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ABSTRACT

T cell infiltration of solid tumors is associated with favorable patient outcomes, yet the mech-

anisms underlying variable endogenous immune responses between individuals are not well

understood. Distinct members of the commensal microbiota affect host immunity in various

ways, suggesting that differences in the composition of this community may contribute to

individual differences in anti-tumor immune responses. In Chapter 1, we examine potential

effects of microbial composition on spontaneous anti-tumor immunity, by comparing B16

melanoma growth in C57BL/6 mice having distinct commensal microbiota. The two pop-

ulations of mice showed robust versus weak spontaneous anti-tumor immunity. Protective

responses could be transferred between one mouse population to the other upon cohousing

or following fecal transfer, arguing for a microbiota-dependent effect. In Chapter 2 we ex-

amine microbial and immunologic mechanisms underlying the observed effects. 16S rRNA

sequencing identified Bifidobacterium as associated with the anti-tumor effects. Oral ad-

ministration of Bifidobacterium alone markedly improved tumor control to the same degree

as treatment with systemic αPD-L1, in a CD8+ T cell-dependent manner, and combina-

tion treatment nearly abolished tumor outgrowth. Mechanistically, the effect was mediated

by augmented dendritic cell function leading to more robust antigen-specific CD8+ T cell

priming and markedly increased accumulation of activated T cells in the tumor microenvi-

ronment. These data support the idea that one source of inter-subject heterogeneity with

regard to spontaneous anti-tumor immunity and therapeutic effects of antibodies target-

ing the PD-1/PD-L1 axis may be the specific composition of gut microbes, which could be

manipulated for therapeutic benefit. (Data tables are provided in a supplementary file.)
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CHAPTER 1

INTRODUCTION

1.1 The clinical success of immunotherapy

The goal of curative treatment for the majority of patients with metastatic cancers has eluded

clinicians and researchers alike for many years. This is due, in part, to the genetic diversity

within tumors and across individuals, and the ability of tumors to undergo selection and

adaptation, both locally and within distant tissues. For these reasons, conventional systemic

therapies, which largely rely on non-specific targeting of cell replication or induction of

apoptosis, are frequently unsuccessful, as tumors can show either primary resistance or can be

selected for secondary resistance over time. In contrast, the clinical success of immunotherapy

has transformed the way we think about cancer treatment. The unique genetic abnormalities

that endow cancer cells with the ability to resist conventional treatment may also constitute

antigens that render them susceptible to immune attack [12, 105, 11]. Anti-tumor immunity

can be highly specific and adaptive, does not require tumor cells to be actively replicating

or localized in one place, and can be maintained life-long through immunologic memory. In

the last two decades, these concepts have gone from theory to clinical application, with a

subset of advanced-stage patients experiencing powerful and lasting tumor regression with

contemporary immunotherapy approaches [65, 107, 136, 47, 52].

1.2 The endogenous anti-tumor immune response and current

immunotherapies

Pioneering studies dissecting various aspects of initiation and maintenance of protective

immune responses have led to the development of immune-based therapies for cancer, that

intervene at various steps of the priming and effector phases of anti-tumor immunity. The
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anti-tumor response is largely initiated by dendritic cells (DCs), which upon activation in

the tumor microenvironment deliver antigen and co-stimulatory signals to T cells in the

tumor-draining lymph node, resulting in priming and activation of effector T cell responses

against cancer-specific antigens. Activated T cells then migrate to the tumor to execute

cancer cell killing. The precise molecular requirements for each step in this response are still

under investigation but have become better understood over the past several years.

1.2.1 Tumor sensing by antigen-presenting cells (APCs)

Pattern recognition receptors (PRRs) expressed on APCs are known to mediate recognition

of pathogen-associated molecular patterns (PAMPs) and lead to initiation of immune re-

sponses in the context of infection. More recently it has been recognized that these receptors

are capable of sensing endogenous signals known as damage-associated molecular patterns

(DAMPs), which can be released by tumor cells undergoing cell stress or cell death, and

possibly through additional mechanisms that may be revealed upon further study. DAMPs

include intracellular metabolites, e.g. ATP, ER-associated proteins, e.g. Calreticulin (CRT),

intracellular proteins, e.g. High-mobility group protein B1 (HMGB1) and F-actin, and nu-

cleic acids, e.g. DNA. Recognition of these molecules by PRRs on APCs can stimulate

recruitment and maturation of DCs (ATP-P2RX7) [29, 43], engulfment of tumor antigens

by DCs (CRT-CD91) [41, 40] and optimal antigen presentation to T cells (HMGB1-TLR4;

