

represents isotype control. B-D) WT mice were immunized with 250 µg BSM plus Sigma 
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adjuvant system and received either 250 µg of MB22-10 blocking Ab or control Ab i.p. Mean 

(±SEM) serum IgM and IgG levels reactive with BSM were determined by ELISA (B, n=6-8 

mice/group) and cross reactive Ab levels to TA3HA-ST6GalNAcI were determined by flow 

cytometry (C, n=7-8 mice/group). D) CD22 ligand blocking Ab MD22-10 reduces the 

development of ascites formation in a peritoneal carcinomatosis model. Forty-five days post-

BSM immunization mice were primed with 2x10
4
 TA3HA-ST6GalNAcI cells i.p. plus 250 µg of 

MB22-10 blocking Ab or control Ab s.c. (day 0 on the graph). On day 18 post low dose tumor-

priming, mice were challenged with 1x10
6
 TA3HA-ST6GalNAcI i.p. Arrows indicate time points 

of tumor cell injections. Ascites formation was determined by monitoring change in mice weight 

every three days (n=9 mice/group). 

 

Blocking CD22 ligand binding in wild type mice during prophylactic BSM 

immunization enhances Ab responses and protection against TRAMPC1 tumors 

Sialyl Tn has been shown to be expressed on prostate cancers (155). This may be in part 

due to the increased expression of ST6GalNAcI, which is directly induced by androgen 

(218). We identified sTn expression on the solid tumor-forming TRAMP-C1 prostate cell 

line using the sTn-reactive mAb, sTn219 (Fig. 5A). Published evidence also supports 

expression of terminal Tn by these TRAMP transgenic tumors, as a Tn-based vaccine 

elicited protection against TRAMP tumor growth in vivo (219). To determine if BSM 

(containing sTn and Tn antigen) immunization would provide enhanced protection form 

TRAMP-C1 tumor challenge, wild type mice were immunized with 100 µg BSM and 

boosted on d30. Mice were then challenged with 2.5 x 10
6
 TRAMP-C1 cells s.c. 6 weeks 

following boosting, and tumor growth was measured. As shown in Fig. 5B, immunization 

of WT mice with BSM slightly reduced tumor growth compared to naïve mice. Thus, 

BSM immunization had a modest effect in reducing TRAMPC1 tumor growth in WT 

mice.  

Given the modest effect of BSM immunization on reducing TRAMP-C1 tumor 

growth, we examined the extent to which CD22 blockade using another CD22 sialic acid 
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ligand blocking antibody, MB22-11 (209), would influence the tumor-protective capacity 

of BSM immunization. MB22-10 depletes select B cell subsets (209, 220, 221), including 

marginal zone B cells, whereas MB22-11 is more effective at blocking CD22 sialic acid 

ligand binding and has more modest effects in terms of marginal zone B cell depletion 

(209). WT mice were immunized with BSM and simultaneously given MB22-11 

blocking Ab or control Ab i.p. on days 0 and 30. As shown in Figure 5C-D, mice that 

received MB22-11 blockade during BSM immunization had a significant increase in day 

28 IgM levels reactive with TRAMP-C1 cells, whereas mice that received control Ab did 

not. Very little cross-reactive IgG was seen in either group. In addition, MB22-11 

treatment during primary and secondary BSM immunization significantly increased the 

level of IgM that cross-reacted with Daudi cells (data not shown), both of which express 

sialyl Tn and other sialylated ligands shared with BSM (222). Thus, CD22 mAb blockade 

during BSM immunization elicited increased levels of IgM that were cross-reactive with 

tumor cell lines expressing sTn, Tn, and potentially other antigens shared with BSM.  

We challenged these mice with 1 x 10
6 

(Fig. 5E) or 2.5 x 10
6 

(Fig. 5F) TRAMP-

C1 cells four to six weeks following BSM boosting and mAb treatment. As shown in 

Figure 5E-F, mice that had received CD22 blockade during BSM immunization had 

significantly reduced tumor growth (up to a 2.3-fold reduction in tumor size) relative to 

mice that received control Ab. Draining (inguinal) lymph immune cell numbers and 

CD8
+
, CD4

+
, B cell, NK cell, and Treg frequencies were not significantly different 

between groups (data not shown and Fig. 5G). Similarly, immune cell infiltrate in tumor 

tissue was not significantly different between groups (Fig. 5H). However, we found a 

significant increase in the frequency of activated cytolytic (perforin/granzyme B)
+
 NK 
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cells in mice that had been treated with CD22 mAb during immunization (Fig. 5H).   

Within the tumor, 59.9 ± 5.2% of the NK cells had cytolytic potential in CD22 mAb-

treated mice, whereas only 25.6 ± 4.7% were cytolytic in control Ab-treated mice. Thus, 

CD22 ligand blockade administered at the time of prophylactic BSM immunization 

significantly increased the protective response against TRAMPC1 tumor growth and this 

was associated with a significant increase in activated cytolytic NK cells within the 

tumor.  
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Figure 5. CD22 ligand blockade in WT mice during BSM immunization increases Ab 

reactivity with sTn
+
 prostate cells and slows prostate tumor growth in vivo. A) TRAMP-C1 

prostate cells express sTn as determined using an Ab that recognizes sTn (sTn219, solid line). 

Dashed line represent isotype control. B) BSM immunization moderately slows TRAMP-C1 

tumor growth in WT mice. WT mice were immunized with 100µg BSM ip on day 0 and 30 and 

were challenged with 2.5x10
6
 TRAMP-C1 cells s.c. six weeks post-secondary immunization. C-

D) WT mice were immunized with 250 µg BSM and received either 250 µg MB22-11 or IgG2c 

control mAb ip on day 0 and 30. Representative IgM and IgG serum reactivity (d0 and d28) with 

TRAMP-C1 cells (C) and mean MFI (±SEM) levels (D, n=3-7/group; paired Student’s t-test). E-

F) Blocking CD22 ligand binding during BSM immunization significantly increases protection 
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against TRAMP-C1 tumor growth. WT mice were immunized and boosted as described above in 

(C-D) and were challenged with 1x10
6
 TRAMP-C1 cells s.c. on day 55 (E, n=3-7 mice/group) or 

2.7x10
6
 TRAMP-C1 cells s.c. on day 70 (F, n=5mice/group). Tumor size was measured every 

three days. G-H) Analysis of immune cell populations in draining inguinal lymph nodes (G) and 

in tumors (H) at d29 Asterisks (*) indicate values are significantly different between groups 

(p<0.05). 
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Discussion 

Sialic acid modifications on glycoproteins and glycolipids are critical for development, 

cell-cell interactions, adhesion, and immune cell regulation. However, in cancer cells, 

aberrant glycosylation and/or sialylation processes can lead to the unique expression of 

sialylated Tn and T antigens, which are lacking on normal cells. These antigens are often 

present on mucins of adenocarcinomas (153-155). Given its reported expression on a vast 

number of tumor types and association with poor prognosis, increased tumor growth, 

metastasis, resistance to apoptosis and therapy (154, 155, 161, 162), there has been 

intense interest in developing sTn- and Tn-based vaccines for cancer (153). However, 

enthusiasm for a sTn-based cancer vaccine was dampened by the lack of success in 

clinical trials (153, 223). This may be partially explained by the fact that sialylated Ags, 

including sTn, may be a poor immunogens due to their interactions with inhibitory 

Siglecs (128, 138, 159-161, 224). Here we demonstrate that the sialic acid binding 

function of CD22 (Siglec-2) plays a critical role in suppressing antibody responses to 

sialylated bovine submaxillary mucin, which bears the tumor associated carbohydrate 

antigens Tn, sTn, T, and sT  (191). Moreover, our results show CD22 directly suppresses 

humoral immunity to tumor cells bearing sialylated antigens. Our findings showing that 

CD22 ligand blockade in wild type mice during prophylactic mucin immunization elicits 

protective anti-tumor responses in two distinct tumor models highlights a critical role for 

CD22 in regulating protective anti-tumor responses and reveals a new strategy to improve 

protective anti-tumor responses to sialylated tumor antigens.  

 Ovine and bovine submaxillary gland mucins have been used to study Ab 

responses to T, Tn and sTn in both mice and humans due to their display of natural 
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glycan clusters mimicking TACAs found on tumor-derived mucins (170, 174, 191, 192, 

194). BSM is a heavily glycosylated mucin and thus shares characteristics of both TI-2 

Ags, which display repeating carbohydrate epitopes, and TD Ags due to its peptide 

backbone. Interestingly, our results with CD22
-/-

 mice show that CD22 is required for Ab 

responses to BSM. Although CD22 is a negative regulator of BCR signaling, Ab 

responses to TI-2 Ags are impaired in CD22
-/-

 mice (132, 214-216), whereas TD Ab 

responses are normal or augmented (132, 214, 216, 225).  Impaired responses to TI-2 Ags 

in CD22
-/-

 may be explained by altered responsiveness of B cells to the strong Ag 

receptor crosslinking induced by these Ags (manuscript in prep).  In contrast to CD22
-/-

 

mice, Ab responses to TI-2 and TD antigens, including desialylated BSM (dBSM), are 

relatively normal in CD22Δ1-2 mice (unpublished observations). However, Ab responses 

to sialylated BSM and PSM are selectively increased in CD22Δ1-2 mice. Thus, while 

ligand-independent functions of CD22 are required to support productive Ab responses to 

sialylated mucins, the sialic acid ligand binding function of CD22 inhibits responses to 

these Ags. Moreover, CD22 sialic acid ligand binding serves to inhibit antibody 

responses to sialylated mucins directly associated with fixed or live tumor cells. Thus, 

CD22 interactions with sialic acid ligands on tumor mucins potently inhibit the 

development of mucin-specific Ab responses, including those reactive with mucin-

bearing tumor cells.  

Previous work has demonstrated that co-ligation of the BCR with CD22 using 

mAbs in vitro results in inhibition of B cell signaling pathways, including inhibition of 

BCR-induced intracellular calcium flux and tyrosine phosphorylation (with the exception 

of CD22 phosphorylation which is increased), (121, 137, 209). Consistent with this, 
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Courtney et al. demonstrated that coengagement of the BCR with CD22 using a sialylated 

(Neu5Acα2,6) antigen impaired B cell in vitro activation (226). Nonetheless, inhibitory 

antigens become internalized (227). Additionally, an elegant study by Duong et al. 

demonstrated that Ab responses to synthetic TI-2 Ag polymers were significantly reduced 

when Ags contained alpha 2,6-linked sialylated (NeuGc) ligands (138). This reduction 

was partially dependent on CD22. Exposure to sialylated TI-2 Ags also prevented 

subsequent B cell responses to the non-sialylated TI-2 Ags, suggesting sialic acid-

decorated antigens had not only failed to activate B cells, but actively induced tolerance 

(138). Given the above findings and work from earlier years, antigen sialylation has been 

proposed to serve as an innate form of self-recognition and hence limit autoreactive B 

cell activation/Ab production and induce tolerance (137, 138). The potential induction of 

B cell tolerance to tumor mucins bearing sTn and sT upon exposure to endogenous tumor 

antigens or immunization with cancer vaccines could have significant consequences for 

anti-tumor immunity. B cell tolerance would not only limit subsequent responses to 

tumor Ags, but could potentially result in the generation of regulatory B cells that could 

further suppress T cell responses to these antigens (228).  Notably, CD22 is constitutively 

expressed on naïve and memory B cells and is thereby able to continuously regulate naïve 

and memory B cell responses to antigens bearing sialic acid-bearing ligands, although 

CD22 may have a slightly altered function on class switched memory B cells (229). 

Moreover, other Siglecs, such as Siglec-G/Siglec-10 constitutively expressed on 

mouse/human B cells may play a role in suppressing B cell responses to sialylated tumor 

antigens and the development of B cell tolerance (126, 128, 138). Although CD22 can be 

considered a major regulator of these responses, additional investigations examining 
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potential synergies between these inhibitory Siglecs may lead to the development of 

optimal therapies aimed and overcoming suppressed responses to sialylated tumor 

antigens.  

 Mouse and human CD22 fusion proteins both showed reactivity with the TA3-Ha 

tumor line expressing high levels of sTn, and this interaction could be inhibited using 

mAbs previously shown to inhibit CD22 interactions with sialic acid ligands (209). 

Blocking CD22 interactions with sialic acids using these CD22 mAbs in wild type mice 

similarly increased humoral responses to sialylated mucins, including Ab responses that 

were cross-reactive with tumors expressing sialylated TACAs. The potential relevance of 

CD22 in inhibiting these responses was demonstrated in two distinct tumor models. In a 

model of peritoneal carcinomatosis (197, 198) using TA3Ha-ST6GalNAcI cells 

expressing high levels of sTn and likely sT, we demonstrated that CD22 blockade applied 

both during BSM immunization and low dose tumor cell priming elicited higher BSM- 

and tumor-reactive Ab responses and significantly limited the development of ascites 

following high dose tumor challenge. In a solid prostate tumor model using TRAMP-C1 

cells expressing sTn, we demonstrated that CD22 blockade applied during prophylactic 

BSM immunization significantly increased tumor-reactive IgM levels. Importantly, mice 

that had received CD22 blockade during the immunization phase had a significant 

reduction in the rate of solid TRAMP-C1 tumor growth. We hypothesize that the tumor-

reactive Abs induced in response to BSM immunization play an important role in 

suppressed tumor growth seen in each of these models. Data from our group (manuscript 

submitted) and others (187, 192, 230) indicating that Tn- and mucin-reactive Abs can 

elicit protection in the TA3-Ha peritoneal carcinomatosis model through both 
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complement- and ADCC-dependent mechanisms support this concept. Moreover, studies 

have shown that sTn reactive Ab can decrease the size and number of metastatic foci, 

decrease tumor growth, induce apoptosis and elicit CDC (231, 232). Thus, a role for 

TRAMP-C1-reactive Abs raised by BSM immunization in the presence of CD22 

blockade in eliciting tumor-protection can also be envisioned. Notably, a Tn-based 

vaccine was shown to limit tumor growth in TRAMP mice (219), and although the 

mechanism was not completely investigated Tn Abs were suspected to play a role. In the 

case of the TRAMP-C1 tumor model in our study, Ab reactivity induced by BSM plus 

CD22 blockade was largely of the IgM subclass, although a small amount of increased 

IgG was detected in a few mice. These Abs may further promote the cytolytic activity of 

NK cells within the tumor tissue. It is possible that the BSM/TRAMPC1-reactive B cells 

that are expanded with immunization in these mice produce additional protective 

TRAMPC1-cross-reactive Abs (including IgG) in response to the tumor. In addition to 

eliciting direct killing, increased TRAMP-C1-reactive Abs along with expanded 

BSM/TRAMP-C1-reactive B cells may promote Ag uptake and presentation and hence, T 

cell anti-tumor immunity. Finally, mucins are generally suppressive due to their 

interactions with Siglecs and inhibitory C-type lectin receptors (159-161, 233-235). This 

suppression extends to multiple immune cell types including B cells that do not have 

specificity for mucins (213, 236). Indeed, one study showed that continuous intraveneous 

injection of BSM depleted marginal zone B cells (or at least B cells with a marginal zone 

phenotype (236). Although we did not observe this in our model using one intraperitoneal 

dose of BSM 1 to 7 days following injection (data not shown), the possibility exists that 

continuous secretion of mucin by tumor cells may have this type of inhibitory effect. 
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Thus, one final mechanism by which BSM-elicited Abs may support anti-tumor 

immunity is through clearing immune-suppressive mucins. Additional work is required to 

investigate the protective mechanisms involved.  

In summary, our study reveals a key role for CD22 in regulating the Ab response 

to tumors expressing sialylated mucins. To our knowledge, this is the first study to 

directly show a role for CD22 in regulating anti-tumor immunity. Our findings have 

relevance for improving vaccines directed against sialylated cancer antigens as well as for 

the application of CD22-directed therapies that could enhance B cell-dependent anti-

tumor immunity directly. Given the high level of interest in targeting CD22 for the 

treatment of lymphoma and autoimmune diseases, there have been great strides in the 

development of biologics and small molecule inhibitors that interact with and alter CD22 

ligand binding and function in distinct ways (128, 237). Findings from these studies may 

provide a foundation for future research aimed at investigating the potential for inhibitors 

of CD22 and other Siglecs to promote anti-tumor immunity. 

 

 

 

 

 

 

 



80 
 

Chapter 4 

The role of B-1a cells in the anti-tumor response to peritoneal carcinomatosis 

 

Marcela A. Haro and Karen M. Haas 

 

 

Department of Microbiology and Immunology, Wake Forest School of Medicine, 

Winston-Salem, North Carolina 27101 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 
 

Abstract 

Once malignant tumors metastasize to the peritoneal cavity (peritoneal carcinomatosis) 

there is very little that can be done for the patient.  The median survival is about 20 

weeks from time of diagnosis. Current treatment can extend survival but thus far has not 

been able to completely prevent recurrence of disease for patients with advance stage 

diagnosis. Thus there is a great need in finding therapeutics that will provide lasting 

protection against peritoneal carcinomatosis. Research from the 1970’s and 80’s showed 

LPS is capable of providing protection against a very aggressive mammary 

adenocarcinoma ascites cell line, TA3-Ha. However the mechanism of how protection 

was elicited was not known. In this study we show monophosphoryl lipid A (MPL; a 

TLR4 agonist) combined with synthetic cord factor (TDCM; a CLR agonist) provides 

protection against TA3-Ha challenge to a greater extent than lipopolysaccharide (LPS) 

and that protection is dependent on B-1a cells-a specialized innate-like B cell population 

enriched in serosal cavities. MPL plus TDCM stimulated increased production of natural 

tumor-reactive antibody and complement deposition on TA3-Ha cells in the tumor 

microenvironment. Additionally, protection was dependent on the presence of 

complement. Thus, we show a novel role for B-1a cells in an innate like response that is 

important for eliciting protection against peritoneal carcinomatosis. 
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Introduction 

Survival rates dramatically decrease once the primary cancer has metastasized to other 

anatomical locations (238, 239). When tumors metastasize to the peritoneal cavity 

(peritoneal carcinomatosis), the prognosis for patients is  particularly dire, as there is no 

cure (240). Gastrointestinal (stomach, colon, appendix, gallbladder and pancreas) and 

ovarian cancers are the more common cancers associated with metastasis to the peritoneal 

cavity.  However other cancers such as liver, uterine, lymphoma, breast and lung cancer 

can also spread to the peritoneal cavity (240-242). Peritoneal carcinomatosis progression 

leads to the formation of ascites, which is the accumulation of fluid in the peritoneal 

cavity due to vascular permeability and obstructed lymphatic drainage, which will 

eventually lead to morbidity and mortality (240-243). Vascular endothelial growth factor 

(VEGF), IL-6, and TNF have been implicated in increased vascular permeability 

associated with peritoneal carcinomatosis (198, 244). The median survival time for 

patients with gastrointestinal and ovarian cancers that have metastasized to the peritoneal 

cavity is about 20 weeks and has been reported as low as 11 weeks (241-243, 245). 

Breast cancer patients, particularly patients with infiltrating lobular carcinoma, tend to 

have more metastasis to the peritoneal cavity than infiltrating ductal carcinoma (246-

249). Median survival of breast cancer patients with metastasis to the peritoneal cavity is 

1.5 months (250).  

Current treatment for peritoneal carcinomatosis is mostly palliative, however 

treatment can delay recurrence of ascites formation and extend survival to >5 years 

depending on the cancer (240-243). Cytoreductive surgery (CRS) with hyperthermic 

intraperitoneal chemotherapy (HIPEC) has shown the most promise in extending survival 
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if the benefits outweigh the risk of treatment (20-50% morbidity rate and a 1-10% 

mortality rate associated with CRS/HIPEC) (251, 252). Even after treatment there is still 

a 26-44% chance of recurrence and patients may need to undergo multiple rounds of 

CRS/HIPEC (251-253). CRS with HIPEC can extend the 5 year survival rate to 19-70% 

depending on the success of surgery and if there are any other metastatic loci (251-254). 

Thus, there is great interest in finding new therapeutics to combat this devastating 

disease.  

The addition of adjuvants, particularly Toll-Like Receptor (TLR) agonists, has 

greatly improved immune responses to weak poorly immunogenic antigens such as tumor 

associated antigens (255, 256).  There are currently two FDA approved TLR agonists for 

use as a monotherapy for cancer: Bacillus Calmette-Guérin (BCG) and imiquimod. The 

use of TLR agonists for immunotherapy is not a new concept. Back in the late 19
th

 

century Dr. William Coley would inject his cancer patients with what was known as 

“Coley’s toxins” directly into the tumors which lead to complete tumor regression (257). 