F-actin-DNGR1) [112, 3, 2, 111]. While chemotherapy and radiotherapy-induced cell death

has been reported to release ATP or/and HMGB1 to activate DCs via the inflammasome

or Toll-like receptor 4 (TLR4) pathways, respectively [3, 43], our laboratory has determined

using gene-targeted mice and single cell imaging that spontaneous DC activation in vivo is

mediated by tumor-derived DNA, leading to stimulator of interferon genes (STING) acti-

vation and production of type I interferon (IFN) [137]. Host type I IFN production plays

a critical role in bridging innate immune sensing of tumors and mounting adaptive T cell
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responses, which are ultimately required for immune-mediated tumor control, discussed in

the following paragraphs.

1.2.2 APC-T cell interactions leading to effector T cell priming

Productive T cell priming depends on signals provided by APCs. These include antigen

presentation in the form of peptides bound to histocompatibility molecules on the surface of

APCs, and engagement of surface molecules on APCs with costimulatory receptors on naive

T cells. In order to activate naive T cells in the context of a tumor, APCs must acquire

exogenous antigens derived from the tumor and present them to CD8+ T cells in a process

known as cross-presentation [62, 49]. Thus, cross-presentation plays an important role in

eliciting anti-tumor T cell responses.

We, and others have demonstrated a requirement for type I IFN signaling by host DCs

[21, 27], which facilitates cross-presentation of antigen to T cells by the CD8α+ subset of DCs

[33]. Consistent with these reports, spontaneous priming of CD8+ T cells was eliminated in

Batf3-/- mice, which lack the CD8α+ DC lineage, in both syngeneic transplantable [49] and

genetically engineered [122] mouse models of cancer. In addition to antigen-presentation,

delivery of CD80 or CD86 co-stimulatory signals by DCs is necessary to lead to productive

priming of effector T cells [73]. These molecules bind to CD28 on the surface of naive T

cells, which provides intracellular signals that synergize with signaling downstream of T cell

receptor-antigen ligation, promoting full T cell activation and initiating differentiation into

effector T cells [76].

1.2.3 Tumor-associated antigens

Many immunogenic human tumor antigens have now been identified [10, 106, 12, 105, 11].

These include differentiation antigens, e.g. melanocyte differentiation antigens, Melan-

A/MART-1, tyrosinase, gp-100; over-expressed antigens, e.g. HER-2/neu; viral-derived anti-
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gens, e.g. EBV and HPV; cancer-testis antigens whose expression is normally restricted to

gametogenic and placental tissues; and mutated antigens epitopes that arise from cancer-

specific mutations. It is the existence of such antigens that enables the possibility of an

adaptive response against tumors, discussed below.

1.2.4 Effector phase mediated by CD8+ T cells

Naive T cells are provided with antigenic and costimulatory signals upon tumor recognition

by APCs. Subsequently, migration of activated CD8+ T cells into the tumor site requires the

CXCR3-binding chemokines CXCL9 or CXCL10 [93]. The effector phase requires IFN-γ and

either the perforin/granzyme pathway or the FasL pathway of lysis for tumor elimination

[73]. Specifically, release of specialized lytic granules upon recognition of MHC Class I-bound

antigen on the surface of a tumor cell leads to tumor cell-specific killing. IFN-γ may function

to upregulate components of the MHC Class I antigen processing and presentation pathway

in tumor cells [119], to facilitate tumor recognition and elimination by CD8+ T cells. In

addition IFN-γ has been reported to induce expression of pro-apoptotic molecules that may

contribute directly to tumor cell apoptosis [16, 139], and elicit production of CXCR3 binding

chemokines that have both important chemotactic and anti-angiogenic properties [127, 118].

Finally, IFN-γ signaling in host immune cells is critical for the cytolytic activity of CD8+

T cells [30]. Thus, IFN-γ appears to target both host and tumor cells, as evidenced by the

requirement for IFN-γ responsiveness in both tumor cells [22] and host cells [30].

1.2.5 Immune-inhibitory mechanisms

Although host-protective immune responses can be initiated, they are often blunted by

establishment of an immune-suppressive environment within the tumor. Defined inhibitory

mechanisms include suppression of CD8+ effector cells by CD4+CD25+Foxp3+ regulatory T

cells (Tregs) [72], recruitment of myeloid-derived suppressor cells (MDSCs) [36], metabolic
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deregulation via tryptophan catabolism by indoleamine-2,3-dioxygenase (IDO) [131], up-

regulation of cytotoxic lymphocyte antigen 4 (CTLA-4) on T cells [77] and engagement of

the inhibitory receptor PD-1 by the ligand PD-L1/B7-H1 [23, 8].