Coley’s toxins was a mixture of heat killed Streptococcus pyogenes and  Serratia 

marcescens (256, 258). It is now believed the anti-tumor effect of Coley’s toxin was due 

to TLR stimulation (256, 259). There are numerous studies showing LPS elicits 

protection against peritoneal carcinomatosis from the mammary adenocarcinoma tumor 

TA3-Ha cell line (260-265). The exact mechanism of protection is unknown but the work 

by Nowotny and Butler suggested that macrophages but not T cells were important for 

eliciting protection against TA3-Ha (265).  

 The role of B cells in tumor progression is often overlooked. Studies have shown 

B cells can have either a pro- or anti-tumor response (1-5). The difference between 
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whether B cells are pro- versus anti-tumorigenic may depend on the microenvironment 

and the B cell subset involved in the response. There are multiple subsets of B cells: 

follicular, marginal zone (MZ), regulatory, and B-1 cells which can be divided further 

into B-1a and B-1b cells; each having unique roles in immune responses (8, 9, 32, 34, 

266). In this study we determined the role of B cells in eliciting protection against 

peritoneal carcinomatosis from TA3-Ha cell challenge. Our results show that protection 

against TA3-Ha cells by LPS and MPL plus TDCM (also referred to as Sigma Adjuvant 

System® or SAS) is dependent on B-1a cells and complement. 
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Materials and Methods 

Mice 

Wild-type (WT) C57BL/6 , C3
-/-

 , C4
-/-

 and µMT mice were from Jackson Laboratories. 

CD19
-/-

 mice were obtained from Thomas Tedder’s laboratory (Duke University Medical 

Center)  (110, 267, 268). Studies were approved by Wake Forest’s Animal Care and Use 

Committee. 

Adjuvants 

Mice were injected intraperitoneally (i.p.) with 10µg LPS (Escherichia coli O111:B4, 

Sigma) or SAS (10 µg monophosphoryl lipid A (MPL), plus 10 µg synthetic trehalose 

dicorynomycolate (TDCM) mixed with 0.4% squalene; Sigma) in 200 µl PBS. LPS or 

SAS was given either three weeks prior to or at the time of TA3-Ha challenge. 

 

Tumor challenge 

TA3-Ha cells were obtained from Dr. Richard Lo-Man (Pasteur Institute, Paris, France) 

in 2010. This stock was tested for rodent pathogens (IMPACT IV testing, IDEXX-

RADIL). One pooled ascites frozen stock was used for all subsequent challenge 

experiments. Cells were expanded for several days prior to injection. Mice were give 1-

2x10
4
 TA3HA cells in 200 µl PBS i.p. For IL-10 blocking experiments mice were given 

100 µg of IL-10 neutralizing Ab or control Ab i.p. on day 0, 2, 5, and 8.  Mice developing 

ascites with signs of distress (lethargy, dehydration, reduced/impaired movement, 

reduced grooming, labored breathing, etc.) were humanely euthanized. 
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Cell Transfers 

B-1a cells were purified from WT peritoneal cavity washout by first depleting T cells 

with Thy 1.2-magnetic beads (Dynal) then by positive selection with anti-Ly5.1 (CD5) 

beads (Miltenyi Biotec). Purified B-1a cells (0.5-1x10
6
)
 
were then injected i.p. into 

CD19
-/-

 or µMT mice.  CD43
-
 B cells were purified from WT spleen suspensions by 

negative selection using anti-CD43 magnetic beads (Dynal). CD43
-
 B cells (0.1-

2x10
7
cells) were injected i.p. into µMT mice. Purity was determined by flow cytometry. 

 

Flow cytometry 

Cells from the peritoneal cavity were stained in RPMI-1640 media containing 2% fetal 

calf serum. Cells were pre-incubated with 0.5 µg/ml Fc block and stained with biotin 

conjugated Helix Pomatia Agglutinin (HPA) and mAbs conjugated to fluorochromes or 

biotin:, H-2D
d
(34-2-12), CD4(RM4-5), CD8(Ly-2), NK1.1(PK136), CD49b(Dx5), 

CD25(PC61.5), CD5 (53-7.3), Ly6G(Gr-1), CD86(GL-1), CD19(1D3), CD11b(M1/70), 

F4/80(BM8), CD11c(N418), C3(Cappel), IgG(H+L) (Invitrogen), all other mAbs and 

corresponding isotype controls from Biolegend, eBioscience, and BD Biosciences. 

Biotin-conjugated mAbs were detected using streptavidin-fluorochrome conjugates. Cells 

were analyzed using a FACSCanto II cytometer (Becton Dickinson). 

Statistical analysis 

Data are shown as means ± SEM with differences assessed using unpaired Student’s t 

test. Differences in Kaplan-Meier survival curves were assessed using the Log Rank test.  
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Results 

TLR4 and Mincle agonists elicit tumor protection against peritoneal carcinomatosis 

As a model of peritoneal carcinomatosis, WT mice were challenged i.p. with TA3-Ha 

cells (mouse mammary adenocarcinoma) which leads to the development of ascites and 

morbidity in a majority of mice (196-198) (Fig. 1A-B). When LPS is given i.p at the time 

of tumor challenge, survival is extended to about 50% (Fig. 1A).  Similar results have 

been seen previously with different sources of LPS (260, 263-265). However, due to LPS 

toxicity, synthetic analogs have been created to investigate their potential use in cancer 

vaccines (269, 270). SAS contains monophosphoryl lipid A (MPL), a detoxified form of 

LPS from Salmonella Minnesota, plus synthetic trehalose dicorynomycolate (TDCM) 

mixed with 0.4% squalene. TDCM is an analogue of trehalose dimycolate/cord factor 

from tubercle bacillus, which is a C-type lectin receptor (CLR) agonist (78-80).  Both 

trehalose dimycolate and cord factor from Bacillus Calmette-Guérin (BCG) have 

previously been shown to elicit tumor protection from TA3-Ha cells (264). To determine 

if the combination of MPL with TDCM would enhance tumor protection, WT mice were 

injected with SAS i.p. at the time of TA3-Ha cell challenge. As shown in Figure 1B, 

survival was extended to 93% in mice that received SAS treatment.   
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Figure 1. LPS and SAS elicit tumor protection against peritoneal carcinomatosis. WT mice 

were challenged with 1-2x10
4
 TA3-Ha cells i.p. (A-B). At the time tumor challenge mice were 

given LPS via i.p. injection (A) or SAS (B). Significant differences in survival were determined 

by Log-rank analysis. 

 

SAS changes the composition of immune infiltrate in the tumor microenvironment 

To determine whether SAS treatment changes the influx of immune cells into the 

peritoneal cavity, WT mice were challenged with TA3-Ha ± SAS. Five days after 

challenge, flow cytometry was used to determine the differences in the immune infiltrate 

in the peritoneal cavity. There was no difference in the frequency CD8
+
, NK, and GR1

-

CD11b
+
 cells between mice that only received TA3-Ha cells and mice that received TA3-

Ha cells plus SAS (Fig. 2). However, there was a significant decrease in the CD4
+
 and 

GR1
int

CD11b
+
 cell population in mice that were treated with SAS during TA3-Ha cell 

challenge (Fig. 2). Interestingly, only the B cell population was significantly higher in the 

mice that received the SAS treatment (Fig. 2). Thus SAS treatment at the time of tumor 

challenge leads to an expansion or influx of B cells into the tumor microenvironment.  
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Figure 2. SAS changes the immune cell composition in the peritoneal cavity. WT mice were 

challenged with 2x10
4
 TA3-Ha cells ±SAS i.p.. Immune cell frequency among leukocytes in the 

peritoneal cavity was determined by flow cytometry five days after tumor challenge. Significant 

differences determined by Student t-test, P<0.05, two-way. Karen Haas assisted with analysis. 

 

B cells are required for protection against peritoneal carcinomatosis 

 To determine if B cells were required for tumor protection, µMT mice, which lack B 

cells, were challenged with TA3-Ha cells ± SAS. As shown in Figure 3A, µMT mice 

were not protected from TA3-Ha challenge with SAS treatment. Thus B cells are required 

to elicit tumor protection from peritoneal carcinomatosis when SAS is administered.  

CD19 is an important regulator of B cell development, proliferation, and signal 

transduction (267). Mice that are deficient in CD19 have impaired proliferative responses 

to LPS (72, 267) and impaired humoral responses to T cell-dependent antigens and T 

cell-independent type 1 antigens (267, 271). Therefore, to determine if CD19 is required 

for tumor protection, CD19
-/-

 mice were challenged with TA3-Ha cells and given either 

LPS or SAS at the time of tumor challenge. As shown in Figure 3 B-C, LPS and SAS do 

not provide protection in CD19
-/-

 mice.  
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Figure 3. B cells are required for protection against peritoneal carcinomatosis. A) µMT mice 

were challenged with 2x10
4
 TA3-Ha ± SAS i.p. at the time of tumor challenge. As done in A) 

CD19
-/-

 mice were challenged with TA3-Ha cells ± LPS (B) or SAS (C). 

 

B-1a cells are required to elicit tumor protection against peritoneal carcinomatosis 

A feature of CD19 deficient mice is that they have a deficiency in the B-1a cell 

population (32, 267, 272). Therefore, we hypothesized that transferring WT B-1a cells 

into CD19
-/-

 mice would restore tumor protection when SAS is given at the time of TA3-

Ha challenge. To determine if B-1a cells are required to elicit tumor protection, WT 

peritoneal B-1a cells were transferred into CD19
-/-

 mice. One week later, mice were 
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challenged with TA3-Ha cells and given SAS. CD19
-/-

 mice that received WT B-1a cells 

prior to TA3-Ha challenge with SAS were significantly protected from tumor challenge  

relative to non-treated mice (80% compared to 20% survival in the CD19
-/-

 mice that only 

received SAS during tumor challenge; Fig. 4A). 

To determine whether the enhanced protection was specific to B-1a cells or if 

other B cell populations could also elicit tumor protection, WT splenic CD43
-
 cells 

(follicular B2 and marginal zone (MZ) B cells) or peritoneal cavity B-1a cells were 

transferred into µMT mice. Mice were then challenged with TA3-Ha and SAS 24 hours 

later. As shown in Figure 4B, only the mice that received WT B-1a cells had higher 

survival rates. Thus the enhanced protection elicited by SAS given at time tumor 

challenge is specific to the response of B-1a cells.  

 
Figure 4. WT B-1a cells but not CD43

-
 splenic B cells elicit tumor protection when SAS is 

give at time of tumor challenge. A) 0.5-1x10
6
 WT peritoneal B-1a cell were injected i.p. into 

CD19
-/-

 recipients. One week later 2x10
4
 TA3-Ha plus SAS was injected i.p. Significant 

difference in survival were determined by log-rank analysis, one way. B) µMT mice were given 

0.5-1x10
6
 WT peritoneal B-1a cells or 0.1-2x10

7
 WT CD43

-
 splenic B cells. Mice were then 

challenged with 2x10
4
 TA3-Ha cells plus SAS. Significant differences in survival were 

determined by Log-rank analysis, two way. 
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B-1a cells are capable of providing tumor protection even when SAS is given 3 

weeks prior to tumor challenge 

Previous studies have shown LPS is capable of establishing long lasting protection even 

when given 3 weeks prior to TA3-Ha challenge (260). Therefore, to determine if SAS 

elicits long lasting protection from peritoneal carcinomatosis, WT and CD19
-/-

 mice were 

given SAS i.p. three weeks prior to TA3-Ha cell challenge. Figure 5A shows that even 

when SAS was given three weeks prior to TA3-Ha tumor challenge, WT mice were 

significantly protected from tumor challenge with a survival of 80%, whereas CD19
-/-

 

naïve mice and CD19
-/-

 mice that received SAS three weeks prior were not protected. We 

next hypothesized that B-1a cells are also required for providing long term protection 

form TA3-Ha cells challenge when SAS is given three weeks prior to tumor challenge. 

As shown in Figure 5B, CD19
-/- 

mice that received B-1a cells and were given SAS three 

weeks prior to TA3-Ha challenge had significantly higher survival rates and even 

restored survival to levels seen in intact WT  mice given SAS three weeks prior to tumor 

challenge (Fig. 5A). 
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Figure 5. WT B-1a cells are still capable of eliciting tumor protection 3 weeks after SAS 

injection. WT peritoneal B-1a cells (5x10
5
) were injected i.p. into CD19

-/-
 mice on day 0. On day 

21 WT, CD19
-/-

 and CD19
-/-

 mice that received B-1a cells were injected with SAS i.p. On day 42 

mice were challenged with 1-2x10
4
 TA3-Ha cells i.p. A) Survival curve after tumor challenge in 

mice that received SAS. B) Survival curve after tumor challenge of CD19
-/-

 mice that received 

WT B-1a cells and SAS. Significant difference in survival was determined by Log-rank analysis, 

two-way (A) and one-way (B). 

 

IL-10 is not required for tumor protection 

One characteristic of B-1a cells is that they produce a large amount of IL-10 (273, 274). 

Even though IL-10 is viewed as a pro-tumorigenic cytokine that aids in tumor immune 

escape, there is evidence that IL-10 also aids in the anti-tumor response (275). To 

determine if IL-10 was playing a role in the anti-tumor response, WT mice were given 

SAS at the time of TA3-Ha tumor challenge and receive either anti-IL-10 (neutralizing) 

or control Ab. There was no significant difference in survival between the mice that 

received control Ab versus mice that received IL-10 blocking Ab (75% vs 100%, Fig. 6). 

Thus IL-10 is not required for the SAS-elicited anti-tumor response.  
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Figure 6. IL-10 is not required to elicit tumor protection. WT mice were challenged with 

2x10
4
 TA3-Ha cells plus SAS i.p. on Day 0. Mice were given either 100 µg of control Ab or anti-

IL-10 Ab i.p. on day 0, 2, 5, and 8.  

 

Increase in tumor reactive Ab and complement deposition with SAS treatment 

B-1a cells are mainly responsible for producing natural Ab (nAb) found in circulation (8, 

28-30).  nAb plays an important role in cell homeostasis and surveillance against 

pathogens and tumor cells (31-34).  LPS is capable of stimulating increases in nAb 

production (29-31). To determine if SAS is stimulating an increase in production of  nAb 

that recognize TA3-Ha cells, flow cytometry was used to measure the levels of Ab on 

tumor cells in the peritoneal cavity five days after WT and CD19
-/-

  mice were challenged 

with TA3-Ha ± SAS. As shown Figure 7A, WT mice that received SAS during TA3-Ha 

tumor challenge had significantly higher levels of Ab bound to the TA3-Ha cells 

compared to the mice that did not receive SAS. CD19
-/-

 mice had very little Ab reactive 

to TA3-Ha cells regardless of SAS treatment. This is not surprising since CD19
-/-

 mice 

lack B-1a cells.  
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With the increase of Ab bound to the tumor cells is possible that complement is 

being activated via the classical pathway and killing the tumor cells via complement 

dependent cytotoxicity (CDC). Thus we next measured the amount of C3 bound to the 

surface of TA3-Ha cells from WT mice that were challenged with TA3-Ha ± SAS. Figure 

7B shows that WT mice that received SAS treatment also had an increase in C3 bound to 

tumor cells in the peritoneal cavity compared with mice that received TA3-Ha cells only. 

Thus a possible mechanism of tumor killing is via classical complement pathway 

activation of CDC. 

 

Complement is required for protection against peritoneal carcinomatosis 

To determine if complement is playing an important role in tumor protection, C3
-/-

 and 

C4
-/-

 mice were challenge with TA3-Ha cells ± SAS at the time of tumor challenge.  C3
-/-

 

mice that received SAS during the tumor challenge had a very minor, yet significant 

increase in survival compared to naïve C3
-/-

 mice (Fig. 7C). However, the 10% survival 

seen in C3
-/-

 mice that received SAS was still significantly lower than the 93% survival 

(Figure 1B) of WT mice that receive SAS at time of tumor challenge (P<0.0001).  

Additionally C4
-/-

 mice were not protected from TA3-Ha challenge plus SAS treatment 

(Fig. 7D). Thus these results indicate that complement is playing an important role in the 

anti-tumor response presumably due to activation of the classical complement pathway. 



96 
 

 
Figure 7. SAS stimulates an increase in tumor reactive Ab from WT but not CD19

-/-
 mice 

and increase complement deposition which is required for tumor protection. A-B) WT and 

CD19
-/-

 mice were challenged with 2x10
4
 TA3-Ha cells ± SAS i.p. Five days after challenge Ab 

(A) and C3 (B) depositions on TA3-Ha cells from the peritoneal cavity was measured by flow 

cytometry. Statistical significance was determined by Student T-test, P<0.05. C-D) Survival 

curves of C3
-/-

 mice (C) and C4
-/-

 mice (D) challenged with 2x10
4
 TA3HA cells ± SAS i.p. 

Significant differences in survival were determined by log-rank analysis. 
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Discussion 

Peritoneal carcinomatosis is a very debilitating and deadly disease and current treatment 

is mostly palliative (242). There is a need to develop better therapeutics that will generate 

long lasting protection against peritoneal carcinomatosis and prevent disease recurrence. 

In this study we show: 1) that injection of SAS i.p. elicits protection against peritoneal 

carcinomatosis from a very aggressive mammary adenocarcinoma cell line and protection 

was dependent on B-1a cells, 2) SAS treatment leads to an increase in nAb that is 

reactive to TA3-Ha cells, and 3) complement is required to elicit SAS-mediated 

protection against peritoneal carcinomatosis. To our knowledge this study is the first to 

show the importance of B-1a cells in the anti-tumor response particularly in peritoneal 

carcinomatosis. The results from this study have important translational implications with 

the recent identification of B-1 cells in non-human primates and humans (114, 188, 276). 

B-1a cells are a unique subtype of B cells which have important roles in tissue 

homeostasis, innate-like host protection against pathogens and bridging innate and 

adaptive immune responses (8). B-1a cells can potentially elicit tumor protection in 

multiple ways: Ab production, Ag presentation and activation of T cells, cytokine 

production, phagocytosis, and killing via Fas:Fas ligand interactions (8, 38-40, 277). B-1a 

cells are the main source of nAb in circulation (8, 28-30). Stimulation with LPS/lipid A 

induces B cell proliferation and an increase in nAb by eliciting differentiation into Ab 

secreting cells (29, 30, 72-74, 278). Our data shows that SAS treatment significantly 

increases the amount of nAb that recognizes TA3-Ha cells.  
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Natural Ab have specificities for self-antigens along with various pathogen 

expressed antigens, and play an important role in tissue homeostasis and protection 

against pathogens via clearance of apoptotic cells, neutralization of pathogens, and 

activation of complement (31-34, 279). There has been increased evidence that nAb also 

play an important role in tumor surveillance and elimination (280-282). There is nAb 

circulating in healthy individuals and cancer patients that recognize tumor cells, and all 

are of the IgM isotype (282, 283). Additionally, these tumor-reactive nAb have shown to 

mostly react with carbohydrate epitopes, such as the TACA ganglioside Ag, GM3 (281, 

282, 284). Thus the increase in reactive nAb produced in response to the SAS treatment 

could potentially be reacting to TACAs (T and Tn Ag) expressed on the TA3-Ha cells. 

Interestingly, the nAb found in mice that are reactive to GM3 expressing tumors are 

produced by B-1a cells (283). In accordance with these findings, the tumor-reactive nAb 

found in patients were found to be germ-line encoded with very little somatic mutations 

and were produced by CD5
+
IgM 

+
 B cells, similar to nAb produced by B-1a cell in mice 

(282). 

There are multiple ways that nAb can provide protection against tumor 

progression. Ab can prevent tumor cells from circulating and attaching at distant sites, 

induce cell death, or activate complement. Work done by Rodriguez-Zhurbenko et al. 

showed the nAb reactive to GM3 expressing tumors are capable of killing tumors via 

complement activation and a complement independent oncotic necrosis mechanism 

(284). It is possible that in our model, tumor protection is provided via activating the 

classical complement pathway, as C3 and C4 were required for tumor protection and 

there was an increase in complement deposition on tumor cells in SAS treated mice. Thus 
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future studies will be done to determine if tumor killing occurs via CDC, CDCC, 

induction of apoptosis or necrosis, and whether nAb is required for these killing 

pathways.  