Tregs inhibit the function of CD8+ T cells by producing the immunosuppressive cytokines

IL-10, IL-35 and TGF-β, expressing negative co-stimulatory molecules such as CTLA-4, PD-

1, and PD-L1, and by competing for IL-2, a cytokine that supports cytotoxic T cell function.

MDSCs can promote Treg induction and TGF-β production, but also deplete or sequester

amino acids necessary for T cell function, such as tryptophan, through expression of IDO.

CTLA-4 and PD-1 are inhibitory receptors that can be induced upon T cell activation and

limit the responses of activated T cells through modulation of intracellular signaling [74, 32].

1.2.6 Current immunotherapies

Knowledge of the steps involved in anti-tumor immunity provides a framework in which to

develop and test therapeutic interventions aimed at improving each of these stages of anti-

tumor immunity. Early phases of the response can be enhanced through vaccine approaches,

with the goal of increasing the frequency of tumor antigen-specific T cells in the host [116, 66].

Improved activation of DCs that are acquiring and presenting tumor antigens can be achieved

by stimulating innate immune sensing pathways, including the STING pathway via specific

agonists [19].

An alternative strategy for increasing the frequency of anti-tumor T cells is ex vivo ex-

pansion of specific T cell populations for adoptive transfer into the tumor-bearing host. One

such approach involves isolation and ex-vivo expansion of tumor-infiltrating T cells, followed

by adoptive transfer back into the patient [104]. This strategy has generated response rates

of approximately 50% in metastatic melanoma patients [25, 26]. In situations in which T cell

responses have been initiated but have been blunted by an immune-suppressive tumor mi-

croenvironment, strategies for blockade of specific immune-suppressive pathways have been
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pursued. Two key targets are inhibitory receptors expressed on activated T cells− CTLA-4

and PD-1 [74, 32]. Antibodies against these receptors have shown impressive clinical activity

and have been FDA-approved for the treatment of patients with melanoma [47, 52] and in

the case of αPD-1 agents, also for non-small cell lung cancer [128].

1.3 Beyond existing therapies: patient heterogeneity and tumor

immune-phenotypes

As described above, the efficacy of many of the existing immune-based therapies for cancer

relies on modulating an underlying endogenous immune response initiated in the patient.

Indeed, early data have indicated that clinical responses to these immunotherapies are more

frequent in patients who show evidence of an endogenous T cell response ongoing in the

tumor microenvironment at baseline [37, 61, 124, 130]. Despite the functional and clinical

importance of this T cell-inflamed tumor microenvironment, the mechanisms that govern

the presence or absence of this phenotype are not well understood. Elucidating the mech-

anisms that regulate spontaneous T cell infiltration in tumors is a key step in the rational

development of novel approaches to improve the efficacy of immunotherapeutic strategies

and expand the subset of patients who benefit clinically from these interventions.

Theoretical sources of inter-patient heterogeneity include germline genetic differences

at the level of the host, variability in patterns of somatic alterations in tumor cells, and

environmental differences with the potential to impact on immunity. Our laboratory has

recently shown that tumor-intrinsic β-catenin pathway activation constitutes one mecha-

nism of tumor resistance to immune infiltration [122]. In the current work, we address a

second hypothesis − whether an environmental difference, specifically the composition of

the gut microbiota, influences spontaneous anti-tumor immunity, thereby impacting efficacy

of immunotherapeutic interventions.
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1.4 Studying commensal microbial communities

Humans are colonized with a diverse and abundant indigenous microbiota, coating the mu-

cosal and external surfaces of the body. The greatest density and diversity of microorganisms

is found in the gut, particularly the colon, with bacteria being highly abundant. Among the

phyla represented in the gastrointestinal tract are Firmicutes, Bacteroidetes, Actinobacteria

and Proteobacteria, as well as Verrucomicrobia and Tenericutes. Efforts to identify com-

mensal bacteria in the intestine were aided by technical advances in microbial ecology, which

utilized 16S ribosomal RNA (rRNA) gene sequencing to classify bacteria found in various

environments. Specifically, deep sequencing of short variable (V) regions of 16S rRNA, the

V4, V5-V6, and V6-V7 regions, resulted in species richness estimates that were comparable

to those generated during analysis of full-length sequences [113], enabling easy assimilation

of these techniques to microbial analyses in the context of health and disease. Complemen-

tary experimental approaches include studies in germ-free animals, treatment with selected

antibiotics, and colonization with specific bacteria by oral or rectal gavage. Using these ap-

proaches, many associations between commensal bacteria and diverse phenotypes have been

identified, as discussed below.

1.5 Intestinal commensal microbes as systemic immune

modulators

Gut bacteria provide humans with additional traits, beyond those encoded by their in-

herited genome, influencing diverse aspects of biological function including digestion, drug

metabolism, gut epithelial integrity, and even cardiac size and behavior. One of the most

studied aspects of gut bacterial function is their essential role in development and regulation

of innate and adaptive immunity, with most early studies focusing on effects within intesti-

nal tissues (reviewed in [50, 58, 78, 53]). However, a growing body of data is indicating
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an important role for gut microbiota in shaping systemic immune responses, summarized in

Table S0.

1.5.1 Specification of T cell subsets reaching beyond the gut

Commensal bacteria have been shown to direct differentiation of T cells leading to expansion

of specific molecular subsets, thereby impacting on systemic inflammatory processes that

involve these T cell differentiation states. Early studies reported that mono-colonization of

germ-free animals with Bacteroides fragilis resulted in CD4+ T cell expansion in the spleen,

as well as restoration of T helper 1/T helper 2 (Th1/Th2) balance in germ-free animals

by inducing production of the Th1 cytokine IFN-γ in splenic CD4+ T cells [87]. Further

studies showed that B. fragilis also affects T cell responses by promoting Treg function in

both the intestine (Round and Mazmanian, 2010) and distant lymph nodes [97, 98]. In

the latter case, oral administration of B. Fragilis-derived Polysaccharide A (PSA) decreased

the severity of experimentally-induced encephalomyelitis (EAE), which was accompanied by

accumulation of CD103+ DCs and IL-10 producing Tregs in the cervical lymph nodes of

myelin oligodendrocyte protein (MOG)-challenged mice [97, 98].

While B. Fragilis provides protective immunity, commensal bacteria known as segmented

filamentous bacteria (SFB) have been shown to promote systemic inflammatory conditions

such as EAE and rheumatoid arthritis, through the induction of IL-17 in spinal cords of

MOG-challenged mice [79], and T helper 17 (Th17) cell expansion in the spleens of K/BxN

mice [138], a murine model of rheumatoid arthritis. These systemic effects parallel the

induction of Th17 cell differentiation by SFB in the small intestine [57]. These data highlight

the opposing roles of specific commensals in directing T cell differentiation, supporting the

idea that the balance between specific components of the gut microbial community may

contribute not only to intestinal T cell homeostasis, but also to modulation of systemic T

cell responses.
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A third group of commensal bacteria, Clostridium spp., which have been tied to ac-

cumulation of Tregs in the colon [5], have also emerged as systemic immune-modulators.

Oral administration of Clostridium spp. to conventionally-reared [5] or germ-free mice [125]

reduced serum IgE responses in allergy models, and neonatal depletion of clostridia via

vancomycin treatment increased asthma severity [109]. The first of these studies demon-

strated that clostridial-feeding was associated with increased numbers of IL10+CD4+ cells

at extra-intestinal sites, suggesting that systemic alterations in T cell function may underlie

the observed suppression of allergic immune responses [5]. An increase in peripheral Treg

cells was also observed upon addition of butyrate, a short-chain fatty acid produced by com-

mensal microorganisms such as clostridia, to the drinking water of antibiotic-treated animals

[4].

Systemic abundance of a particular subset of T cells, iNKT cells, is also regulated by

commensal microbiota. Absence of gut bacteria early in life leads to CXCL16-dependent

accumulation of iNKT cells in both the colon and lungs, resulting in increased morbidity in

experimental models of colitis and allergic asthma, respectively [100]. Taken together, these

seminal studies demonstrate that commensals shape the landscape of T cell specification in

the host, in both a time- and bacteria-specific manner, with implications reaching beyond

the gut.