B cells can amplify and suppress immune responses depending on the cytokines 

they secrete (285). Additionally, TLR agonists influence the cytokines that B cells secrete 

(286). SAS is a mixture of MPL, a less toxic form of LPS and TDCM. LPS/MPL is a 

TLR4 agonist and also interacts with the TLR4 homolog RP105 which also plays an 

important role in B cell proliferation and Ab production (71-74, 278). TLR4 is capable of 

signaling through both MyD88 and TRIF. LPS and MPL can stimulate similar cytokine 

profiles, however MPL does show a skewing to the TRIF pathway and tends to elicit 

more of a Th2 response and an attenuated pro-inflammatory profile (287-289). This is 

potentially why MPL is less toxic that LPS. Interestingly C3H/HeJ mice, which contain a 

TLR4 mutation in the cytoplasmic domain and do not respond to LPS are not protected 

from TA3-Ha challenge when LPS is given a day prior (265). Additionally as MyD88 has 

also shown to be important for the generation and maintenance of ASC (290), future 

studies will be conducted to determine if MyD88 and TRIF are required for protection 

against TA3-Ha cells. TDCM signals through the C-type lectin receptor MCL/Mincle via 

FcRγ leading to SYK-dependent CARD9-BCL-10-MALTI formation which leads to the 

activation of NF-κB activation producing more of Th1 and Th17 response (78-80). Thus 

the immune profile with in the peritoneal cavity seen in the mice that received SAS (Fig. 

2) may be due to the unique cytokine and chemokine profile that is elicited with the 

combination of MPL and TDCM.  
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TLR stimulation of B-1, particularly B-1a, cells leads to the production of IL-10. 

In vitro studies show B-1a cells have regulatory functions and suppress CD4
+
 T cell 

function and modulate the phagocytic capacity of macrophages (291, 292). However, in 

vivo studies show peritoneal B-1a are potent activators of peripheral CD4
+
 T cells and  

produce fewer Foxp3
+
 Tregs than splenic B cells and increase the percentage of IL-10, 

IFN-γ and IL-4 producing T cells (39, 293). The SAS treated mice had a significant 

decrease in the CD4
+
 and GR1

int
CD11b

+
 cell population within the peritoneal cavity. 

Further characterization is needed to determine if these cells are T regulatory cells and 

MDSCs.  It is currently unknown whether the SAS is directly acting on the B-1a cells 

that then produce cytokines that influence the cellular composition in the peritoneal 

cavity or if the SAS is stimulating or influencing other cells in the peritoneal environment 

that also influence B-1a functions. It is possible that SAS is influencing both the 

peritoneal environment and directly influencing B-1a cells. LPS signaling leads 

peritoneal B-1a cells to migrate to the spleen to secrete nAb (29, 30).  Macrophages are 

an important source of CXCL13 which is required for the recruitment of B1 cells to the 

peritoneal cavity and omentum (294).  Additionally peritoneal macrophages producing 

IL-6 is important for B-1 cell proliferation and survival (295). Early studies showed that 

soluble factors present in serum and peritoneal fluid from LPS treated mice was capable 

of transferring protection against TA3-Ha cells in naïve mice (261, 263, 265). One of the 

soluble factors present in the serum was rich in colony stimulating factor (CSF) (260, 

263). Protection could have been provided through activation of immune cells by one of 

the three CSF: G-CSF, GM-CSF, or M-CSF.  B-1a cells not only produce GM-CSF but 

also respond to GM-CSF which aids in IgM production (296).  Future studies will look at 
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the cytokines and chemokines elicited by SAS treatment that could account for the 

protective role B-1a cells are eliciting against peritoneal carcinomatosis. 

  In summary, our results demonstrate an important role for B-1a cells and 

complement in eliciting protection against peritoneal carcinomatosis. With increased 

evidence for nAb found in humans that are capable of recognizing and killing tumors and 

the discovery of B-1 like cells in humans, this immune-protective pathway identified in 

the mouse can potentially be harnessed to develop better therapeutics for patients.  
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Chapter 5 

Conclusion and future directions 

 

The role of B cells in cancer tends to be overlooked.  Studies show that B cells can elicit 

a pro-tumorgenic or anti-tumorigenic response (1, 297, 298). Studies supporting the role 

of B cells in a pro-tumorigenic response show reduce tumor growth in multiple tumor 

models in B cell deficient mice and in mice depleted of B cells (HPV16 skin cancer, EL4 

lymphoma, MC38 colon cancer, D5 melanoma and 4T1 breast cancer to list a few) (1).  

Just as Tregs modulate the immune response to tumors, B regs similarly suppress the 

anti-tumor response (24). Bregs promote tumor growth by supporting Treg development, 

suppressing CD8
+
 T cells, and promoting angiogenesis, (25-27, 299). Thus, many studies 

conducted using mouse tumor models support a pro-tumorigenic role for B cells.  

However, B cells may also play an important role in the anti-tumor immune 

response. B cells are generally overlooked as tumor-infiltrating lymphocytes (TIL), yet 

there is increasing evidence that tumor-infiltrating B cells (TIL-Bs) are associated with 

prolonged survival in patients (2, 300-302). B cells are required for optimal CD4
+
 and 

CD8
+
 T cell anti-tumor immunity against B16 melanoma (3, 303). Li et al. showed 

adoptive transfers of tumor-primed B cells that are then primed in vitro are capable of 

eliciting tumor regression of established tumors, by CDC but also T cell activation (304). 

B cells have also been shown to have the capability to directly kill tumors via the Fas:Fas 

ligand pathway (277). Additionally patients who produce Ab against tumor antigens, 

including TACAs and mucins, either naturally or in response to vaccination, correlate 

with improved survival outcomes (166-171, 175). Multiple studies have shown that 

passive transfer of Tn-specific mAb can decrease tumor growth as well as prolong or 
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increase survival in different tumor models (187, 230, 305, 306). The use of monoclonal 

Ab targeting tumor antigens capable of killing tumors via ADCC and CDC and even slow 

tumor growth by blocking growth receptors has led to tremendous success in the clinic 

and is now an important part of treatment for cancer patients (5, 307). Thus, it is clear 

that B cells can play an important role in promoting the immune response against cancer 

through tumor-specific Ab production, tumor Ag presentation, and even direct tumor cell 

killing. To harness the protective capacity of B cells in the anti-tumor response, it is 

important to understand the type of B cells involved and the mechanisms that regulate B 

cell anti-tumor responses. 

This body of work has identified a novel role for the B-1 family of B cells in the 

anti-tumor response, with a role for B-1a cells in rapid innate-like anti-tumor protection 

and a role for B-1b cells in the adaptive protective humoral response to TACAs. B-1 cells 

are divided into B-1a and B-1b cells, each having unique roles in the immune system. B-

1a cells are important in the innate response by producing nAb that provide the first line 

of defense against pathogens and tumors (8, 28-30). B-1b cells are important for the 

adaptive immune response to pathogens expressing TI-2 Ags (32, 35-37). However the 

role of B-1 cells in the anti-tumor response and the mechanisms regulating the humoral 

response against TACAs has not been fully explored.  

B-1a cells provide the first line of defense against peritoneal carcinomatosis 

Administering MPL + TDCM (SAS) i.p. provided protection against peritoneal 

carcinomatosis caused by a very aggressive mammary adenocarcinoma cell line, TA3-Ha 

and was dependent on the presence of B-1a cells. A potential mechanism of protection 
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could be due to the increase in nAb produced and killing of tumors via CDC. It is well 

established that B-1a cells are the source of nAb and we show that MPL + TDCM treated 

mice have a significant increase in tumor reactive nAb and an increase in complement 

bound to the tumor surface.  There is increasing evidence that nAb plays an important 

role in immune surveillance against tumors (280-282). Natural Abs are polyreactive Abs 

that recognize highly conserved structures, like carbohydrate antigens expressed on 

pathogens (308). Healthy individuals and cancer patients have circulating nAb (all of the 

IgM isotype) which recognize tumor cells (282, 283). Tumor reactive nAb mostly reacts 

with carbohydrate epitopes including TACAs and play an important role in the anti-tumor 

immune response (281, 282, 284, 309). Work done by Rodriguez-Zhurbenko et al. 

showed nAb reactive to GM3 (TACA ganglioside) expressing tumors are capable of 

killing tumors via complement activation and a complement independent oncotic necrosis 

mechanism (284). TA3-Ha cells express the T and Tn TACAs and it is possible that some 

of these nAb recognize these epitopes. Future studies will be conducted to determine the 

epitopes that are recognized by nAb elicited by MPL+TDCM treatment. 

Abs are capable of killing tumors by four mechanisms: direct tumor killing 

(blocking receptor kinase activity or inducing apoptosis), Ab dependent cellular 

cytotoxicity (ADCC), CDC, and complement dependent cellular cytotoxicity (CDCC) 

(5). Tumor killing via CDC or CDCC requires the activation of complement, most 

commonly through the classical pathway (310).  The classical pathway is mainly 

activated by C1q binding to the Fc region of Ab. IgM is most efficient at activating 

complement due to its pentameric structure. Two IgG Abs are required to activate the 

classical pathway where one IgM molecule is sufficient to activate complement. 
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Activation of complement leads to various complement components binding to the cell 

surface resulting in the formation of the membrane-attack complex (MAC) leading to cell 

lysis. Tumor lysis by this mechanism is known as CDC. CDCC occurs when phagocytic 

cells or NK cells expressing complement receptor 3 (CD11b) interacts with C3b or iC3b 

complement component and receives a second signal FcγR from bound Ab (310). 

Phagocytosis can also occur when macrophage complement receptor 1 interacts with 

complement component C3b on the cell surface and anaphylatoxin C5a binds to C5a 

receptor on macrophages (10). IgM can also elicit phagocytosis via the Fcα/µ receptor on 

phagocytic cells (311). C5a has been shown to have both tumorigenic and anti-

tumorigenic roles in tumor progression (312-314).  The level of C5a within the tumor 

microenvironment is important in determining tumor progression. Higher C5a 

concentration correlated with tumor progression and increase of Gr-1
+
CD11b

+
 myeloid 

cells and a decrease of CD4
+
 and CD8

+
 T cells in the tumor, draining LN and spleen 

(312). In our study we show that complement component C3 and C4 are required for 

protection against tumor challenge when MPL + TDCM is given at the time of TA3-Ha 

challenge. Additionally mice challenged with TA3-Ha plus MPL+TDCM had 

significantly more complement deposited on the tumor surface than non-treated mice. 

Interestingly there was also a significant decrease in the GR1
int

CD11b
+
 cell population 

within the peritoneal cavity in mice challenged with TA3-Ha plus MPL+TDCM. Whether 

this is due to lower levels of C5a present in the peritoneal cavity is currently not known. 

Nevertheless, this data suggests tumor cells were potentially being killed by CDC or 

CDCC. Future studies will be conducted to determine if the mechanism of protection is 
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via CDC/CDCC or by other means such as induction of apoptosis (Ab induced or Fas:Fas 

ligand interaction) (277).  

Whether i.p. injection of MPL + TDCM in humans would elicit a similar response 

is unknown. The human peritoneal cavity does contain both CD5
+
 B cells and B-2 cells. 

Interestingly, B cells account for 2% of the leukocytes in the human peritoneal cavity 

where in mice they account for about 39-50% (315-318). Human B cells express Mincle 

but only human plasma cells express TLR4 (75, 319). Unfortunately, LPS or TDB does 

not stimulate human B cells directly to secrete Ab (75, 319). However, innate cells 

(monocytes, DC, macrophages, and neutrophils) also express TLR4, along with other 

TLRs and Mincle, that potentially can influence B cell activation when in the same 

inflammatory environment (320-322). Nevertheless, human B cells do secrete Ab via 

other TLR agonists (TLR-1/2, -3, and -5) (319). Additionally, there is the potential that 

TLR/CLR agonist injection into the peritoneal cavity would stimulate cells in the 

peritoneal cavity to secrete cytokines and chemokines that would recruit B cells into the 

peritoneal cavity and aid in B cell activation important for anti-tumor responses including 

Ab production, activation of CD4
+
 and CD8

+
 T cells, or even direct killing of tumor cells 

through Fas:Fas ligand interactions (3, 277). Human fetal mesothelial cells in the 

coelomic cavity as well as adult mouse mesothelial cells in the peritoneal cavity express 

SDF-1/CXCL-12, an important chemokine for B cell recruitment to the peritoneal cavity 

(323, 324). Giving SDF-1/CXCL-12 neutralizing Ab i.p. to mice significantly diminishes 

the number of B cells in the peritoneal cavity but had no effect on B cell frequencies in 

the BM or secondary lymphoid tissues (323). Human peritoneal mesothelial cells produce 

G-CSF, GM-CSF, M-CSF, IL-1α, IL-1β, and IL-6 (325, 326). IL-1α, IL-1β, and IL-6 are 



107 
 

only a few of the cytokines that are important for B cell proliferation and differentiation 

(327). Thus TLR/CLR agonist injections into the peritoneal cavity may be a viable 

treatment option for patients that are suffering from peritoneal carcinomatosis either by 

directly or indirectly stimulating B cells to secrete Ab and cytokines that are important 

for the anti-tumor response.  

Regulation of the adaptive immune response to TACAs 

Adaptive immune responses are important for providing Ag specific responses 

against tumors and generating protective long lasting memory.  However, eliciting long 

lasting protective antibody responses against TACAs has proven challenging. TACAs do 

not stimulate potent humoral immune responses, likely owing to their carbohydrate 

nature (eliciting TI-responses) and regulatory mechanisms promoting self-tolerance 

(173). It was originally believed that TI Ags could not elicit long lasting protective 

responses to pathogens that express these antigens because they predominantly produce 

short-lived IgM responses, and do not generate memory (53). However, it is now 

established that TI Ags are capable of generating long lasting protection against 

pathogens expressing TI-Ags via generating long-term ASC in extra-follicular foci as 

well as generating memory (32, 36, 47, 54-61). These responses are primarily from MZ 

and B-1 cells, particularly B-1b cells (14, 51, 60-62). Previous work has shown PD-1 

suppresses humoral responses to classical TI-2 antigens (89, 109, 111). PD-1 is 

transiently upregulated by antigen-activated B-1b cells (89, 109, 114) and thereby 

contributes to suppression of antigen-specific B cell division, isotype switching, and Ab 

production during TI-2 responses (89, 109). Whether PD-1 suppresses the humoral 

response to TACA in a similar way is not known. The work presented in the document 
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shows PD-1 suppresses activation, expansion, and plasmablast differentiation of 

mucin/Tn-reactive peritoneal B-1b cells. Moreover, our identification of B cell–intrinsic 

PD-1-mediated suppression of humoral responses to dBSM and Tn involving CD4
+
 cells 

represents a unique finding. Whether the CD4
+
 help involved in supporting Tn-specific 

antibody responses in our study represents a unconventional (non-cognate) type of 

T/NKT cell help or conventional cognate T cell help in a TD response due to linked 

recognition of the mucin protein backbone and whether PDL1 or PDL2 expression is 

involved in this regulation is currently unknown. We do have preliminary data to suggest 

PDL1 is involved in regulating the primary and secondary Ab response against dBSM 

where PDL2 is playing a role in the secondary response (data not shown). This is not 

unexpected as PDL2 is expressed on memory B cells (97). GC B cells have been shown 

to express PD-L1/2 and interact with PD-1-expressing T follicular helper cells to ensure 

survival and optimal generation of ASC (82, 98). However, Khan et al. showed PD-L1
hi

 

expressing B cells suppress T cell follicular helper cells leading to decreased Ab 

responses to KLH (328). Therefore, future studies will investigate the roles of PD-L1 and 

PD-L2 in the anti-Tn /mucin response.  

Mucin-reactive antibodies produced in the absence of PD-1 inhibition largely 

belong to the IgM subclass and elicit potent antitumor effects via a complement-

dependent mechanism, as evidenced by their efficacy in eliciting CDC against both TA3-

Ha cells and Tn
+
 Jurkat cells in vitro, and the requirement for complement in immune-

mediated protection in vivo. The role of IgM in the anti-tumor response tends to be over 

looked but can play an important role in the anti-tumor response as mentioned above. 

Mice that had lower IgG/IgM Ab tiers to sLe
x
  and GM3 had smaller tumors after 
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immunization with a polyvalent melanoma cell vaccine (pMCV, which contains the 

TACAs: sLe
a
, sLe

x
, GD3, and GM3) (329). Similarly, humans immunized with 

GM2/BCG vaccine elicited primarily an IgM response with very little IgG which 

correlated with extended disease-free survival (175). These induced Abs were capable of 

eliciting CDC against GM2-expressing tumors. Mucin-elicited IgG may also contribute 

via antibody-dependent cellular cytotoxicity and antibodies may function by altering 

mucin signaling and/or adhesion properties important for limiting metastases. 

Regulation of the humoral response to sialylated TACAs 

CD22 is another immunoregulatory molecule that is important in regulating B cell 

responses to sialylated Ags. Aberrant glycosylation and/or sialylation in cancer leads to 

the unique expression of sialylated Tn and T antigens, along with other TACAs on 

surface molecules, which are not normally expressed on healthy cells. These antigens are 

often present on mucins of adenocarcinomas (153-155). There has been intense interest in 

developing sTn- and Tn-based vaccines for cancer (153). However, enthusiasm for a sTn-

based cancer vaccine was dampened by the lack of success in clinical trials (153, 223). 

This may be partially explained by the fact that sialylated Ags, including sTn, may be a 

poor immunogens due to their interactions with inhibitory Siglecs (128, 138, 159-161, 

224). Courtney et al. demonstrated that coengagement of the BCR with CD22 using a 

sialylated (Neu5Acα2,6) antigen impaired B cell in vitro activation (226). Additionally, 

Duong et al. demonstrated that Ab responses to synthetic TI-2 Ag polymers were 

significantly reduced when Ags contained alpha 2,6-linked sialylated (NeuGc) ligands 

(138). This reduction was partially dependent on CD22. Exposure to sialylated TI-2 Ags 

also prevented subsequent B cell responses to the non-sialylated TI-2 Ags, suggesting 
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sialic acid-decorated antigens had not only failed to activate B cells, but actively induced 

tolerance (138).  Thus sialylation of Ags has been proposed to serve as an innate form of 

self-recognition and hence limit autoreactive B cell activation/Ab production and induce 

tolerance (137, 138). The potential induction of B cell tolerance to tumor mucins bearing 

sTn and sT upon exposure to endogenous tumor antigens or immunization with cancer 

vaccines could have significant consequences for anti-tumor immunity. B cell tolerance 

would not only limit subsequent responses to tumor Ags, but could potentially result in 

the generation of regulatory B cells that could further suppress T cell responses to these 

antigens (228).  We demonstrate that the sialic acid binding function of CD22 plays a 

critical role in suppressing antibody responses to sialylated mucin, with the tumor 

associated carbohydrate antigens Tn, sTn, T, and sT. Moreover, our results show CD22 

directly suppresses humoral immunity to tumor cells bearing sialylated antigens. Our 

findings showing that CD22 ligand blockade in wild type mice during prophylactic mucin 

immunization elicits protective anti-tumor responses in two distinct tumor models 

highlights a critical role for CD22 in regulating protective anti-tumor responses and 

reveals a new strategy to improve protective anti-tumor responses to sialylated tumor 

antigens.  The increase in tumor reactive Ab may elicit tumor killing via ADCC since 

tumors from mice immunized with BSM CD22 mAb also had a significant increase in 

activated NK cells within the tumor. NK cells also secrete cytokines that influence TI-

responses and may influence Ab response to sT/sTn (330). Future work will entail 

identifying the B cell subset that is involved in the Ag-specific response to sialylated Ags 

as well as the role of NK in the anti-tumor response.  
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Concluding remarks 

In order to improve on current TACA vaccines and provide long lasting protective 

immunological responses to TACA vaccines we first need to understand the mechanisms 

regulating the immune response to TACAs. The role of B cells in cancer tends to be 

overlooked.  Studies show that B cells can elicit a pro-tumorgenic or anti-tumorigenic 

response (1, 297, 298). We have identified a novel role for the B-1 family of B cells in 

the anti-tumor response, with a role for B-1a cells in rapid innate-like anti-tumor 

protection through the production of nAb, and a role for B-1b cells in the adaptive 

protective humoral response to TACAs.  Additionally this work has set the foundation for 

the potential use of blocking mAbs against PD-1 and CD22 to enhance the protective 

anti-tumor response against TACA-expressing tumors.  

Figure 1 proposes a model for the unique role of B-1 cells in the immune response 

to cancer along with the regulation of protective Ab responses against tumors expressing 

TACAs. In our model, B-1 cells play a dual role in the anti-tumor response. B-1a cells 

are important for the first line of defense against tumor progression where B-1b are 

important for the adaptive immune response. The production of nAb by B-1a cells may 

be important for immune surveillance and elimination of tumors at initiation of tumor 

progression (Fig. 1.1). Our work shows B-1a cells and complement are both required for 

protection against peritoneal carcinomatosis when pathogen associated molecular patterns 

such as MPL+TDCM are used to invoke an anti-tumor immune response in the peritoneal 

cavity. We hypothesize that TLR4 and MCL/Mincle signaling results in an increase in 

nAb production by B-1a cells and leads to tumor killing most likely through CDC (Fig. 

1.2). Of note, many of the nAb found healthy individuals and cancer patients are of the 
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IgM isotype and mostly react with carbohydrate epitopes including TACAs (281-283, 

309). Whether the nAb produced from B-1a cells in our model similarly recognize 

carbohydrate epitopes like TACAs is unknown and will be determined in future studies. 

The quick innate-like response from B-1a cells provides the first line of defense against 

tumor progression providing time for the adaptive immune response to develop.  

B-1b cells play a critical role in the adaptive humoral response against tumors 

expressing TACAs. Our work shows this process is regulated by immune-regulatory 

molecules PD-1 and CD22. PD-1 is upregulated on B-1b cells specific for Tn/mucins 

expressing TACAs. PD-1 interaction with one of its ligands (PD-L1 or PD-L2) inhibits 

Tn/mucin-specific B-1b expansion and production of tumor reactive IgM and IgG (Fig 

1.3). These tumor reactive Abs produced by Tn/mucin-specific B-1b are capable of 

eliciting protection against peritoneal carcinomatosis by killing tumors through CDC (Fig 

1.2). CD4
+
 cells are required for the production of the protective anti-tumor abs however 

it is currently not known if these cells are CD4
+
 T cells or CD4

+ 
NKT cells. Additionally 

the PD-L1- or PD-L2-expressing cell type that regulates TACA-specific B-1b cell 

antibody production is not known. It is possible CD4
+
 T cells or CD4

+ 
NKT cells provide 

these inhibitory signals (Fig. 1.3). It is also possible a DC, macrophage, or B cell that has 

trapped tumor associated mucin, may also be interacting with PD-1 on the Ag-specific B-

1b cell (Fig. 1.3). If this is the case it is likely that cytokines from non-cognate CD4
+
 cells 

are providing signals necessary for optimal production of Ab by B-1b cells (Fig. 1.3).  

These possibilities will be investigated in future studies.  

While PD-1 regulates B cell responses to non-sialylated TACAs, antibody 

responses to sialylated TACAs are more stringently regulated. CD22, the major Siglec 
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constitutively expressed by all B cells, plays a critical role in suppressing these responses. 

Our work specifically shows CD22 inhibits Ab production from B cells that are specific 

for mucins which express sialylated TACAs (Fig. 1.4). Based on our work in the 

TRAMPC1 prostate model, these mucin-specific Abs may potentially contribute to tumor 

killing via NK-mediated ADCC (Fig. 1.5). Future studies will investigate the role of NK 

cells in the anti-tumor response. Whether these B cells that are reactive to sialylated 

mucins belong to B-1 subset or another B cell subset is not currently known. Additionally 

it is not known whether these tumor-reactive Ab are specific to TACAs or to the mucin 

backbone. Future studies will also address these questions.  

 
Figure 1. Regulation of the protective B cell anti-tumor response. 1) B-1a cells are the main 

subset responsible for nAb production. MPL which signals through TLR4 and TDCM which 

signals through MCL and Mincle, leads to an increase in tumor reactive nAb. 2) Tumor killing 

via CDC by nAb produced by B-1a cells and anti-Tn/mucin tumor reactive IgM produced by Tn-

specific B-1b cells. 3) Activated Tn-specific B-1b cells upregulate PD-1. PD-1 interaction with 

PD-L1/2 on either a CD4
+
 cell (T cell or NKT  cell) or another cell (DC macrophage, B cell, or 

tumor cell), inhibits expansion of Tn-/mucin-specific B-1b cells and subsequent production of 

Tn-/mucin- reactive IgM. 4) CD22 interaction with sialylated mucins inhibits production of tumor 

reactive Ab specific to sialylated mucins. Anti-sialylated mucin specific IgG reactive to sialylated 

tumors kills tumors most likely via ADCC (5).  
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In summary, with the increased interest in TACA-based vaccine development and 

the identification of a B-1 like population in humans, the work presented in this 

document provides a greater understanding of the mechanisms regulating the humoral 

response to TACAs, and the potential use of mAb targeting PD-1 and CD22 in TACA 

vaccines. Additionally, with increasing interest in targeting B cells for immunotherapy, 

the work presented here shows different B cell subsets have unique roles in the anti-

tumor response. In the future, it will therefore be important to target the correct B cell 

subsets and immune-regulatory molecules regulating the Ag-specific anti-tumor response 

in order to develop efficacious therapies.  

 

 

 

 

 

 

 

 

 

 



115 
 

Refrences 

1. Fremd, C., F. Schuetz, C. Sohn, P. Beckhove, and C. Domschke. 2013. B cell-

regulated immune responses in tumor models and cancer patients. 

Oncoimmunology 2: e25443. 

2. Nelson, B. H. 2010. CD20+ B cells: the other tumor-infiltrating lymphocytes. 

Journal of immunology 185: 4977-4982. 

3. DiLillo, D. J., K. Yanaba, and T. F. Tedder. 2010. B cells are required for optimal 

CD4+ and CD8+ T cell tumor immunity: therapeutic B cell depletion enhances 

B16 melanoma growth in mice. Journal of immunology 184: 4006-4016. 

4. Germain, C., S. Gnjatic, and M. C. Dieu-Nosjean. 2015. Tertiary Lymphoid 

Structure-Associated B Cells are Key Players in Anti-Tumor Immunity. Front. 

Immunol. 6: 67. 

5. Scott, A. M., J. D. Wolchok, and L. J. Old. 2012. Antibody therapy of cancer. 

Nat. Rev. Cancer 12: 278-287. 

6. Hardy, R. R., and K. Hayakawa. 2001. B cell development pathways. Annu. Rev. 

Immunol. 19: 595-621. 

7. Kantor, A. B., and L. A. Herzenberg. 1993. Origin of murine B cell lineages. Ann. 

Rev. Immunol. 11: 501-538. 

8. Baumgarth, N. 2011. The double life of a B-1 cell: self-reactivity selects for 

protective effector functions. Nat. Rev. Immunol. 11: 34-46. 

9. Allman, D., and S. Pillai. 2008. Peripheral B cell subsets. Curr. Opin. Immunol. 

20: 149-157. 



116 
 

10. Murphy, K., P. Travers, M. Walport, and C. Janeway. 2012. Janeway's 

immunobiology. Garland Science, New York. 

11. Batten, M., J. Groom, T. G. Cachero, F. Qian, P. Schneider, J. Tschopp, J. L. 

Browning, and F. Mackay. 2000. BAFF mediates survival of peripheral immature 

B lymphocytes. J. Exp. Med. 192: 1453-1466. 

12. Mackay, F., and J. L. Browning. 2002. BAFF: a fundamental survival factor for B 

cells. Nature Rev. Immunol. 2: 465-475. 

13. Cerutti, A., M. Cols, and I. Puga. 2013. Marginal zone B cells: virtues of innate-

like antibody-producing lymphocytes. Nature reviews. Immunology 13: 118-132. 

14. Martin, F., A. M. Oliver, and J. F. Kearney. 2001. Marginal zone and B1 B cells 

unite in the early response against T-independent blood-borne particulate 

antigens. Immunity 14: 617-629. 

15. Tedder, T. F. 2015. Introduction: Regulatory B Cell Special Issue-making all the 

pieces fit. Int Immunol 27: 467-470. 

16. Mauri, C., and M. Menon. 2015. The expanding family of regulatory B cells. Int 

Immunol 27: 479-486. 

17. Yoshizaki, A., T. Miyagaki, D. J. DiLillo, T. Matsushita, M. Horikawa, E. I. 

Kountikov, R. Spolski, J. C. Poe, W. J. Leonard, and T. F. Tedder. 2012. 

Regulatory B cells control T-cell autoimmunity through IL-21-dependent cognate 

interactions. Nature 491: 264-268. 

18. Ray, A., S. Basu, C. B. Williams, N. H. Salzman, and B. N. Dittel. 2012. A novel 

IL-10-independent regulatory role for B cells in suppressing autoimmunity by 



117 
 

maintenance of regulatory T cells via GITR ligand. Journal of immunology 188: 

3188-3198. 

19. DiLillo, D. J., T. Matsushita, and T. F. Tedder. 2010. B10 cells and regulatory B 

cells balance immune responses during inflammation, autoimmunity, and cancer. 

Ann N Y Acad Sci 1183: 38-57. 

20. Lykken, J. M., K. M. Candando, and T. F. Tedder. 2015. Regulatory B10 cell 

development and function. Int Immunol 27: 471-477. 

21. Tedder, T. F. 2015. B10 cells: a functionally defined regulatory B cell subset. 

Journal of immunology 194: 1395-1401. 

22. Rosser, E. C., P. A. Blair, and C. Mauri. 2014. Cellular targets of regulatory B 

cell-mediated suppression. Mol Immunol 62: 296-304. 

23. Rosser, E. C., and C. Mauri. 2015. Regulatory B cells: origin, phenotype, and 

function. Immunity 42: 607-612. 

24. Zhang, Y., N. Gallastegui, and J. D. Rosenblatt. 2015. Regulatory B cells in anti-

tumor immunity. Int Immunol 27: 521-530. 

25. Zhang, C., H. Xin, W. Zhang, P. J. Yazaki, Z. Zhang, K. Le, W. Li, H. Lee, L. 

Kwak, S. Forman, R. Jove, and H. Yu. 2016. CD5 Binds to Interleukin-6 and 

Induces a Feed-Forward Loop with the Transcription Factor STAT3 in B Cells to 

Promote Cancer. Immunity 44: 913-923. 

26. Zhang, Y., Y. Eliav, S. U. Shin, T. H. Schreiber, E. R. Podack, T. Tadmor, and J. 

D. Rosenblatt. 2013. B lymphocyte inhibition of anti-tumor response depends on 

expansion of Treg but is independent of B-cell IL-10 secretion. Cancer 

immunology, immunotherapy : CII 62: 87-99. 



118 
 

27. Schioppa, T., R. Moore, R. G. Thompson, E. C. Rosser, H. Kulbe, S. Nedospasov, 

C. Mauri, L. M. Coussens, and F. R. Balkwill. 2011. B regulatory cells and the 

tumor-promoting actions of TNF-alpha during squamous carcinogenesis. 

Proceedings of the National Academy of Sciences of the United States of America 

108: 10662-10667. 

28. Berland, R., and H. H. Wortis. 2002. Origins and functions of B-1 cells with notes 

on the role of CD5. Annu. Rev. Immunol. 20: 253-300. 

29. Kawahara, T., H. Ohdan, G. Zhao, Y. G. Yang, and M. Sykes. 2003. Peritoneal 

cavity B cells are precursors of splenic IgM natural antibody-producing cells. J. 

Immunol. 171: 5406-5414. 

30. Yang, Y., J. W. Tung, E. E. Ghosn, and L. A. Herzenberg. 2007. Division and 

differentiation of natural antibody-producing cells in mouse spleen. Proc. Natl. 

Acad. Sci. U. S. A. 104: 4542-4546. 

31. Baumgarth, N., J. W. Tung, and L. A. Herzenberg. 2005. Inherent specificities in 

natural antibodies: a key to immune defense against pathogen invasion. Springer 

Semin Immunopathol 26: 347-362. 

32. Haas, K. M., J. C. Poe, D. A. Steeber, and T. F. Tedder. 2005. B-1a and B-1b 

cells exhibit distinct developmental requirements and have unique functional roles 

in innate and adaptive immunity to S. pneumoniae. Immunity 23: 7-18. 

33. Gronwall, C., J. Vas, and G. J. Silverman. 2012. Protective Roles of Natural IgM 

Antibodies. Front Immunol 3: 66. 

34. Baumgarth, N., O. C. Herman, G. C. Jager, L. E. Brown, L. A. Herzenberg, and J. 

Chen. 2000. B-1 and B-2 cell-derived immunoglobulin M antibodies are 



119 
 

nonredundant components of the protective response to influenza virus infection. 

J Exp Med 192: 271-280. 

35. Haas, K. M., M. W. Blevins, K. P. High, B. Pang, W. E. Swords, and R. D. 

Yammani. 2014. Aging Promotes B-1b Cell Responses to Native, but Not 

Protein-Conjugated, Pneumococcal Polysaccharides: Implications for Vaccine 

Protection in Older Adults. J. Infect. Dis. 209: 87-97. 

36. Alugupalli, K. R., J. M. Leong, R. T. Woodland, M. Muramatsu, T. Honjo, and R. 

M. Gerstein. 2004. B1b lymphocytes confer T cell-independent long-lasting 

immunity. Immunity 21: 379-390. 

37. Alugupalli, K. R. 2008. A distinct role for B1b lymphocytes in T cell-independent 

immunity. Curr. Top. Microbiol. Immunol. 319: 105-130. 

38. Popi, A. F. 2015. B-1 phagocytes: the myeloid face of B-1 cells. Ann N Y Acad 

Sci 1362: 86-97. 

39. Popi, A. F., I. M. Longo-Maugeri, and M. Mariano. 2016. An Overview of B-1 

Cells as Antigen-Presenting Cells. Front Immunol 7: 138. 

40. Parra, D., A. M. Rieger, J. Li, Y. A. Zhang, L. M. Randall, C. A. Hunter, D. R. 

Barreda, and J. O. Sunyer. 2012. Pivotal advance: peritoneal cavity B-1 B cells 

have phagocytic and microbicidal capacities and present phagocytosed antigen to 

CD4+ T cells. Journal of leukocyte biology 91: 525-536. 

41. Ghosn, E. E., and Y. Yang. 2015. Hematopoietic stem cell-independent B-1a 

lineage. Ann N Y Acad Sci 1362: 23-38. 

42. Yoshimoto, M., E. Montecino-Rodriguez, M. J. Ferkowicz, P. Porayette, W. C. 

Shelley, S. J. Conway, K. Dorshkind, and M. C. Yoder. 2011. Embryonic day 9 



120 
 

yolk sac and intra-embryonic hemogenic endothelium independently generate a 

B-1 and marginal zone progenitor lacking B-2 potential. Proceedings of the 

National Academy of Sciences of the United States of America 108: 1468-1473. 

43. Montecino-Rodriguez, E., H. Leathers, and K. Dorshkind. 2006. Identification of 

a B-1 B cell-specified progenitor. Nat. Immunol. 7: 293-301. 

44. Holodick, N. E., T. Vizconde, and T. L. Rothstein. 2014. B-1a cell diversity: 

nontemplated addition in B-1a cell Ig is determined by progenitor population and 

developmental location. Journal of immunology 192: 2432-2441. 

45. Kantor, A. B., C. E. Merrill, L. A. Herzenberg, and J. L. Hillson. 1997. An 

unbiased analysis of VH-D-JH sequences from B1-a, B1-b, and conventional B 

cells. J. Immunol. 158: 1175-1186. 

46. Fagarasan, S., and T. Honjo. 2000. T-Independent immune response: new aspects 

of B cell biology. Science 290: 89-92. 

47. Bortnick, A., I. Chernova, W. J. Quinn, 3rd, M. Mugnier, M. P. Cancro, and D. 

Allman. 2012. Long-lived bone marrow plasma cells are induced early in 

response to T cell-independent or T cell-dependent antigens. Journal of 

immunology 188: 5389-5396. 

48. Stein, K. E. 1992. Thymus-independent and thymus-dependent responses to 

polysaccharide antigens. J Infect Dis 165 Suppl 1: S49-52. 

49. Vos, Q., A. Lees, Z. Q. Wu, C. M. Snapper, and J. J. Mond. 2000. B-cell 

activation by T-cell-independent type 2 antigens as an integral part of the humoral 

immune response to pathogenic microorganisms. Immunol. Rev. 176: 154-170. 



121 
 

50. Craxton, A., D. Magaletti, E. J. Ryan, and E. A. Clark. 2003. Macrophage- and 

dendritic cell--dependent regulation of human B-cell proliferation requires the 

TNF family ligand BAFF. Blood 101: 4464-4471. 

51. Balazs, M., F. Martin, T. Zhou, and J. Kearney. 2002. Blood dendritic cells 

interact with splenic marginal zone B cells to initiate T-independent immune 

responses. Immunity 17: 341-352. 

52. Snapper, C. M., Y. Shen, A. Q. Khan, J. Colino, P. Zelazowski, J. J. Mond, W. C. 

Gause, and Z. Q. Wu. 2001. Distinct types of T-cell help for the induction of a 

humoral immune response to Streptococcus pneumoniae. Trends in immunology 

22: 308-311. 

53. Brodeur, P. H., and H. H. Wortis. 1980. Regulation of thymus-independent 

responses: unresponsiveness to a second challenge of TNP-Ficoll is mediated by 

hapten-specific antibodies. J. Immunol. 125: 1499-1505. 

54. Yang, Y., E. E. Ghosn, L. E. Cole, T. V. Obukhanych, P. Sadate-Ngatchou, S. N. 

Vogel, and L. A. Herzenberg. 2012. Antigen-specific antibody responses in B-1a 

and their relationship to natural immunity. Proc. Natl. Acad. Sci. U. S. A. 109: 

5382-5387. 

55. de Vinuesa, C. G., M. C. Cook, J. Ball, M. Drew, Y. Sunners, M. Cascalho, M. 

Wabl, G. G. B. Klaus, and I. C. M. MacLennan. 2000. Germinal Centers without 

T Cells. The Journal of Experimental Medicine 191: 485. 

56. Hsu, M. C., K. M. Toellner, C. G. Vinuesa, and I. C. Maclennan. 2006. B cell 

clones that sustain long-term plasmablast growth in T-independent extrafollicular 

antibody responses. Proc. Natl. Acad. Sci. USA 103: 5905-5910. 



122 
 

57. Foote, J. B., and J. F. Kearney. 2009. Generation of B cell memory to the 

bacterial polysaccharide alpha-1,3 dextran. J. Immunol. 183: 6359-6368. 

58. Foote, J. B., T. I. Mahmoud, A. M. Vale, and J. F. Kearney. 2012. Long-Term 

Maintenance of Polysaccharide-Specific Antibodies by IgM-Secreting Cells. J. 

Immunol. 188: 57-67. 

59. Obukhanych, T. V., and M. C. Nussenzweig. 2006. T-independent type II 

immune responses generate memory B cells. J. Exp. Med. 203: 305-310. 

60. Defrance, T., M. Taillardet, and L. Genestier. 2011. T cell-independent B cell 

memory. Curr Opin Immunol. 

61. Martin, F., and J. F. Kearney. 2000. B-cell subsets and the mature preimmune 

repertoire. Marginal zone and B1 B cells as part of a "natural immune memory". 

Immunol. Rev. 175: 70-79. 

62. Alugupalli, K. R., and R. M. Gerstein. 2005. Divide and conquer: division of 

labor by B-1 B cells. Immunity 23: 1-2. 

63. Dal Porto, J. M., S. B. Gauld, K. T. Merrell, D. Mills, A. E. Pugh-Bernard, and J. 

Cambier. 2004. B cell antigen receptor signaling 101. Mol Immunol 41: 599-613. 

64. Sindhava, V. J., and S. Bondada. 2012. Multiple regulatory mechanisms control 

B-1 B cell activation. Front Immunol 3: 372. 

65. Meyer-Bahlburg, A., and D. J. Rawlings. 2012. Differential impact of Toll-like 

receptor signaling on distinct B cell subpopulations. Front Biosci (Landmark Ed) 

17: 1499-1516. 

66. Kawai, T., and S. Akira. 2010. The role of pattern-recognition receptors in innate 

immunity: update on Toll-like receptors. Nat Immunol 11: 373-384. 



123 
 

67. Piras, V., and K. Selvarajoo. 2014. Beyond MyD88 and TRIF Pathways in Toll-

Like Receptor Signaling. Front Immunol 5: 70. 