1.5.2 Calibration of innate immune function at non-mucosal sites

Optimal expansion and acquisition of effector function in adaptive immune cells hinges on

signals from innate immune cells. That innate immune cells may be more or less equipped

to provide such signals, depending on interactions with commensal bacteria, is an emerging

concept of great interest. Two studies showed that splenic DCs and peritoneal macrophages

require signals from gut commensal bacteria in the steady state in order to optimally prime

NK cell- [39] and CD8+ T cell- [1] mediated anti-viral responses, respectively. Optimal
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immune priming depended on robust type I IFN signaling in peripheral mononuclear cells,

which was defective in germ-free or antibiotic-treated mice.

Consistent with these reports, numerous studies have demonstrated a role for commensal

bacteria in facilitating viral clearance from the lungs. Specifically, oral administration of lac-

tic acid bacteria (LAB) induced type I IFN production in splenic DCs in a TLR3-dependent

manner [70], and has been shown to enhance NK cell activity, leading to suppression of

influenza virus (IFV) proliferation in the lungs [69]. Oral inoculation of Bifidobacterium

longum also enhanced NK cell activity in response to IFV infection [68]. Others have shown

that commensal bacteria lead to inflammasome activation, induction of proIL-1, proIL-18,

and NLRP3, in broncho-alveolar lavage, eliciting DC migration from the lung to the draining

lymph nodes and improved T and B cell-mediated anti-IFV responses [55]. Intestinal bacte-

ria have been shown to augment serum antibody responses upon administration of trivalent

inactivated influenza vaccine, mediated through peripheral lymph node macrophage produc-

tion of plasma cell growth factors IL-6 and TNF-α [99].

Intestinal bacterial communities can also regulate direct anti-bacterial functions of distant

innate immune cells. A recent study showed that bacterial peptidoglycans are recognized

by NOD1 receptors on bone marrow neutrophils, leading to enhanced killing function and

protective immunity to Streptococcus pneumoniae and Staphylococcus aureus infections [17].

This study provides an important link between gut bacterial products and distant immune

cells, and will be discussed further in 1.6.2.

1.5.3 Commensal bacteria and systemic anti-tumor immunity

The recognition that tumor growth is profoundly influenced by host immune responses has

gained traction in the last decade. However, a potential impact of gut commensal microbes

on systemic anti-tumor immune responses has only begun to be investigated.

Two seminal studies showed that the therapeutic effect of chemotherapy was facilitated
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by the presence of commensal microbes. In one model, treatment with oral antibiotics

reduced the therapeutic effect of oxaliplatin or the response to anti-IL-10R+CpG-ODN as

an immunotherapy. Mechanistically, the effect was mapped to the level of inflammatory

cytokine production by myeloid cells [56]. In a second model, bacterial translocation from

the gut into peripheral organs was implicated in the therapeutic effect of cyclophosphamide,

as treatment with antibiotics reduced the generation of Th17 cells that were involved with

anti-tumor efficacy in this system [134].

In cancer models associated with inflammation, commensal bacteria also have been re-

ported to promote tumor growth (reviewed in [42]). In a recent study, TLR5-mediated

sensing of gut commensals was shown to increase systemic levels of IL-6, leading to recruit-

ment of MDSCs and γδ suppressor T cells into the tumor microenvironment, in a p53-kras

driven tumor model [110]. This study highlights the importance of dissecting the functional

roles of specific components of the gut microbiota in specific inflammatory contexts. Further

study should aim to reveal positive and negative commensal regulators of the endogenous

anti-tumor response as well as those that may modulate response to contemporary cancer

immunotherapies, which have significant therapeutic potential in patients.

1.6 Mechanisms underlying commensal-mediated modulation of

distant host immunity

Gaining an in-depth understanding of the multitude of ways in which intestinal bacteria

interact with the host is a crucial step in elucidating the mechanisms by which commensal

bacteria influence distant host immunity. Below are discussed some of the emerging concepts

in this field.
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1.6.1 Physical and molecular interactions between commensal bacteria and

host cells within the gut

PRRs play a critical role in the detection of commensal bacteria. PRRs are expressed by

innate immune cells as well as intestinal epithelial cells (IECs), and include the membrane-

and endosome-associated TLRs, cytosolic DNA sensors (CDSs), cytoplasmic Nod-like re-

ceptors (NLRs), retinoic acid inducible gene I-like helicase receptors (RLRs) and G-protein

coupled receptors (GPCRs). Commensal bacterial components, such as PSA (TLR2), LPS

(TLR4), Flagellin (TLR5), dsRNA (TLR3), CpG DNA (TRL9) and short-chain fatty acids

(GPR109a and GPR43) are recognized by mucosal PRRs [50]. Given that bacteria reside in

the lumen or associate with the outermost layer of the intestinal mucosa, how their compo-

nents physically interact with host immune cells, particularly DCs, which play a critical role

in directing immune responses, is only beginning to become understood.

DCs are crucial orchestrators of immune responses, bridging between the internal organ-

ism and the outward environment, as well as between the innate and adaptive components of

the immune system. Intestinal CD11c+ DCs are present throughout the lamina propria (LP)

and gut-associated lymphoid tissues (GALT) and are highly adept at carrying out antigen-

presenting functions and cytokine production both within the LP itself [45, 60] and upon

migration to GALT [9, 115, 54] (see also Table S0). Crosstalk between DCs and intestinal

bacteria or their components can be mediated in several ways, which convey the complexity

of the intestinal milieu:

• Recruitment of CD103+ DCs from the LP to the intestinal epithelium, followed by

direct sampling of whole bacteria from the lumen. CD103+ DCs were observed send-

ing dendrites into the intestinal lumen and capturing bacteria, which could then be

processed and presented in GALT [31].

• Luminal sampling of soluble antigens by CX3CR1+ mononuclear phagocytes [88, 103,
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95] or specialized intestinal epithelial cells known as goblet cells [89], and subsequent

transfer to LP CD103+ DCs. A recent study showed that CX3CR1+ mononuclear

phagocytes capture soluble antigens present in the gut lumen, and transfer them to

CD103+ DCs via gap junctions, channels that span between adjacent cells and allow

intercellular communication [88]. Similarly, goblet cells were shown to deliver low

molecular weight soluble antigens from the intestinal lumen to underlying CD103+ LP

DCs, a process they coined goblet-cell-associated antigen passages (GAPs) [89].

• A subset of intestinal DCs can carry bacteria located within infected apoptotic IECs,

and migrate to T cell areas in GALT [129].

• Another route of bacterial delivery to DCs is through M cell-mediated transcytosis of

luminal or epithelial-associated commensal bacteria. M cells are specialized epithelial

cells that actively phagocytose molecules and microbes, and transcytose the internal-

ized antigens [94]. One group observed DCs capturing GFP-tagged commensal E.

coli in the M-cell pocket, and this mode of interaction contributed to the initiation of

antigen-specific immune response in GALT [48].

• Outer membrane vesicles (OMVs) are bilayered lipid membrane vesicles that are nat-

urally produced by Gram-negative bacteria, including commensals (reviewed in [67]).

One group recently expanded on previous studies and revealed that B. fragilis releases

PSA in OMVs, which can be recognized directly and internalized by DCs via TLR2 to

promote Treg expansion and function [120].

• DCs can also be modulated indirectly through interactions with IECs, which come in

close contact with luminal and epithelial-associated bacteria. IECs can detect bac-

terial products through PRRs, including TLRs, NLRs, RLRs and GPCRs (reviewed

in [44, 50]). For example, serum amyloid A (SAA) production by IECs in response

to epithelium-associated SFB induces IL-6 and IL-23 cytokine production in DCs iso-
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lated from the LP [45]. Similarly, clostridia, which reside close to the epithelium,

induce TGF-β production in IECs to drive DC-mediated differentiation of Tregs in the

colon [5].

• Bacterial metabolites, such as butyrate and proprionate which may be capable of diffus-

ing through the epithelium [20], can be recognized via GPCRs on DCs and macrophages

in the intestine [121]. They are also potent histone deacetylase (HDAC) inhibitors and

have been shown to direct epigenetic modifications in DCs [4], as well as in T cells

[35, 121]. An emerging theme from numerous studies is that of commensal-driven epi-

genetic modifications in innate (and adaptive) immune cells. Some reports point to

decreased hypermethylation locally in the colon upon early exposure to commensals

[100], others demonstrate changes in cells isolated from extra-intestinal sites, such as

impaired binding of NF-κB and IRF3 to their respective promoters in splenic DCs of

germ-free mice, accompanied by absence of activating histone marks [39], genome-wide

alterations in peritoneal macrophages from antibiotic-treated mice [1] and increased hy-

permethylation in lungs of germ-free mice [100]. Additional studies have investigated

the effects of bacterial products in vitro. Butyrate has been shown to enhance acety-

lation at the Foxp3 locus directly in T cells, as well as lead to hypo-acetylation of the

Relb locus in DCs, skewing them toward a regulatory response.