68. Hua, Z., and B. Hou. 2013. TLR signaling in B-cell development and activation. 

Cell Mol Immunol 10: 103-106. 

69. Genestier, L., M. Taillardet, P. Mondiere, H. Gheit, C. Bella, and T. Defrance. 

2007. TLR agonists selectively promote terminal plasma cell differentiation of B 

cell subsets specialized in thymus-independent responses. Journal of immunology 

178: 7779-7786. 

70. Dasari, P., I. C. Nicholson, G. Hodge, G. W. Dandie, and H. Zola. 2005. 

Expression of toll-like receptors on B lymphocytes. Cell Immunol 236: 140-145. 

71. Divanovic, S., A. Trompette, S. F. Atabani, R. Madan, D. T. Golenbock, A. 

Visintin, R. W. Finberg, A. Tarakhovsky, S. N. Vogel, Y. Belkaid, E. A. Kurt-

Jones, and C. L. Karp. 2005. Negative regulation of Toll-like receptor 4 signaling 

by the Toll-like receptor homolog RP105. Nat. Immunol. 6: 571-578. 

72. Yazawa, N., M. Fujimoto, S. Sato, K. Miyake, N. Asano, O. Takeuchi, K. Takeda, 

S. Akira, T. F. Tedder, and K. Tamaki. 2003. CD19 regulates innate immunity by 

the Toll-like receptor RP105 signaling in B lymphocytes. Blood 102: 1374-1380. 

73. Nagai, Y., T. Yanagibashi, Y. Watanabe, M. Ikutani, A. Kariyone, S. Ohta, Y. 

Hirai, M. Kimoto, K. Miyake, and K. Takatsu. 2012. The RP105/MD-1 complex 

is indispensable for TLR4/MD-2-dependent proliferation and IgM-secreting 

plasma cell differentiation of marginal zone B cells. Int. Immunol. 24: 389-400. 



124 
 

74. Ogata, H., I. Su, K. Miyake, Y. Nagai, S. Akashi, I. Mecklenbrauker, K. 

Rajewsky, M. Kimoto, and A. Tarakhovsky. 2000. The toll-like receptor protein 

RP105 regulates lipopolysaccharide signaling in B cells. J Exp Med 192: 23-29. 

75. Kawata, K., P. Illarionov, G. X. Yang, T. P. Kenny, W. Zhang, M. Tsuda, Y. 

Ando, P. S. Leung, A. A. Ansari, and M. Eric Gershwin. 2012. Mincle and human 

B cell function. J. Autoimmun. 39: 315-322. 

76. Richardson, M. B., and S. J. Williams. 2014. MCL and Mincle: C-Type Lectin 

Receptors That Sense Damaged Self and Pathogen-Associated Molecular 

Patterns. Front Immunol 5: 288. 

77. Geijtenbeek, T. B., and S. I. Gringhuis. 2016. C-type lectin receptors in the 

control of T helper cell differentiation. Nature reviews. Immunology 16: 433-448. 

78. Ishikawa, E., T. Ishikawa, Y. S. Morita, K. Toyonaga, H. Yamada, O. Takeuchi, 

T. Kinoshita, S. Akira, Y. Yoshikai, and S. Yamasaki. 2009. Direct recognition of 

the mycobacterial glycolipid, trehalose dimycolate, by C-type lectin Mincle. J 

Exp Med 206: 2879-2888. 

79. Miyake, Y., O. H. Masatsugu, and S. Yamasaki. 2015. C-Type Lectin Receptor 

MCL Facilitates Mincle Expression and Signaling through Complex Formation. 

Journal of immunology 194: 5366-5374. 

80. Miyake, Y., K. Toyonaga, D. Mori, S. Kakuta, Y. Hoshino, A. Oyamada, H. 

Yamada, K. Ono, M. Suyama, Y. Iwakura, Y. Yoshikai, and S. Yamasaki. 2013. 

C-type lectin MCL is an FcRgamma-coupled receptor that mediates the 

adjuvanticity of mycobacterial cord factor. Immunity 38: 1050-1062. 



125 
 

81. Ostrop, J., K. Jozefowski, S. Zimmermann, K. Hofmann, E. Strasser, B. Lepenies, 

and R. Lang. 2015. Contribution of MINCLE-SYK Signaling to Activation of 

Primary Human APCs by Mycobacterial Cord Factor and the Novel Adjuvant 

TDB. Journal of immunology 195: 2417-2428. 

82. Okazaki, T., S. Chikuma, Y. Iwai, S. Fagarasan, and T. Honjo. 2013. A rheostat 

for immune responses: the unique properties of PD-1 and their advantages for 

clinical application. Nat. Immunol. 14: 1212-1218. 

83. Keir, M. E., M. J. Butte, G. J. Freeman, and A. H. Sharpe. 2008. PD-1 and its 

ligands in tolerance and immunity. Annu. Rev. Immunol. 26: 677-704. 

84. Kinter, A. L., E. J. Godbout, J. P. McNally, I. Sereti, G. A. Roby, M. A. O'Shea, 

and A. S. Fauci. 2008. The common gamma-chain cytokines IL-2, IL-7, IL-15, 

and IL-21 induce the expression of programmed death-1 and its ligands. J. 

Immunol. 181: 6738-6746. 

85. Okazaki, T., A. Maeda, H. Nishimura, T. Kurosaki, and T. Honjo. 2001. PD-1 

immunoreceptor inhibits B cell receptor-mediated signaling by recruiting src 

homology 2-domain-containing tyrosine phosphatase 2 to phosphotyrosine. Proc. 

Natl. Acad. Sci. USA 98: 13866-13871. 

86. Sheppard, K. A., L. J. Fitz, J. M. Lee, C. Benander, J. A. George, J. Wooters, Y. 

Qiu, J. M. Jussif, L. L. Carter, C. R. Wood, and D. Chaudhary. 2004. PD-1 

inhibits T-cell receptor induced phosphorylation of the ZAP70/CD3zeta 

signalosome and downstream signaling to PKCtheta. FEBS Lett. 574: 37-41. 

87. Chemnitz, J. M., R. V. Parry, K. E. Nichols, C. H. June, and J. L. Riley. 2004. 

SHP-1 and SHP-2 associate with immunoreceptor tyrosine-based switch motif of 



126 
 

programmed death 1 upon primary human T cell stimulation, but only receptor 

ligation prevents T cell activation. J. Immunol. 173: 945-954. 

88. Hebeisen, M., L. Baitsch, D. Presotto, P. Baumgaertner, P. Romero, O. Michielin, 

D. E. Speiser, and N. Rufer. 2013. SHP-1 phosphatase activity counteracts 

increased T cell receptor affinity. J Clin Invest 123: 1044-1056. 

89. Haas, K. M. 2011. Programmed cell death 1 suppresses B-1b cell expansion and 

long-lived IgG production in response to T cell-independent type 2 antigens. J. 

Immunol. 187: 5183-5195. 

90. Zhong, X., C. Bai, W. Gao, T. B. Strom, and T. L. Rothstein. 2004. Suppression 

of expression and function of negative immune regulator PD-1 by certain pattern 

recognition and cytokine receptor signals associated with immune system danger. 

Int. Immunol. 16: 1181-1188. 

91. Isogawa, M., J. Chung, Y. Murata, K. Kakimi, and F. V. Chisari. 2013. CD40 

activation rescues antiviral CD8(+) T cells from PD-1-mediated exhaustion. PLoS 

Pathog 9: e1003490. 

92. Riella, L. V., A. M. Paterson, A. H. Sharpe, and A. Chandraker. 2012. Role of the 

PD-1 pathway in the immune response. Am J Transplant 12: 2575-2587. 

93. Flies, D. B., B. J. Sandler, M. Sznol, and L. Chen. 2011. Blockade of the B7-

H1/PD-1 pathway for cancer immunotherapy. Yale J Biol Med 84: 409-421. 

94. Hirano, F., K. Kaneko, H. Tamura, H. Dong, S. Wang, M. Ichikawa, C. Rietz, D. 

B. Flies, J. S. Lau, G. Zhu, K. Tamada, and L. Chen. 2005. Blockade of B7-H1 

and PD-1 by monoclonal antibodies potentiates cancer therapeutic immunity. 

Cancer Res 65: 1089-1096. 



127 
 

95. Lee, R. A., C. Mao, H. Vo, W. Gao, and X. Zhong. 2015. Fluorescence tagging 

and inducible depletion of PD-L2-expressing B-1 B cells in vivo. Ann N Y Acad 

Sci 1362: 77-85. 

96. Zhong, X., J. R. Tumang, W. Gao, C. Bai, and T. L. Rothstein. 2007. PD-L2 

expression extends beyond dendritic cells/macrophages to B1 cells enriched for 

V(H)11/V(H)12 and phosphatidylcholine binding. Eur. J. Immunol. 37: 2405-

2410. 

97. Tomayko, M. M., N. C. Steinel, S. M. Anderson, and M. J. Shlomchik. 2010. 

Cutting edge: Hierarchy of maturity of murine memory B cell subsets. J. 

Immunol. 185: 7146-7150. 

98. Good-Jacobson, K. L., C. G. Szumilas, L. Chen, A. H. Sharpe, M. M. Tomayko, 

and M. J. Shlomchik. 2010. PD-1 regulates germinal center B cell survival and 

the formation and affinity of long-lived plasma cells. Nat. Immunol. 11: 535-542. 

99. Akbari, O., P. Stock, A. K. Singh, V. Lombardi, W. L. Lee, G. J. Freeman, A. H. 

Sharpe, D. T. Umetsu, and R. H. Dekruyff. 2010. PD-L1 and PD-L2 modulate 

airway inflammation and iNKT-cell-dependent airway hyperreactivity in 

opposing directions. Mucosal Immunol 3: 81-91. 

100. Matsumoto, K., H. Inoue, T. Nakano, M. Tsuda, Y. Yoshiura, S. Fukuyama, F. 

Tsushima, T. Hoshino, H. Aizawa, H. Akiba, D. Pardoll, N. Hara, H. Yagita, M. 

Azuma, and Y. Nakanishi. 2004. B7-DC regulates asthmatic response by an IFN-

gamma-dependent mechanism. Journal of immunology 172: 2530-2541. 

101. Sharma, P., and J. P. Allison. 2015. The future of immune checkpoint therapy. 

Science 348: 56-61. 



128 
 

102. Freeman-Keller, M., and J. S. Weber. 2015. Anti-programmed death receptor 1 

immunotherapy in melanoma: rationale, evidence and clinical potential. Ther. 

Adv. Med. Oncol. 7: 12-21. 

103. Yamazaki, T., H. Akiba, H. Iwai, H. Matsuda, M. Aoki, Y. Tanno, T. Shin, H. 

Tsuchiya, D. M. Pardoll, K. Okumura, M. Azuma, and H. Yagita. 2002. 

Expression of programmed death 1 ligands by murine T cells and APC. J. 

Immunol. 169: 5538-5545. 

104. Iwai, Y., S. Terawaki, and T. Honjo. 2005. PD-1 blockade inhibits hematogenous 

spread of poorly immunogenic tumor cells by enhanced recruitment of effector T 

cells. Int Immunol 17: 133-144. 

105. Curiel, T. J., S. Wei, H. Dong, X. Alvarez, P. Cheng, P. Mottram, R. Krzysiek, K. 

L. Knutson, B. Daniel, M. C. Zimmermann, O. David, M. Burow, A. Gordon, N. 

Dhurandhar, L. Myers, R. Berggren, A. Hemminki, R. D. Alvarez, D. Emilie, D. 

T. Curiel, L. Chen, and W. Zou. 2003. Blockade of B7-H1 improves myeloid 

dendritic cell-mediated antitumor immunity. Nat Med 9: 562-567. 

106. Blank, C., I. Brown, A. C. Peterson, M. Spiotto, Y. Iwai, T. Honjo, and T. F. 

Gajewski. 2004. PD-L1/B7H-1 inhibits the effector phase of tumor rejection by T 

cell receptor (TCR) transgenic CD8+ T cells. Cancer Res 64: 1140-1145. 

107. He, Y. F., G. M. Zhang, X. H. Wang, H. Zhang, Y. Yuan, D. Li, and Z. H. Feng. 

2004. Blocking programmed death-1 ligand-PD-1 interactions by local gene 

therapy results in enhancement of antitumor effect of secondary lymphoid tissue 

chemokine. Journal of immunology 173: 4919-4928. 



129 
 

108. Brown, K. E., G. J. Freeman, E. J. Wherry, and A. H. Sharpe. 2010. Role of PD-1 

in regulating acute infections. Curr. Opin. Immunol. 22: 397-401. 

109. McKay, J. T., R. P. Egan, R. D. Yammani, L. Chen, T. Shin, H. Yagita, and K. M. 

Haas. 2015. PD-1 Suppresses Protective Immunity to Streptococcus pneumoniae 

through a B Cell-Intrinsic Mechanism. J. Immunol. 194: 2289-2299. 

110. Haas, K. M., J. C. Poe, and T. F. Tedder. 2009. CD21/35 promotes protective 

immunity to Streptococcus pneumoniae through a complement-independent but 

CD19-dependent pathway that regulates PD-1 expression. J. Immunol. 183: 3661-

3671. 

111. Nishimura, H., N. Minato, T. Nakano, and T. Honjo. 1998. Immunological studies 

on PD-1 deficient mice: implication of PD-1 as a negative regulator for B cell 

responses. Int. Immunol. 10: 1563-1572. 

112. Titanji, K., V. Velu, L. Chennareddi, M. Vijay-Kumar, A. T. Gewirtz, G. J. 

Freeman, and R. R. Amara. 2010. Acute depletion of activated memory B cells 

involves the PD-1 pathway in rapidly progressing SIV-infected macaques. J. Clin. 

Invest. 120: 3878-3890. 

113. Kawamoto, S., T. H. Tran, M. Maruya, K. Suzuki, Y. Doi, Y. Tsutsui, L. M. Kato, 

and S. Fagarasan. 2012. The inhibitory receptor PD-1 regulates IgA selection and 

bacterial composition in the gut. Science 336: 485-489. 

114. Yammani, R. D., and K. M. Haas. 2013. Primate B-1 cells generate antigen-

specific B cell responses to T cell-independent type 2 antigens. Journal of 

immunology 190: 3100-3108. 



130 
 

115. Doody, G. M., L. B. Justement, C. C. Delibrias, R. J. Mathews, J. Lin, M. L. 

Thomas, and D. T. Fearon. 1995. A role in B cell activation for CD22 and the 

protein tyrosine phosphatase SHP. Science 269: 242-244. 

116. Otipoby, K. L., K. E. Draves, and E. A. Clark. 2001. CD22 regulates B cell 

receptor-mediated signals via two domains that independently recruit Grb2 and 

SHP-1. J. Biol. Chem. 276: 44315-44322. 

117. Blasioli, J., S. Paust, and M. L. Thomas. 1999. Definition of the sites of 

interaction between the protein tyrosine phosphatase SHP-1 and CD22. J. Biol. 

Chem. 274: 2303-2307. 

118. Poe, J. C., M. Fujimoto, P. J. Jansen, A. S. Miller, and T. F. Tedder. 2000. CD22 

forms a quaternary complex with SHIP, Grb2 and Shc. A pathway for regulation 

of B lymphocyte antigen receptor-induced calcium flux. J. Biol. Chem. 275: 

17420-17427. 

119. Law, C.-L., S. P. Sidorenko, K. A. Chandran, Z. Zhao, S.-H. Shen, E. H. Fischer, 

and E. A. Clark. 1996. CD22 associates with protein tyrosine phosphatase 1C, 

Syk, and phospholipase C-g1 upon B cell activation. J. Exp. Med. 183: 547-560. 

120. Yohannan, J., J. Wienands, K. M. Coggeshall, and L. B. Justement. 1999. 

Analysis of tyrosine phosphorylation-dependent interactions between stimulatory 

effector proteins and the B cell co-receptor CD22. J. Biol. Chem. 274: 18769-

18776. 

121. Tedder, T. F., J. C. Poe, and K. M. Haas. 2005. CD22: a multi-functional receptor 

that regulates B lymphocyte survival and signal transduction. Adv. Immunol. 88: 

1-50. 



131 
 

122. Law, C.-L., A. Aruffo, K. A. Chandran, R. T. Doty, and E. A. Clark. 1995. Ig 

domains 1 and 2 of murine CD22 constitute the ligand-binding domain and bind 

multiple sialylated ligands expressed on B and T cells. J. Immunol. 155: 3368-

3376. 

123. Engel, P., Y. Nojima, D. Rothstein, L.-J. Zhou, G. L. Wilson, J. H. Kehrl, and T. 

F. Tedder. 1993. The same epitope on CD22 of B lymphocytes mediates the 

adhesion of erythrocytes, T and B lymphocytes, neutrophils and monocytes. J. 

Immunol. 150: 4719-4732. 

124. Engel, P., N. Wagner, A. Miller, and T. F. Tedder. 1995. Identification of the 

ligand binding domains of CD22, a member of the immunoglobulin superfamily 

that uniquely binds a sialic acid-dependent ligand. J. Exp. Med. 181: 1581-1586. 

125. Sgroi, D., A. Varki, S. Braesch-Andersen, and I. Stamenkovic. 1993. CD22, a B 

cell-specific immunoglobulin superfamily member, is a sialic acid-binding lectin. 

J. Biol. Chem. 268: 7011-7018. 

126. Nitschke, L. 2014. CD22 and Siglec-G regulate inhibition of B-cell signaling by 

sialic acid ligand binding and control B-cell tolerance. Glycobiology 24: 807-817. 

127. Poe, J. C., and T. F. Tedder. 2012. CD22 and Siglec-G in B cell function and 

tolerance. Trends in immunology 33: 413-420. 

128. Macauley, M. S., P. R. Crocker, and J. C. Paulson. 2014. Siglec-mediated 

regulation of immune cell function in disease. Nature reviews. Immunology 14: 

653-666. 

129. Blixt, O., B. E. Collins, I. M. van den Nieuwenhof, P. R. Crocker, and J. C. 

Paulson. 2003. Sialoside specificity of the siglec family assessed using novel 



132 
 

multivalent probes: identification of potent inhibitors of myelin-associated 

glycoprotein. J Biol Chem 278: 31007-31019. 

130. Brinkman-Van der Linden, E. C., and A. Varki. 2000. New aspects of siglec 

binding specificities, including the significance of fucosylation and of the sialyl-

Tn epitope. Sialic acid-binding immunoglobulin superfamily lectins. J. Biol. 

Chem. 275: 8625-8632. 

131. Tateno, H., A. Mori, N. Uchiyama, R. Yabe, J. Iwaki, T. Shikanai, T. Angata, H. 

Narimatsu, and J. Hirabayashi. 2008. Glycoconjugate microarray based on an 

evanescent-field fluorescence-assisted detection principle for investigation of 

glycan-binding proteins. Glycobiology 18: 789-798. 

132. Sato, S., A. S. Miller, M. Inaoki, C. B. Bock, P. J. Jansen, M. L. K. Tang, and T. 

F. Tedder. 1996. CD22 is both a positive and negative regulator of B lymphocyte 

antigen receptor signal transduction: altered signaling in CD22-deficient mice. 

Immunity 5: 551-562. 

133. Fujimoto, M., and S. Sato. 2007. B cell signaling and autoimmune diseases: 

CD19/CD22 loop as a B cell signaling device to regulate the balance of 

autoimmunity. J Dermatol Sci 46: 1-9. 

134. Fujimoto, M., J. C. Poe, M. Hasegawa, and T. F. Tedder. 2001. CD19 

amplification of B lymphocyte Ca
2+

 responses: A role for Lyn sequestration in 

extinguishing negative regulation. J. Biol. Chem. 276: 44820-44827. 

135. Lyubchenko, T., J. dal Porto, J. C. Cambier, and V. M. Holers. 2005. Coligation 

of the B cell receptor with complement receptor type 2 (CR2/CD21) using its 



133 
 

natural ligand C3dg: activation without engagement of an inhibitory signaling 

pathway. J. Immunol. 174: 3264-3272. 

136. Poe, J. C., Y. Fujimoto, M. Hasegawa, K. M. Haas, A. S. Miller, I. G. Sanford, C. 

B. Bock, M. Fujimoto, and T. F. Tedder. 2004. CD22 regulates B lymphocyte 

function in vivo through both ligand-dependent and ligand-independent 

mechanisms. Nat. Immunol. 5: 1078-1087. 

137. Lanoue, A., F. D. Batista, M. Stewart, and M. S. Neuberger. 2002. Interaction of 

CD22 with a2,6-linked sialoglycoconjugates: innate recognition of self to dampen 

B cell autoreactivity? Eur. J. Immunol. 32: 348-355. 

138. Duong, B. H., H. Tian, T. Ota, G. Completo, S. Han, J. L. Vela, M. Ota, M. 

Kubitz, N. Bovin, J. Paulson, and D. Nemazee. 2010. Decoration of T-

independent antigen with ligands for CD22 and Siglec-G can suppress immunity 

and induce B cell tolerance in vivo. J. Exp. Med. 207: 173-187. 

139. Moremen, K. W., M. Tiemeyer, and A. V. Nairn. 2012. Vertebrate protein 

glycosylation: diversity, synthesis and function. Nat Rev Mol Cell Biol 13: 448-

462. 

140. Pinho, S. S., and C. A. Reis. 2015. Glycosylation in cancer: mechanisms and 

clinical implications. Nat Rev Cancer 15: 540-555. 

141. Bull, C., M. H. den Brok, and G. J. Adema. 2014. Sweet escape: sialic acids in 

tumor immune evasion. Biochim Biophys Acta 1846: 238-246. 

142. Ju, T., V. I. Otto, and R. D. Cummings. 2011. The Tn antigen-structural 

simplicity and biological complexity. Angew. Chem. Int. Ed. Engl. 50: 1770-1791. 

143. Hanisch, F. G. 2001. O-glycosylation of the mucin type. Biol Chem 382: 143-149. 



134 
 

144. Hauselmann, I., and L. Borsig. 2014. Altered tumor-cell glycosylation promotes 

metastasis. Frontiers in oncology 4: 28. 

145. Hakomori, S. 1984. Tumor-associated carbohydrate antigens. Annu. Rev. 

Immunol. 2: 103-126. 

146. Cazet, A. l., S. Julien, M. Bobowski, J. Burchell, and P. Delannoy. 2010. Tumour-

associated carbohydrate antigens in breast cancer. Breast cancer research : BCR 

12: 204-204. 

147. Amano, M., N. Baumgarth, M. D. Dick, L. Brossay, M. Kronenberg, L. A. 

Herzenberg, and S. Strober. 1998. CD1 expression defines subsets of follicular 

and marginal zone B cells in the spleen: β2-microglobulin-dependent and 

independent forms. J. Immunol. 161: 1710-1717. 

148. Yu, L. G. 2007. The oncofetal Thomsen-Friedenreich carbohydrate antigen in 

cancer progression. Glycoconj J 24: 411-420. 

149. Julien, S., P. A. Videira, and P. Delannoy. 2012. Sialyl-tn in cancer: (how) did we 

miss the target? Biomolecules 2: 435-466. 

150. Fujita-Yamaguchi, Y. 2013. Renewed interest in basic and applied research 

involving monoclonal antibodies against an oncofetal Tn-antigen. J Biochem 154: 

103-105. 

151. Rivinoja, A., N. Kokkonen, I. Kellokumpu, and S. Kellokumpu. 2006. Elevated 

Golgi pH in breast and colorectal cancer cells correlates with the expression of 

oncofetal carbohydrate T-antigen. J Cell Physiol 208: 167-174. 

152. Hakomori, S. 1996. Tumor malignancy defined by aberrant glycosylation and 

sphingo(glyco)lipid metabolism. Cancer Res 56: 5309-5318. 



135 
 

153. Loureiro, L. R., M. A. Carrascal, A. Barbas, J. S. Ramalho, C. Novo, P. 

Delannoy, and P. A. Videira. 2015. Challenges in Antibody Development against 

Tn and Sialyl-Tn Antigens. Biomolecules 5: 1783-1809. 

154. Munkley, J. 2016. The Role of Sialyl-Tn in Cancer. International journal of 

molecular sciences 17: 275. 

155. Munkley, J., I. G. Mills, and D. J. Elliott. 2016. The role of glycans in the 

development and progression of prostate cancer. Nature reviews. Urology 13: 

324-333. 

156. Fuster, M. M., and J. D. Esko. 2005. The sweet and sour of cancer: glycans as 

novel therapeutic targets. Nat Rev Cancer 5: 526-542. 

157. Gendler, S. J. 2001. MUC1, the renaissance molecule. J Mammary Gland Biol 

Neoplasia 6: 339-353. 

158. Hollingsworth, M. A., and B. J. Swanson. 2004. Mucins in cancer: protection and 

control of the cell surface. Nat Rev Cancer 4: 45-60. 

159. Hudak, J. E., S. M. Canham, and C. R. Bertozzi. 2014. Glycocalyx engineering 

reveals a Siglec-based mechanism for NK cell immunoevasion. Nat Chem Biol 

10: 69-75. 

160. Pillai, S., I. A. Netravali, A. Cariappa, and H. Mattoo. 2012. Siglecs and immune 

regulation. Annu Rev Immunol 30: 357-392. 

161. Bull, C., M. A. Stoel, M. H. den Brok, and G. J. Adema. 2014. Sialic acids 

sweeten a tumor's life. Cancer Res 74: 3199-3204. 



136 
 

162. Endo, T., P. H. Seeberger, G. W. Hart, C.-H. Wong, N. Taniguchi, S. Julien, and 

P. Delannoy. 2014. Sialic Acid and Cancer. In Glycoscience: Biology and 

Medicine. Springer Japan. 1-6. 

163. Springer, G. F. 1984. T and Tn, general carcinoma autoantigens. Science 224: 

1198-1206. 

164. Li, Q., M. R. Anver, D. O. Butcher, and J. C. Gildersleeve. 2009. Resolving 

conflicting data on expression of the Tn antigen and implications for clinical trials 

with cancer vaccines. Mol. Cancer Ther. 8: 971-979. 

165. Ghazizadeh, M., H. Ogawa, Y. Sasaki, T. Araki, and K. Aihara. 1997. Mucin 

carbohydrate antigens (T, Tn, and sialyl-Tn) in human ovarian carcinomas: 

relationship with histopathology and prognosis. Hum Pathol 28: 960-966. 

166. Pashov, A., B. Monzavi-Karbassi, and T. Kieber-Emmons. 2009. Immune 

surveillance and immunotherapy: lessons from carbohydrate mimotopes. Vaccine 

27: 3405-3415. 

167. Monzavi-Karbassi, B., A. Pashov, and T. Kieber-Emmons. 2013. Tumor-

Associated Glycans and Immune Surveillance. Vaccines 1: 174-203. 

168. Campbell, C. T., J. L. Gulley, O. Oyelaran, J. W. Hodge, J. Schlom, and J. C. 

Gildersleeve. 2013. Serum antibodies to blood group A predict survival on 

PROSTVAC-VF. Clin. Cancer Res. 19: 1290-1299. 

169. Dalziel, M., M. Crispin, C. N. Scanlan, N. Zitzmann, and R. A. Dwek. 2014. 

Emerging principles for the therapeutic exploitation of glycosylation. Science 

343: 1235681. 



137 
 

170. Ibrahim, N. K., J. L. Murray, D. Zhou, E. A. Mittendorf, D. Sample, M. Tautchin, 

and D. Miles. 2013. Survival Advantage in Patients with Metastatic Breast Cancer 

Receiving Endocrine Therapy plus Sialyl Tn-KLH Vaccine: Post Hoc Analysis of 

a Large Randomized Trial. J. Cancer 4: 577-584. 

171. Fremd, C., S. Stefanovic, P. Beckhove, M. Pritsch, H. Lim, M. Wallwiener, J. 

Heil, M. Golatta, J. Rom, C. Sohn, A. Schneeweiss, F. Schuetz, and C. 

Domschke. 2016. Mucin 1-specific B cell immune responses and their impact on 

overall survival in breast cancer patients. Oncoimmunology 5: e1057387. 

172. Blixt, O., D. Bueti, B. Burford, D. Allen, S. Julien, M. Hollingsworth, A. 

Gammerman, I. Fentiman, J. Taylor-Papadimitriou, and J. M. Burchell. 2011. 

Autoantibodies to aberrantly glycosylated MUC1 in early stage breast cancer are 

associated with a better prognosis. Breast Cancer Res. 13: R25. 

173. Liu, C. C., and X. S. Ye. 2012. Carbohydrate-based cancer vaccines: target cancer 

with sugar bullets. Glycoconj J 29: 259-271. 

174. O'Boyle, K. P., R. Zamore, S. Adluri, A. Cohen, N. Kemeny, S. Welt, K. O. 

Lloyd, H. F. Oettgen, L. J. Old, and P. O. Livingston. 1992. Immunization of 

colorectal cancer patients with modified ovine submaxillary gland mucin and 

adjuvants induces IgM and IgG antibodies to sialylated Tn. Cancer Res. 52: 5663-

5667. 

175. Livingston, P. O., G. Y. Wong, S. Adluri, Y. Tao, M. Padavan, R. Parente, C. 

Hanlon, M. J. Calves, F. Helling, G. Ritter, and et al. 1994. Improved survival in 

stage III melanoma patients with GM2 antibodies: a randomized trial of adjuvant 

vaccination with GM2 ganglioside. J. Clin. Oncol. 12: 1036-1044. 



138 
 

176. Slovin, S. F., G. Ragupathi, C. Musselli, K. Olkiewicz, D. Verbel, S. D. Kuduk, J. 

B. Schwarz, D. Sames, S. Danishefsky, P. O. Livingston, and H. I. Scher. 2003. 

Fully synthetic carbohydrate-based vaccines in biochemically relapsed prostate 

cancer: clinical trial results with alpha-N-acetylgalactosamine-O-serine/threonine 

conjugate vaccine. J. Clin. Oncol. 21: 4292-4298. 

177. Ninkovic, T., and F.-G. Hanisch. 2007. O-glycosylated human MUC1 repeats are 

processed in vitro by immunoproteasomes. Journal of immunology (Baltimore, 

Md. : 1950) 179: 2380-2388. 

178. Hiltbold, E. M., M. D. Alter, P. Ciborowski, and O. J. Finn. 1999. Presentation of 

MUC1 tumor antigen by class I MHC and CTL function correlate with the 

glycosylation state of the protein taken Up by dendritic cells. Cell Immunol 194: 

143-149. 

179. Hiltbold, E. M., P. Ciborowski, and O. J. Finn. 1998. Naturally processed class II 

epitope from the tumor antigen MUC1 primes human CD4+ T cells. Cancer Res 

58: 5066-5070. 

180. Hiltbold, E. M., A. M. Vlad, P. Ciborowski, S. C. Watkins, and O. J. Finn. 2000. 

The mechanism of unresponsiveness to circulating tumor antigen MUC1 is a 

block in intracellular sorting and processing by dendritic cells. Journal of 

immunology 165: 3730-3741. 

181. Vlad, A. M., S. Muller, M. Cudic, H. Paulsen, L. Otvos, Jr., F. G. Hanisch, and O. 

J. Finn. 2002. Complex carbohydrates are not removed during processing of 

glycoproteins by dendritic cells: processing of tumor antigen MUC1 



139 
 

glycopeptides for presentation to major histocompatibility complex class II-

restricted T cells. J Exp Med 196: 1435-1446. 

182. Heimburg-Molinaro, J., M. Lum, G. Vijay, M. Jain, A. Almogren, and K. 

Rittenhouse-Olson. 2011. Cancer vaccines and carbohydrate epitopes. Vaccine 

29: 8802-8826. 

183. Miles, D., H. Roche, M. Martin, T. J. Perren, D. A. Cameron, J. Glaspy, D. 

Dodwell, J. Parker, J. Mayordomo, A. Tres, J. L. Murray, N. K. Ibrahim, and G. 

Theratope Study. 2011. Phase III multicenter clinical trial of the sialyl-TN (STn)-

keyhole limpet hemocyanin (KLH) vaccine for metastatic breast cancer. 

Oncologist 16: 1092-1100. 

184. Lakshminarayanan, V., P. Thompson, M. A. Wolfert, T. Buskas, J. M. Bradley, L. 

B. Pathangey, C. S. Madsen, P. A. Cohen, S. J. Gendler, and G. J. Boons. 2012. 

Immune recognition of tumor-associated mucin MUC1 is achieved by a fully 

synthetic aberrantly glycosylated MUC1 tripartite vaccine. Proceedings of the 

National Academy of Sciences of the United States of America 109: 261-266. 

185. Lo-Man, R., S. Vichier-Guerre, S. Bay, E. Deriaud, D. Cantacuzene, and C. 

Leclerc. 2001. Anti-tumor immunity provided by a synthetic multiple antigenic 

glycopeptide displaying a tri-Tn glycotope. Journal of immunology 166: 2849-

2854. 

186. Lo-Man, R., S. Vichier-Guerre, R. Perraut, E. Deriaud, V. Huteau, L. 

BenMohamed, O. M. Diop, P. O. Livingston, S. Bay, and C. Leclerc. 2004. A 

fully synthetic therapeutic vaccine candidate targeting carcinoma-associated Tn 



140 
 

carbohydrate antigen induces tumor-specific antibodies in nonhuman primates. 

Cancer Research 64: 4987-4994. 

187. Laubreton, D., S. Bay, C. Sedlik, C. Artaud, C. Ganneau, E. Deriaud, S. Viel, A. 

L. Puaux, S. Amigorena, C. Gerard, R. Lo-Man, and C. Leclerc. 2016. The fully 

synthetic MAG-Tn3 therapeutic vaccine containing the tetanus toxoid-derived 

TT830-844 universal epitope provides anti-tumor immunity. Cancer immunology, 

immunotherapy : CII 65: 315-325. 

188. Haas, K. M. 2015. B-1 lymphocytes in mice and nonhuman primates. Ann. N. Y. 

Acad. Sci. In Press. 

189. Sage, P. T., L. M. Francisco, C. V. Carman, and A. H. Sharpe. 2013. The receptor 

PD-1 controls follicular regulatory T cells in the lymph nodes and blood. Nat 

Immunol 14: 152-161. 

190. Iwai, Y., M. Ishida, Y. Tanaka, T. Okazaki, T. Honjo, and N. Minato. 2002. 

Involvement of PD-L1 on tumor cells in the escape from host immune system and 

tumor immunotherapy by PD-L1 blockade. Proceedings of the National Academy 

of Sciences of the United States of America 99: 12293-12297. 

191. Tsuji, T., and T. Osawa. 1986. Carbohydrate structures of bovine submaxillary 

mucin. Carbohydr Res. 151: 391-402. 

192. Singhal, A., M. Fohn, and S. Hakomori. 1991. Induction of alpha-N-

acetylgalactosamine-O-serine/threonine (Tn) antigen-mediated cellular immune 

response for active immunotherapy in mice. Cancer Res. 51: 1406-1411. 

193. Yin, Z., M. Comellas-Aragones, S. Chowdhury, P. Bentley, K. Kaczanowska, L. 

Benmohamed, J. C. Gildersleeve, M. G. Finn, and X. Huang. 2013. Boosting 



141 
 

Immunity to Small Tumor-Associated Carbohydrates with Bacteriophage Qbeta 

Capsids. ACS chemical biology. 

194. O'Boyle, K. P., S. Coatsworth, G. Anthony, M. Ramirez, E. Greenwald, R. 

Kaleya, J. J. Steinberg, J. P. Dutcher, and P. H. Wiernik. 2006. Effects of 

desialylation of ovine submaxillary gland mucin (OSM) on humoral and cellular 

immune responses to Tn and sialylated Tn. Cancer Immun. 6: 5. 

195. Van den Eijnden, D. H., N. A. Evans, J. F. Codington, V. Reinhold, C. Silber, and 

R. W. Jeanloz. 1979. Chemical structure of epiglycanin, the major glycoprotein of 

the TA3-Ha ascites cell. The carbohydrate chains. J. Biol. Chem. 254: 12153-

12159. 

196. Hagmar, B., and W. Ryd. 1977. Site dependency of TA3 Ha allotransplantability. 

Transplantation 23: 93-97. 

197. Nagy, J. A., K. T. Herzberg, J. M. Dvorak, and H. F. Dvorak. 1993. Pathogenesis 

of malignant ascites formation: initiating events that lead to fluid accumulation. 

Cancer Res 53: 2631-2643. 

198. Nagy, J. A., E. M. Masse, K. T. Herzberg, M. S. Meyers, K. T. Yeo, T. K. Yeo, T. 

M. Sioussat, and H. F. Dvorak. 1995. Pathogenesis of ascites tumor growth: 

vascular permeability factor, vascular hyperpermeability, and ascites fluid 

accumulation. Cancer Res. 55: 360-368. 

199. Lescar, J., J. F. Sanchez, A. Audfray, J. L. Coll, C. Breton, E. P. Mitchell, and A. 

Imberty. 2007. Structural basis for recognition of breast and colon cancer epitopes 

Tn antigen and Forssman disaccharide by Helix pomatia lectin. Glycobiology 17: 

1077-1083. 



142 
 

200. Holmberg, L. A., and B. M. Sandmaier. 2004. Vaccination with Theratope (STn-

KLH) as treatment for breast cancer. Expert Rev. Vaccines 3: 655-663. 

201. Buonaguro, L., A. Petrizzo, M. L. Tornesello, and F. M. Buonaguro. 2011. 

Translating tumor antigens into cancer vaccines. Clin. Vaccine Immunol. 18: 23-

34. 

202. Danussi, C., A. Coslovi, C. Campa, M. T. Mucignat, P. Spessotto, F. Uggeri, S. 

Paoletti, and A. Colombatti. 2009. A newly generated functional antibody 

identifies Tn antigen as a novel determinant in the cancer cell-lymphatic 

endothelium interaction. Glycobiology 19: 1056-1067. 

203. Griffin, D. O., N. E. Holodick, and T. L. Rothstein. 2011. Human B1 cells in 

umbilical cord and adult peripheral blood express the novel phenotype CD20+ 

CD27+ CD43+ CD70. J. Exp. Med. 208: 67-80. 

204. Allavena, P., M. Chieppa, G. Bianchi, G. Solinas, M. Fabbri, G. Laskarin, and A. 

Mantovani. 2010. Engagement of the mannose receptor by tumoral mucins 

activates an immune suppressive phenotype in human tumor-associated 

macrophages. Clin Dev Immunol 2010: 547179. 

205. Monti, P., B. E. Leone, A. Zerbi, G. Balzano, S. Cainarca, V. Sordi, M. Pontillo, 

A. Mercalli, V. Di Carlo, P. Allavena, and L. Piemonti. 2004. Tumor-derived 

MUC1 mucins interact with differentiating monocytes and induce IL-10highIL-

12low regulatory dendritic cell. Journal of immunology 172: 7341-7349. 

206. Fung, P. Y., and B. M. Longenecker. 1991. Specific immunosuppressive activity 

of epiglycanin, a mucin-like glycoprotein secreted by a murine mammary 

adenocarcinoma (TA3-HA). Cancer Res. 51: 1170-1176. 



143 
 

207. Wu, Z. Q., Y. Shen, A. Q. Khan, C. L. Chu, R. Riese, H. A. Chapman, O. 

Kanagawa, and C. M. Snapper. 2002. The mechanism underlying T cell help for 

induction of an antigen-specific in vivo humoral immune response to intact 

Streptococcus pneumoniae is dependent on the type of antigen. Journal of 

immunology 168: 5551-5557. 

208. Astronomo, R. D., and D. R. Burton. 2010. Carbohydrate vaccines: developing 

sweet solutions to sticky situations? Nat. Rev. Drug Discov. 9: 308-324. 

209. Haas, K. M., S. Sen, I. G. Sanford, A. S. Miller, J. C. Poe, and T. F. Tedder. 2006. 

CD22 ligand binding regulates normal and malignant B lymphocyte survival in 

vivo. J. Immunol. 177: 3063-3073. 

210. Stagg, J., P. A. Beavis, U. Divisekera, M. C. Liu, A. Moller, P. K. Darcy, and M. 

J. Smyth. 2012. CD73-deficient mice are resistant to carcinogenesis. Cancer Res 

72: 2190-2196. 

211. Redmond, W. L., S. N. Linch, and M. J. Kasiewicz. 2014. Combined targeting of 

costimulatory (OX40) and coinhibitory (CTLA-4) pathways elicits potent effector 

T cells capable of driving robust antitumor immunity. Cancer Immunol Res 2: 

142-153. 

212. Marcos, N. T., S. Pinho, C. Grandela, A. Cruz, B. Samyn-Petit, A. Harduin-

Lepers, R. Almeida, F. Silva, V. Morais, J. Costa, J. Kihlberg, H. Clausen, and C. 