How gut interactions impact on cells at extra-intestinal sites is a new area of intense in-

vestigation. Below are discussed potential mechanisms that may bridge between interactions

that occur in the gut and systemic immune effects.
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1.6.2 Linking host-commensal interactions in the gut to systemic effects on

immunity

Evidence for precise mechanisms that link commensal-host crosstalk in the gut and long-

range regulation of extra-intestinal immune responses is lacking. However, some examples

exist and it is possible to speculate about potential mechanistic connections.

• Direct dissemination of naked bacteria from the gut into peripheral organs. Given

that intact barrier function of the gut should normally prevent this, this possibility

seems to apply to situations in which this barrier has been compromised, such as in

inflammatory bowel disease or drug-induced increases in intestinal permeability. As

an example, cyclophosphamide has been shown to lead to bacterial dissemination with

implications on distant anti-tumor immunity [134].

• Hematogenous or lymphatic spread of bacterial products from the gut. For example,

peptidoglycans (PGs), a component of bacterial cell walls, were detected in the serum

and bone marrow (BM) of E. coli-colonized germ free mice. In this case, PGs were

recognized by NOD1 expressed on BM neutrophils, leading to enhanced killing function

and increased protective immunity to Streptococcus pneumoniae and Staphylococcus

aureus [17]. While this has yet to be shown, it is possible that components such as

PSA, either naked or within OMVs, also spread to other organs, given that PSA-

directed changes in DCs and T cells were observed in cervical lymph nodes [97, 98].

• Dissemination of bacteria contained within a host cell. Early studies showed that

CD18-expressing cells of monocyte-macrophage lineage can transport bacteria from

the gastrointestinal tract to the bloodstream, spleen and liver, consistent with the idea

that innate immune cells can initiate systemic immune responses to intestinal microbes

[133].
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• Systemic dissemination of host-derived products elicited by host-commensal interac-

tions in the gut. For example, TLR5-mediated sensing of gut commensals led to

increases in IL-6 in the serum, accompanied by distant accumulation of MDSCs [110].

• Trafficking of primed T cells from GALT to peripheral lymph nodes and spleen.

Commensal-driven specification of T cell subsets within the gut is well characterized.

Given that T cells are capable of trafficking out of GALT to systemic lymphoid tissues

[75], it is possible that systemic changes in T cell subsets is due to migration of these

subsets from the gut, where they were imprinted, to other lymphatic sites. However,

this possible mechanism is not likely to account for peripheral changes observed in

innate immune cells.

• Trafficking of DCs from GALT to peripheral lymph nodes and spleen. As discussed

above, DCs undergo many changes in the intestine in response to commensal bacte-

ria. These functionally altered DCs could exit the intestine and circulate to distant

sites, where they exert effects on adaptive immunity. While this possibility is highly

controversial [86, 75], there is evidence to support DC trafficking between tissues.

For example, subcutaneous administration of adjuvant led to substantial numbers of

macrophages and DCs entering the efferent lymph [46] and subcutaneous injection of

DCs resulted in T cell priming in the spleen [15]. These reports suggest that innate im-

mune cells can traffic out of secondary lymphoid tissues and enter into the bloodstream

to carry out distant functions.

1.7 Summary

The existence of multiple members of the microbiota that affect host immunity in differ-

ent ways suggests that differences in the composition of this community may contribute to

individual differences in immune responses during infection, autoimmunity or other immuno-
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logical conditions, and importantly, cancer. Unveiling the cellular and molecular mechanisms

of these interactions has the potential to lead to exciting new therapeutic interventions based

on rational modulation of mucosal-driven immunity.

Our collective data from multiple experimental perspectives have indicated that trans-

plantable tumor models are a very good system for representing the T cell-inflamed tumor

microenvironment seen in a large subset of advanced human cancer patients [38]. They show

a degree of innate immune activation [137] and spontaneous T cell priming [33], with T

cells becoming dysfunctional over time [124], similar to T cell-inflamed human cancers. The

therapeutic benefit with interventions blocking immune-inhibitory pathways that act within

the tumor microenvironment, such as αPD-1 antibodies, is largely seen in this subset of

patients [123]. This working model provides a solid rationale for testing the effects of com-

mensal microbial composition on anti-tumor immune responses. In the following chapters,

data supporting a profound role of commensal microbes in shaping anti-tumor immunity in

mice will be presented.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Animals and tumor model

C57BL/6 mice were obtained from Jackson laboratory or Taconic farms. For all experiments,