A. Reis. 2004. Role of the human ST6GalNAc-I and ST6GalNAc-II in the 

synthesis of the cancer-associated sialyl-Tn antigen. Cancer Res 64: 7050-7057. 



144 
 

213. Toda, M., K. Akita, M. Inoue, S. Taketani, and H. Nakada. 2008. Down-

modulation of B cell signal transduction by ligation of mucins to CD22. Biochem. 

Biophys. Res. Commun. 372: 45-50. 

214. Otipoby, K. L., K. B. Andersson, K. E. Draves, S. J. Klaus, A. G. Farr, J. D. 

Kerner, R. M. Perlmutter, C.-L. Law, and E. A. Clark. 1996. CD22 regulates 

thymus-independent responses and the lifespan of B cells. Nature 384: 634-637. 

215. Samardzic, T., D. Marinkovic, C.-P. Danzer, J. Gerlach, L. Nitschke, and T. 

Wirth. 2002. Reduction of marginal zone B cells in CD22-deficient mice. Eur. J. 

Immunol. 32: 561-567. 

216. Nitschke, L., R. Carsetti, B. Ocker, G. Kohler, and M. C. Lamers. 1997. CD22 is 

a negative regulator of B-cell receptor signaling. Curr. Biol. 7: 133-143. 

217. Devine, P. L., B. A. Clark, G. W. Birrell, G. T. Layton, B. G. Ward, P. F. 

Alewood, and I. F. McKenzie. 1991. The breast tumor-associated epitope defined 

by monoclonal antibody 3E1.2 is an O-linked mucin carbohydrate containing N-

glycolylneuraminic acid. Cancer Res 51: 5826-5836. 

218. Munkley, J., S. Oltean, D. Vodak, B. T. Wilson, K. E. Livermore, Y. Zhou, E. 

Star, V. I. Floros, B. Johannessen, B. Knight, P. McCullagh, J. McGrath, M. 

Crundwell, R. I. Skotheim, C. N. Robson, H. Y. Leung, L. W. Harries, P. Rajan, I. 

G. Mills, and D. J. Elliott. 2015. The androgen receptor controls expression of the 

cancer-associated sTn antigen and cell adhesion through induction of 

ST6GalNAc1 in prostate cancer. Oncotarget 6: 34358-34374. 



145 
 

219. Chiang, H. L., C. Y. Lin, F. D. Jan, Y. S. Lin, C. T. Hsu, J. Whang-Peng, L. F. 

Liu, S. Nieh, C. C. Lin, and J. Hwang. 2012. A novel synthetic bipartite carrier 

protein for developing glycotope-based vaccines. Vaccine 30: 7573-7581. 

220. Horikawa, M., E. T. Weimer, D. J. DiLillo, G. M. Venturi, R. Spolski, W. J. 

Leonard, M. T. Heise, and T. F. Tedder. 2013. Regulatory B cell (B10 Cell) 

expansion during Listeria infection governs innate and cellular immune responses 

in mice. Journal of immunology 190: 1158-1168. 

221. Matsushita, T., M. Horikawa, Y. Iwata, and T. F. Tedder. 2010. Regulatory B 

cells (B10 cells) and regulatory T cells have independent roles in controlling 

experimental autoimmune encephalomyelitis initiation and late-phase 

immunopathogenesis. Journal of immunology 185: 2240-2252. 

222. Muroi, K., T. Suda, M. Nakamura, S. Okada, H. Nojiri, Y. Amemiya, Y. Miura, 

and S. Hakomori. 1994. Expression of sialosyl-Tn in colony-forming unit-

erythroid, erythroblasts, B cells, and a subset of CD4+ cells. Blood 83: 84-91. 

223. Zeichner, S. B. 2012. The failed Theratope vaccine: 10 years later. The Journal of 

the American Osteopathic Association 112: 482-483. 

224. Cornelissen, L. A., and S. J. Van Vliet. 2016. A Bitter Sweet Symphony: Immune 

Responses to Altered O-glycan Epitopes in Cancer. Biomolecules 6. 

225. Onodera, T., J. C. Poe, T. F. Tedder, and T. Tsubata. 2008. CD22 regulates time 

course of both B cell division and antibody response. Journal of immunology 180: 

907-913. 



146 
 

226. Courtney, A. H., E. B. Puffer, J. K. Pontrello, Z. Q. Yang, and L. L. Kiessling. 

2009. Sialylated multivalent antigens engage CD22 in trans and inhibit B cell 

activation. Proc. Natl. Acad. Sci. USA 106: 2500-2505. 

227. Courtney, A. H., N. R. Bennett, D. B. Zwick, J. Hudon, and L. L. Kiessling. 2014. 

Synthetic antigens reveal dynamics of BCR endocytosis during inhibitory 

signaling. ACS chemical biology 9: 202-210. 

228. Ashour, H. M., and T. M. Seif. 2007. The role of B cells in the induction of 

peripheral T cell tolerance. Journal of leukocyte biology 82: 1033-1039. 

229. Wakabayashi, C., T. Adachi, J. Wienands, and T. Tsubata. 2002. A distinct 

signaling pathway used by the IgG-containing B cell antigen receptor. Science 

298: 2392-2395. 

230. Hubert, P., A. Heitzmann, S. Viel, A. Nicolas, X. Sastre-Garau, P. Oppezzo, O. 

Pritsch, E. Osinaga, and S. Amigorena. 2011. Antibody-dependent cell 

cytotoxicity synapses form in mice during tumor-specific antibody 

immunotherapy. Cancer Res. 71: 5134-5143. 

231. Ozaki, H., H. Matsuzaki, H. Ando, H. Kaji, H. Nakanishi, Y. Ikehara, and H. 

Narimatsu. 2012. Enhancement of metastatic ability by ectopic expression of 

ST6GalNAcI on a gastric cancer cell line in a mouse model. Clin Exp Metastasis 

29: 229-238. 

232. An, Y., W. Han, X. Chen, X. Zhao, D. Lu, J. Feng, D. Yang, L. Song, and X. 

Yan. 2013. A novel anti-sTn monoclonal antibody 3P9 Inhibits human 

xenografted colorectal carcinomas. J Immunother 36: 20-28. 



147 
 

233. Beatson, R., G. Maurstad, G. Picco, A. Arulappu, J. Coleman, H. H. Wandell, H. 

Clausen, U. Mandel, J. Taylor-Papadimitriou, M. Sletmoen, and J. M. Burchell. 

2015. The Breast Cancer-Associated Glycoforms of MUC1, MUC1-Tn and sialyl-

Tn, Are Expressed in COSMC Wild-Type Cells and Bind the C-Type Lectin 

MGL. PLoS One 10: e0125994. 

234. Mortezai, N., H. N. Behnken, A. K. Kurze, P. Ludewig, F. Buck, B. Meyer, and 

C. Wagener. 2013. Tumor-associated Neu5Ac-Tn and Neu5Gc-Tn antigens bind 

to C-type lectin CLEC10A (CD301, MGL). Glycobiology 23: 844-852. 

235. Carrascal, M. A., P. F. Severino, M. Guadalupe Cabral, M. Silva, J. A. Ferreira, F. 

Calais, H. Quinto, C. Pen, D. Ligeiro, L. L. Santos, F. Dall'Olio, and P. A. 

Videira. 2014. Sialyl Tn-expressing bladder cancer cells induce a tolerogenic 

phenotype in innate and adaptive immune cells. Mol Oncol 8: 753-765. 

236. Toda, M., R. Hisano, H. Yurugi, K. Akita, K. Maruyama, M. Inoue, T. Adachi, T. 

Tsubata, and H. Nakada. 2009. Ligation of tumour-produced mucins to CD22 

dramatically impairs splenic marginal zone B-cells. Biochem J. 417: 673-683. 

237. Cagnoni, A. J., J. M. Perez Saez, G. A. Rabinovich, and K. V. Marino. 2016. 

Turning-Off Signaling by Siglecs, Selectins, and Galectins: Chemical Inhibition 

of Glycan-Dependent Interactions in Cancer. Frontiers in oncology 6: 109. 

238. Fidler, I. J. 2003. The pathogenesis of cancer metastasis: the 'seed and soil' 

hypothesis revisited. Nat Rev Cancer 3: 453-458. 

239. Riihimaki, M., H. Thomsen, A. Hemminki, K. Sundquist, and K. Hemminki. 

2013. Comparison of survival of patients with metastases from known versus 

unknown primaries: survival in metastatic cancer. BMC Cancer 13: 36. 



148 
 

240. Levy, A. D., J. C. Shaw, and L. H. Sobin. 2009. Secondary tumors and tumorlike 

lesions of the peritoneal cavity: imaging features with pathologic correlation. 

Radiographics 29: 347-373. 

241. Lu, Z., J. Wang, M. G. Wientjes, and J. L. Au. 2010. Intraperitoneal therapy for 

peritoneal cancer. Future Oncol 6: 1625-1641. 

242. Sangisetty, S. L., and T. J. Miner. 2012. Malignant ascites: A review of 

prognostic factors, pathophysiology and therapeutic measures. World J 

Gastrointest Surg 4: 87-95. 

243. Zhu, Y., N. Hanna, C. Boutros, and H. R. Alexander, Jr. 2013. Assessment of 

clinical benefit and quality of life in patients undergoing cytoreduction and 

Hyperthermic Intraperitoneal Chemotherapy (HIPEC) for management of 

peritoneal metastases. J Gastrointest Oncol 4: 62-71. 

244. Smith, E. M., and G. C. Jayson. 2003. The Current and Future Management of 

Malignant Ascites. Clinical Oncology 15: 59-72. 

245. Garrison, R. N., L. D. Kaelin, R. H. Galloway, and L. S. Heuser. 1986. Malignant 

ascites. Clinical and experimental observations. Ann Surg 203: 644-651. 

246. Carcoforo, P., M. T. Raiji, R. C. Langan, S. Lanzara, M. Portinari, U. Maestroni, 

G. M. Palini, M. V. Zanzi, S. Bonazza, M. Pedriali, C. V. Feo, A. Stojadinovic, 

and I. Avital. 2012. Infiltrating lobular carcinoma of the breast presenting as 

gastrointestinal obstruction: a mini review. J Cancer 3: 328-332. 

247. Dixon, A. R., I. O. Ellis, C. W. Elston, and R. W. Blamey. 1991. A comparison of 

the clinical metastatic patterns of invasive lobular and ductal carcinomas of the 

breast. Br J Cancer 63: 634-635. 



149 
 

248. Ferlicot, S., A. Vincent-Salomon, J. Medioni, P. Genin, C. Rosty, B. Sigal-

Zafrani, P. Freneaux, M. Jouve, J. P. Thiery, and X. Sastre-Garau. 2004. Wide 

metastatic spreading in infiltrating lobular carcinoma of the breast. Eur J Cancer 

40: 336-341. 

249. Winston, C. B., O. Hadar, J. B. Teitcher, J. F. Caravelli, N. T. Sklarin, D. M. 

Panicek, and L. Liberman. 2000. Metastatic lobular carcinoma of the breast: 

patterns of spread in the chest, abdomen, and pelvis on CT. AJR Am J Roentgenol 

175: 795-800. 

250. Tuthill, M., R. Pell, R. Guiliani, A. Lim, M. Gudi, K. B. Contractor, J. S. Lewis, 

R. C. Coombes, and J. Stebbing. 2009. Peritoneal disease in breast cancer: a 

specific entity with an extremely poor prognosis. Eur J Cancer 45: 2146-2149. 

251. Ihemelandu, C. U., P. Shen, J. H. Stewart, K. Votanopoulos, and E. A. Levine. 

2011. Management of peritoneal carcinomatosis from colorectal cancer. Semin 

Oncol 38: 568-575. 

252. Vassos, N., T. Fortsch, A. Aladashvili, W. Hohenberger, and R. S. Croner. 2016. 

Repeated cytoreductive surgery (CRS) with hyperthermic intraperitoneal 

chemotherapy (HIPEC) in patients with recurrent peritoneal carcinomatosis. 

World J Surg Oncol 14: 42. 

253. Sardi, A., W. A. Jimenez, C. Nieroda, M. Sittig, R. Macdonald, and V. Gushchin. 

2013. Repeated cytoreductive surgery and hyperthermic intraperitoneal 

chemotherapy in peritoneal carcinomatosis from appendiceal cancer: analysis of 

survival outcomes. Eur J Surg Oncol 39: 1207-1213. 



150 
 

254. Votanopoulos, K. I., C. Ihemelandu, P. Shen, J. H. Stewart, G. B. Russell, and E. 

A. Levine. 2012. Outcomes of repeat cytoreductive surgery with hyperthermic 

intraperitoneal chemotherapy for the treatment of peritoneal surface malignancy. J 

Am Coll Surg 215: 412-417. 

255. Dubensky, T. W., Jr., and S. G. Reed. 2010. Adjuvants for cancer vaccines. Semin 

Immunol 22: 155-161. 

256. Adams, S. 2009. Toll-like receptor agonists in cancer therapy. Immunotherapy 1: 

949-964. 

257. McCarthy, E. F. 2006. The toxins of William B. Coley and the treatment of bone 

and soft-tissue sarcomas. Iowa Orthop J 26: 154-158. 

258. Amlot, P. L., M. J. Stone, D. Cunningham, J. Fay, J. Newman, R. Collins, R. 

May, M. McCarthy, J. Richardson, and V. Ghetie. 1993. A phase I study of anti-

CD22-deglycosylated ricin A chain immunotoxin in the treatment of B-cell 

lymphomas resistant to conventional therapy. Blood 82: 2624-2633. 

259. Pradere, J. P., D. H. Dapito, and R. F. Schwabe. 2014. The Yin and Yang of Toll-

like receptors in cancer. Oncogene 33: 3485-3495. 

260. Yang, C., and A. Nowotny. 1974. Effect of endotoxin on tumor resistance in 

mice. Infect Immun 9: 95-100. 

261. Berendt, M. J., and P. H. Saluk. 1976. Tumor inhibition in mice by 

lipopolysaccharide-induced peritoneal cells and an induced soluble factor. Infect 

Immun 14: 965-969. 



151 
 

262. Berendt, M. J., G. F. Mezrow, and P. H. Saluk. 1978. Requirement for a 

radiosensitive lymphoid cell in the generation of lipopolysaccharide-induced 

rejection of a murine tumor allograft. Infect Immun 21: 1033-1035. 

263. Butler, R. C., A. M. Abdelnoor, and A. Nowotny. 1978. Bone marrow colony-

stimulating factor and tumor resistance-enhancing activity of postendotoxin 

mouse sera. Proceedings of the National Academy of Sciences of the United States 

of America 75: 2893-2896. 

264. Butler, R. C., and A. Nowotny. 1979. Combined immunostimulation in the 

prevention of tumor take in mice using endotoxins, their derivatives, and other 

immune adjuvants. Cancer Immunology, Immunotherapy 6: 255-262. 

265. Nowotny, A., and R. C. Butler. 1979. Studies on the endotoxin induced tumor 

resistance. Adv Exp Med Biol 121B: 455-469. 

266. Martin, F., and J. F. Kearney. 2001. B1 cells: similarities and differences with 

other B cell subsets. Curr. Opin. Immunol. 13: 195-201. 

267. Engel, P., L.-J. Zhou, D. C. Ord, S. Sato, B. Koller, and T. F. Tedder. 1995. 

Abnormal B lymphocyte development, activation and differentiation in mice that 

lack or overexpress the CD19 signal transduction molecule. Immunity 3: 39-50. 

268. Zhou, L.-J., H. M. Smith, T. J. Waldschmidt, R. Schwarting, J. Daley, and T. F. 

Tedder. 1994. Tissue-specific expression of the human CD19 gene in transgenic 

mice inhibits antigen-independent B lymphocyte development. Mol. Cell. Biol. 

14: 3884-3894. 

269. Van De Voort, T. J., M. A. Felder, R. K. Yang, P. M. Sondel, and A. L. 

Rakhmilevich. 2013. Intratumoral delivery of low doses of anti-CD40 mAb 



152 
 

combined with monophosphoryl lipid a induces local and systemic antitumor 

effects in immunocompetent and T cell-deficient mice. J Immunother 36: 29-40. 

270. Onier, N., S. Hilpert, L. Arnould, V. Saint-Giorgio, J. G. Davies, and J. F. 

Jeannin. 1999. Cure of colon cancer metastasis in rats with the new lipid A OM 

174. Apoptosis of tumor cells and immunization of rats. Clin Exp Metastasis 17: 

299-306. 

271. Sato, S., D. A. Steeber, and T. F. Tedder. 1995. The CD19 signal transduction 

molecule is a response regulator of B-lymphocyte differentiation. Proc. Natl. 

Acad. Sci. USA 92: 11558-11562. 

272. Rickert, R. C., K. Rajewsky, and J. Roes. 1995. Impairment of T-cell-dependent 

B-cell responses and B-1 cell development in CD19-deficient mice. Nature 376: 

352-355. 

273. O'Garra, A., G. Stapleton, V. Dhar, M. Pearce, J. Schumacher, H. Rugo, D. 

Barbis, A. Stall, J. Cupp, K. Moore, P. Vieira, T. Mosmann, A. Whitmore, L. 

Arnold, G. Haughton, and M. Howard. 1990. Production of cytokines by mouse B 

cells: B lymphomas and normal B cells produce interleukin 10. Int. Immunol. 2: 

821-832. 

274. O'Garra, A., R. Chang, N. Go, R. Hastings, G. Haughton, and M. Howard. 1992. 

Ly-1 B (B-1) cells are the main source of B cell-derived interleukin 10. Eur. J. 

Immunol. 22: 711-717. 

275. Mannino, M. H., Z. Zhu, H. Xiao, Q. Bai, M. R. Wakefield, and Y. Fang. 2015. 

The paradoxical role of IL-10 in immunity and cancer. Cancer Lett 367: 103-107. 



153 
 

276. Rothstein, T. L., and T. D. Quach. 2015. The human counterpart of mouse B-1 

cells. Ann N Y Acad Sci 1362: 143-152. 

277. Tao, H., L. Lu, Y. Xia, F. Dai, Y. Wang, Y. Bao, S. K. Lundy, F. Ito, Q. Pan, X. 

Zhang, F. Zheng, G. Shu, B. Fang, J. Jiang, J. Xia, S. Huang, Q. Li, and A. E. 

Chang. 2015. Antitumor effector B cells directly kill tumor cells via the Fas/FasL 

pathway and are regulated by IL-10. Eur J Immunol 45: 999-1009. 

278. Chaplin, J. W., S. Kasahara, E. A. Clark, and J. A. Ledbetter. 2011. Anti-CD180 

(RP105) activates B cells to rapidly produce polyclonal Ig via a T cell and 

MyD88-independent pathway. Journal of immunology 187: 4199-4209. 

279. Kaveri, S. V., G. J. Silverman, and J. Bayry. 2012. Natural IgM in Immune 

Equilibrium and Harnessing Their Therapeutic Potential. The Journal of 

Immunology 188: 939-945. 

280. Vollmers, H. P., and S. Brandlein. 2006. Natural IgM antibodies: the orphaned 

molecules in immune surveillance. Adv Drug Deliv Rev 58: 755-765. 

281. Vollmers, H. P., and S. Brandlein. 2007. Natural antibodies and cancer. J 

Autoimmun 29: 295-302. 

282. BrÃ¤ndlein, S., T. Pohle, N. Ruoff, E. Wozniak, H.-K. MÃ¼ller-Hermelink, and 

H. P. Vollmers. 2003. Natural IgM Antibodies and Immunosurveillance 

Mechanisms against Epithelial Cancer Cells in Humans. Cancer research 63: 

7995-8005. 

283. Rodriguez-Zhurbenko, N., M. Rabade-Chediak, D. Martinez, T. Grinan, and A. 

M. Hernandez. 2015. Anti-NeuGcGM3 reactivity: a possible role of natural 



154 
 

antibodies and B-1 cells in tumor immunosurveillance. Ann N Y Acad Sci 1362: 

224-238. 

284. Rodriguez-Zhurbenko, N., D. Martinez, R. Blanco, T. Rondon, T. Grinan, and A. 

M. Hernandez. 2013. Human antibodies reactive to NeuGcGM3 ganglioside have 

cytotoxic antitumor properties. Eur J Immunol 43: 826-837. 

285. Lund, F. E. 2008. Cytokine-producing B lymphocytes-key regulators of 

immunity. Curr. Opin. Immunol. 20: 1-7. 

286. Barr, T. A., S. Brown, G. Ryan, J. Zhao, and D. Gray. 2007. TLR-mediated 

stimulation of APC: Distinct cytokine responses of B cells and dendritic cells. Eur 

J Immunol 37: 3040-3053. 

287. Gaekwad, J., Y. Zhang, W. Zhang, J. Reeves, M. A. Wolfert, and G. J. Boons. 

2010. Differential induction of innate immune responses by synthetic lipid a 

derivatives. J Biol Chem 285: 29375-29386. 

288. Schulke, S., A. Flaczyk, L. Vogel, N. Gaudenzio, I. Angers, B. Loschner, S. 

Wolfheimer, I. Spreitzer, S. Qureshi, M. Tsai, S. Galli, S. Vieths, and S. Scheurer. 

2015. MPLA shows attenuated pro-inflammatory properties and diminished 

capacity to activate mast cells in comparison with LPS. Allergy 70: 1259-1268. 

289. Mata-Haro, V., C. Cekic, M. Martin, P. M. Chilton, C. R. Casella, and T. C. 

Mitchell. 2007. The vaccine adjuvant monophosphoryl lipid A as a TRIF-biased 

agonist of TLR4. Science 316: 1628-1632. 

290. Komegae, E. N., L. Z. Grund, M. Lopes-Ferreira, and C. Lima. 2013. TLR2, 

TLR4 and the MyD88 signaling are crucial for the in vivo generation and the 

longevity of long-lived antibody-secreting cells. PLoS One 8: e71185. 



155 
 

291. Margry, B., S. C. Kersemakers, A. Hoek, G. J. Arkesteijn, W. H. Wieland, W. van 

Eden, and F. Broere. 2014. Activated peritoneal cavity B-1a cells possess 

regulatory B cell properties. PLoS One 9: e88869. 

292. Popi, A. F., J. D. Lopes, and M. Mariano. 2004. Interleukin-10 secreted by B-1 

cells modulates the phagocytic activity of murine macrophages in vitro. 

Immunology 113: 348-354. 

293. Margry, B., W. H. Wieland, P. J. van Kooten, W. van Eden, and F. Broere. 2013. 

Peritoneal cavity B-1a cells promote peripheral CD4+ T-cell activation. Eur J 

Immunol 43: 2317-2326. 

294. Ansel, K. M., R. B. Harris, and J. G. Cyster. 2002. CXCL13 is required for B1 

cell homing, natural antibody production, and body cavity immunity. Immunity 

16: 67-76. 

295. Thies, F. G., M. F. Laurindo, E. C. Perez, R. R. Novaes e Brito, M. Mariano, and 

A. F. Popi. 2013. Cross talk between peritoneal macrophages and B-1 cells in 

vitro. PLoS One 8: e62805. 

296. Weber, G. F., B. G. Chousterman, I. Hilgendorf, C. S. Robbins, I. Theurl, L. M. 

Gerhardt, Y. Iwamoto, T. D. Quach, M. Ali, J. W. Chen, T. L. Rothstein, M. 

Nahrendorf, R. Weissleder, and F. K. Swirski. 2014. Pleural innate response 

activator B cells protect against pneumonia via a GM-CSF-IgM axis. J Exp Med 

211: 1243-1256. 

297. Spaner, D., and A. Bahlo. 2011. B Lymphocytes in Cancer Immunology. In 

Experimental and Applied Immunotherapy. J. Medin, and D. Fowler, eds. 

Humana Press, Totowa, NJ. 37-57. 



156 
 

298. Zitvogel, L., and G. Kroemer. 2015. Cancer: Antibodies regulate antitumour 

immunity. Nature 521: 35-37. 

299. Julie, K. N., C. W. Chris, R. F. Chad, M. B. Nelson, W. S. James, and B.-G. 

Emilio. 2001. IgG-recognizing shed tumor-associated antigens can promote tumor 

invasion and metastasis. Cancer Immunology, Immunotherapy 50. 

300. Erdag, G., J. T. Schaefer, M. E. Smolkin, D. H. Deacon, S. M. Shea, L. T. Dengel, 

J. W. Patterson, and C. L. Slingluff, Jr. 2012. Immunotype and immunohistologic 

characteristics of tumor-infiltrating immune cells are associated with clinical 

outcome in metastatic melanoma. Cancer Res 72: 1070-1080. 

301. Iglesia, M. D., B. G. Vincent, J. S. Parker, K. A. Hoadley, L. A. Carey, C. M. 

Perou, and J. S. Serody. 2014. Prognostic B-cell signatures using mRNA-seq in 

patients with subtype-specific breast and ovarian cancer. Clin Cancer Res 20: 

3818-3829. 

302. Bindea, G., B. Mlecnik, M. Tosolini, A. Kirilovsky, M. Waldner, A. C. Obenauf, 

H. Angell, T. Fredriksen, L. Lafontaine, A. Berger, P. Bruneval, W. H. Fridman, 

C. Becker, F. Pages, M. R. Speicher, Z. Trajanoski, and J. Galon. 2013. 

Spatiotemporal dynamics of intratumoral immune cells reveal the immune 

landscape in human cancer. Immunity 39: 782-795. 

303. DiLillo, D. J., and T. F. Tedder. 2009. B cells are required for T cell activation 

during tumor immunity. J. Immunol. 182: Abstract 88.27. 

304. Li, Q., S. Teitz-Tennenbaum, E. J. Donald, M. Li, and A. E. Chang. 2009. In vivo 

sensitized and in vitro activated B cells mediate tumor regression in cancer 

adoptive immunotherapy. Journal of immunology 183: 3195-3203. 



157 
 

305. Welinder, C., B. Baldetorp, C. Borrebaeck, B. M. Fredlund, and B. Jansson. 2011. 

A new murine IgG1 anti-Tn monoclonal antibody with in vivo anti-tumor activity. 

Glycobiology 21: 1097-1107. 

306. Ando, H., T. Matsushita, M. Wakitani, T. Sato, S. Kodama-Nishida, K. Shibata, 

K. Shitara, and S. Ohta. 2008. Mouse-human chimeric anti-Tn IgG1 induced anti-

tumor activity against Jurkat cells in vitro and in vivo. Biol Pharm Bull 31: 1739-

1744. 

307. Strome, S. E., E. A. Sausville, and D. Mann. 2007. A mechanistic perspective of 

monoclonal antibodies in cancer therapy beyond target-related effects. Oncologist 

12: 1084-1095. 

308. Ehrenstein, M. R., and C. A. Notley. 2010. The importance of natural IgM: 

scavenger, protector and regulator. Nature reviews. Immunology 10: 778-786. 

309. Diaz-Zaragoza, M., R. Hernandez-Avila, R. Viedma-Rodriguez, D. Arenas-

Aranda, and P. Ostoa-Saloma. 2015. Natural and adaptive IgM antibodies in the 

recognition of tumor-associated antigens of breast cancer (Review). Oncol Rep 

34: 1106-1114. 

310. Macor, P., and F. Tedesco. 2007. Complement as effector system in cancer 

immunotherapy. Immunol Lett 111: 6-13. 

311. Shibuya, A., N. Sakamoto, Y. Shimizu, K. Shibuya, M. Osawa, T. Hiroyama, H. 

J. Eyre, G. R. Sutherland, Y. Endo, T. Fujita, T. Miyabayashi, S. Sakano, T. Tsuji, 

E. Nakayama, J. H. Phillips, L. L. Lanier, and H. Nakauchi. 2000. Fc alpha/mu 

receptor mediates endocytosis of IgM-coated microbes. Nat Immunol 1: 441-446. 



158 
 

312. Gunn, L., C. Ding, M. Liu, Y. Ma, C. Qi, Y. Cai, X. Hu, D. Aggarwal, H. G. 

Zhang, and J. Yan. 2012. Opposing roles for complement component C5a in 

tumor progression and the tumor microenvironment. Journal of immunology 189: 

2985-2994. 

313. Markiewski, M. M., R. A. DeAngelis, F. Benencia, S. K. Ricklin-Lichtsteiner, A. 

Koutoulaki, C. Gerard, G. Coukos, and J. D. Lambris. 2008. Modulation of the 

antitumor immune response by complement. Nat Immunol 9: 1225-1235. 

314. Kim, D. Y., C. B. Martin, S. N. Lee, and B. K. Martin. 2005. Expression of 

complement protein C5a in a murine mammary cancer model: tumor regression 

by interference with the cell cycle. Cancer immunology, immunotherapy : CII 54: 

1026-1037. 

315. Kubicka, U., W. L. Olszewski, J. Maldyk, Z. Wierzbicki, and A. Orkiszewska. 

1989. Normal human immune peritoneal cells: phenotypic characteristics. 

Immunobiology 180: 80-92. 

316. Kubicka, U., W. L. Olszewski, W. Tarnowski, K. Bielecki, A. Ziolkowska, and Z. 

Wierzbicki. 1996. Normal human immune peritoneal cells: subpopulations and 

functional characteristics. Scand J Immunol 44: 157-163. 

317. Ray, A., and B. N. Dittel. 2010. Isolation of mouse peritoneal cavity cells. J Vis 

Exp. 

318. Ghosn, E. E., A. A. Cassado, G. R. Govoni, T. Fukuhara, Y. Yang, D. M. 

Monack, K. R. Bortoluci, S. R. Almeida, L. A. Herzenberg, and L. A. 

Herzenberg. 2010. Two physically, functionally, and developmentally distinct 



159 
 

peritoneal macrophage subsets. Proceedings of the National Academy of Sciences 

of the United States of America 107: 2568-2573. 

319. Dorner, M., S. Brandt, M. Tinguely, F. Zucol, J. P. Bourquin, L. Zauner, C. 

Berger, M. Bernasconi, R. F. Speck, and D. Nadal. 2009. Plasma cell toll-like 

receptor (TLR) expression differs from that of B cells, and plasma cell TLR 

triggering enhances immunoglobulin production. Immunology 128: 573-579. 

320. Zarember, K. A., and P. J. Godowski. 2002. Tissue expression of human Toll-like 

receptors and differential regulation of Toll-like receptor mRNAs in leukocytes in 

response to microbes, their products, and cytokines. Journal of immunology 168: 

554-561. 

321. Muzio, M., D. Bosisio, N. Polentarutti, G. D'Amico, A. Stoppacciaro, R. 

Mancinelli, C. van't Veer, G. Penton-Rol, L. P. Ruco, P. Allavena, and A. 

Mantovani. 2000. Differential expression and regulation of toll-like receptors 

(TLR) in human leukocytes: selective expression of TLR3 in dendritic cells. 

Journal of immunology 164: 5998-6004. 

322. O'Mahony, D. S., U. Pham, R. Iyer, T. R. Hawn, and W. C. Liles. 2008. 

Differential constitutive and cytokine-modulated expression of human Toll-like 

receptors in primary neutrophils, monocytes, and macrophages. Int J Med Sci 5: 

1-8. 

323. Foussat, A., K. Balabanian, A. Amara, L. Bouchet-Delbos, I. Durand-Gasselin, F. 

Baleux, J. Couderc, P. Galanaud, and D. Emilie. 2001. Production of stromal cell-

derived factor 1 by mesothelial cells and effects of this chemokine on peritoneal B 

lymphocytes. Eur J Immunol 31: 350-359. 



160 
 

324. Coulomb-L'Hermin, A., A. Amara, C. Schiff, I. Durand-Gasselin, A. Foussat, T. 

Delaunay, G. Chaouat, F. Capron, N. Ledee, P. Galanaud, F. Arenzana-Seisdedos, 

and D. Emilie. 1999. Stromal cell-derived factor 1 (SDF-1) and antenatal human 

B cell lymphopoiesis: expression of SDF-1 by mesothelial cells and biliary ductal 

plate epithelial cells. Proceedings of the National Academy of Sciences of the 

United States of America 96: 8585-8590. 

325. Lanfrancone, L., D. Boraschi, P. Ghiara, B. Falini, F. Grignani, G. Peri, A. 

Mantovani, and P. G. Pelicci. 1992. Human peritoneal mesothelial cells produce 

many cytokines (granulocyte colony-stimulating factor [CSF], granulocyte-

monocyte-CSF, macrophage-CSF, interleukin-1 [IL-1], and IL-6) and are 

activated and stimulated to grow by IL-1. Blood 80: 2835-2842. 

326. Demetri, G. D., B. W. Zenzie, J. G. Rheinwald, and J. D. Griffin. 1989. 

Expression of colony-stimulating factor genes by normal human mesothelial cells 

and human malignant mesothelioma cells lines in vitro. Blood 74: 940-946. 

327. Turner, M. D., B. Nedjai, T. Hurst, and D. J. Pennington. 2014. Cytokines and 

chemokines: At the crossroads of cell signalling and inflammatory disease. 

Biochim Biophys Acta 1843: 2563-2582. 

328. Khan, A. R., E. Hams, A. Floudas, T. Sparwasser, C. T. Weaver, and P. G. Fallon. 

2015. PD-L1hi B cells are critical regulators of humoral immunity. Nat Commun 

6: 5997. 

329. Mepur, H. R., C. K. Mark, C. J. Ralph, A. A. Amir, M. B. Philip, and L. M. 

Donald. 1998. Ratio of IgG: IgM antibodies to sialyl LewisX and GM3 correlates 



161 
 

with tumor growth after immunization with melanoma-cell vaccine with different 

adjuvants in mice. International Journal of Cancer 75. 

330. Yuan, D. 2004. Interactions between NK cells and B lymphocytes. Adv Immunol 

84: 1-42. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



162 
 

Marcela A. Haro 
mleyva@wakehealth.edu 

 
232 New Dr.                            Department of Microbiology and Immunology 

Apartment D                  Wake Forest School of Medicine 

Winston Salem, NC 27103           575 North Patterson Avenue 

(562) 556-1052                Biotech Place 

                                    Winston Salem, NC 27101 

          (336) 716- 0951 

_____________________________________________________________ 

Education 

 
Wake Forest School of Medicine            Winston Salem, NC  

PhD, Immunology                   Anticipated graduation December 2016 

Dissertation: Regulation of protective B cell anti-tumor responses. 

 

California State University, Los Angeles               Los Angeles, CA 

MS, Biology, Phi Kappa Phi                                         

2007-2011 

Dissertation: Investigating the cause for decreased F1-R virus production in infection caused by 

F1-R, a pantropic variant of Sendai virus. 

 

Whittier College                           
Whittier, CA 

BA, Biology                              

2003-2007 

_____________________________________________________________ 

Fellowship 

 
NIH Ruth L. Kirschstein Predoctoral Individual National Research Service Award (Grant 

No. F31 CA183567)                             

2014 - Present 

PD-1 regulation of protective immune responses to Tn
+
 tumors 

 

Minority Opportunities in Research Program Bridges to PhD Fellowship (Grant No. 

2R25GM054939-09A1)                                          
2008-2011 

National Institute of General Medical Sciences, National Institutes of Health 

Participant at California State University, Los Angeles 

_____________________________________________________________

Awards 
 

Merinoff World Congress 2014: B-1 Cell Development and Function Travel Award                    
2014 

 
Outstanding Graduate Research at the Master Level Award                      
2009 

mailto:mleyva@wakehealth.edu


163 
 

Southern California Branch of American Society of Microbiology 73
rd

 Annual Meeting Poster 

Presentation. 

 

Dean’s List                   
2006-2007 

Whittier College 

_____________________________________________________________

Research Experience 

 
Wake Forest School of Medicine            Winston Salem, NC 

Predoctoral fellow, PhD; Advisor: Karen Haas, PhD         

2011- Present 

Thesis project: To understand the role of PD-1 and CD22 in regulating the humoral 

response against tumor associated carbohydrate antigens (TACAs). Studying the 

populations of B-cells that produce antibodies against carbohydrate antigens and the 

mechanisms regulating these cells will provide insight on how to produce better 

vaccines against TACAs. The work from my thesis has shown that PD-1 is an important 

regulator on B cells that inhibits the protective humoral response to T n
+
 tumors. 

Similarly my work has shown that CD22 sialic acid ligand binding domain plays an 

important role in inhibiting the Ab response to sialylated TACAs, such as sT and  sTn. 

Lastly, my research has shown a key role for B-1a cells in the protective response to 

peritoneal carcinomatosis. 

 
California State University, Los Angeles           Los Angeles, CA 

Graduate Research, MS; Advisor: Nancy L. McQueen, PhD         

2008-2011 

Develop different quantitative assays to gain a better understanding of the mechanism 

contributing to decreased virus production in Sendai virus mutant, F1-R. Optimized both one-step 

and two-step qRT-PCR protocols that can be used to accurately quantify the number of infectious 

versus noninfectious virions produced. This process involved developing an RNA internal 

control(IC) to normalize the reaction. 

_____________________________________________________________

Publications 

 
Haro, M.A., Littrell, C.A., Yin, Z., Huang,  X., Haas, K.M., PD-1 suppresses the development of 

humoral immune responses that provide protection against Tn-bearing tumors. Accepted at 

Cancer Immunology Research December 1 2016 4 (12) 1027-1037. 

 

Yammani, R. D., Leyva, M. A., Jennings, R. N., and Haas, K. M. 2014. C4 Deficiency Is a 

Predisposing Factor for Streptococcus pneumoniae-Induced Autoantibody Production. The 

Journal of Immunology. 193:5434-43.  

 

Haro, M.A. and Haas, K.M. CD22 inhibits the antibody response to sialylated tumor antigens. In 

preparation. 

 

_____________________________________________________________ 

 

 



164 
 

Invited Presentations 

 
M. Leyva, and K. Haas. B-1a cells suppress peritoneal carcinomatosis. 

Merinoff World Congress 2014: B-1 Cell Development and Function. Tarrytown, NY 

_____________________________________________________________ 

Abstracts  
 
M. Haro, C. Littrell and K. Haas. PD-1 suppresses protective B cell responses to Tn-expressing 

tumors. 

2016 Southeastern Immunology Symposium. Durham, NC. 

M. Haro, and K. Haas. PD-1 suppresses antibodies to Tn
+
 tumors. 

Keystone Symposia meeting on Cancer Pathophysiology: Integrating the Host and Tumor 

Environments. 2016. Breckenridge, CO. 

M. Haro, and K. Haas. PD-1 suppresses antibodies to Tn
+
 tumors. 

2015 Southeastern Immunology Symposium. Atlanta, GA. 

 

M. Haro, and K. Haas. PD-1 suppresses antibodies to Tn
+
 tumors. 

American Association for Cancer Research Annual Meeting 2015. Philadelphia, PA. 

 

M. Leyva, and K. Haas. B-1a cells suppress peritoneal carcinomatosis. 

Merinoff World Congress 2014: B-1 Cell Development and Function. TarryTown, NY 

 

M. Leyva, and K. Haas. PD-1 suppresses the production of protective antibodies against Tn
+
 

tumors. Wake Forest University’s Graduate School of Arts and Sciences 13
th
 Annual Graduate 

Student and Postdoctoral Research Day, 2013 Winston Salem, NC 

 

M. Leyva and N. McQueen. Is the Ratio of Infectious to Noninfectious Viruses Produced in F1-R 

and RGV0 Infectious is Less than that Produced by WT Sendai Virus? American Society for 

Microbiology 111
th
 General Meeting, 2011 New Orleans, LA 

 

M. Leyva and N. McQueen. Investigating the Mysteries of Decreased Virus Production in F1-R 

Sendai Virus Infection American Society for Microbiology 110
th
 General Meeting, 2010, San 

Diego, CA  

_____________________________________________________________ 

Laboratory Skills 
 

Mouse handling: breeding, sexing, facial vein bleeding, ear tagging, intraperitoneal injections, 

peritoneal lavages, spleen harvesting, bone marrow chimeras, tail snips. 

ELISAs 

Flow cytometry  

Tissue culture 

PCR 

_____________________________________________________________ 

 

 

 



165 
 

Teaching Experience 
 

Wake Forest School of Medicine 

Fundamentals of Immunology, graduate level course 

B cell signaling and antibody function lecture              Fall 2015 

 

California State University, Los Angeles                Los Angeles, CA 

Teaching assistant, Biology of Microorganisms                                                   Winter 2011, 2010 

Teaching assistant, Microbiology Laboratory for Health Related Sciences            Fall 2010 

Teaching assistant, Human Anatomy and Physiology I                                                  Spring 2010 

Teaching assistant, Introductory Biology III                    Summer 2009 

_____________________________________________________________ 

MEMBERSHIPS 

 

AACR 

 