68-week-old female mice were used. Mice were fed Harlan Teklan 2018 diet and housed

in the SPF University of Chicago animal facility. The C57BL/6-derived melanoma cell

line B16.F10.SIY (henceforth referred to as B16.SIY) was generated as described [8]. The

MB49 bladder cancer cell line was originally a generous gift from Timothy L. Ratliff, Purdue

University. For tumor growth experiments, mice were injected subcutaneously with 1x106

B16.SIY tumor cells or parental B16.F10 tumor cells. For bladder cancer model experiments,

mice were injected subcutaneously with 2x106 MB49 cells. Tumor size was measured twice

a week until endpoint and tumor volume was determined as length x width2 x 0.5. All

experimental animal procedures were approved by the University of Chicago Animal Care

and Use Committee (IACUC).

2.2 IFN-γ ELISPOT and SIY Pentamer analyses

ELISPOT plates (Millipore, MAIP S4510) were coated with purified αIFN-γ (BD) overnight

at 4 degrees. Plates were blocked with 10% FBS in DMEM for 2 hours at room temper-

ature. Whole splenocytes were plated at 106 cells per well and stimulated with SIY pep-

tide overnight at 37oC. Spots were developed using the BD mouse IFN-γ kit (Cat. No.

552569), and the number of spots was measured using an Immunospot Series 3 Analyzer

and analyzed using ImmunoSpot software (Cellular Technology). For pentamer staining,

cells were labeled with PE-MHC class I pentamer (Proimmune) consisting of murine H-2Kb

complexed to SIYRYYGL (SIY) peptide or to control SIINFEKL peptide, and stained with

CD3-AX700 (Ebioscience, 17A2), CD8-PacBlue (Biolegend, 53-6.7), CD4-APC (Pharmin-
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gen, RM4-5), CD62L-PECy7 (Ebioscience, MEL-14), CD44-FITC (BD, IM7) and Fixable

Viability-ef780 (Ebioscience). Stained cells were analyzed using an LSR II cytometer with

FACSDiva software (BD). Data analysis was conducted with FlowJo software (Tree Star).

2.3 Fecal transfers and αPD-L1 mAb immunotherapy

Fecal pellets from JAX and TAC-derived mice were collected upon arrival in our facility

and each fecal pellet was resuspended in 1 ml of phosphate-buffered saline (PBS). The

suspension from each fecal pellet was used for oral gavage of two recipient mice, 100µl per

gavage. For prophylactic fecal transfer experiments mice were gavaged with JAX or TAC

fecal suspensions once a week for two weeks prior to tumor inoculation. For therapeutic

fecal transfer experiments, mice were gavaged on days 7 and 14 post tumor implantation.

For combination therapy experiments, mice were additionally injected intraperitoneally with

100µg αPD-L1 mAb (clone 10f.9g2, BioXCell) in 100µl PBS on days 7, 10, 13 and 16 post-

tumor implantation.

2.4 Microbial DNA analysis

Bacterial DNA was extracted from murine fecal pellets using PowerSoil-htp 96 Well Soil

DNA Isolation Kit (MoBio cat.# 12955-4). The V4-V5 region of the 16S rRNA encod-

ing gene was amplified (http://www.earthmicrobiome.org/emp-standard-protocols/; Earth

Microbiome Project, 2011) and sequenced at the High-Throughput Genome Analysis Core

at Argonne National Laboratory. Quantitative Insights Into Microbial Ecology (QIIME)

was used to trim and classify sequences [14]; specifically, the open reference OTU picking

protocol was used at 97% sequence identity against the Greengenes database (05/13 re-

lease) [90]. PYNAST was used to align sequences [13] and RDP Classifier was used for

taxonomic assignment [135]. Community structure was compared using weighted and un-
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weighted UniFrac distances [83]. All beta-diversity analyses were performed on data rarefied

to 9662 reads and after filtering out OTUs occurring in less than 35% of samples per com-

parison. Non-parametric t-tests were performed to determine differences in bacterial taxa

occurrence between fecal communities. Principal Coordinate Analysis (PCoA) ordination

was generated to visually compare beta diversity and Analysis of Similarity (ANOSIM) test

statistics were performed to statistically compare within- to between- group similarity in

QIIME. Newick tree files comprised of OTUs deemed significant by t-test were constructed

in iTOL [80]; bar graphs representing mean log fold differences in relative abundances were

plotted for each taxon alongside the phylogeny, replacing zero values with the least non-zero

value observed in the comparison. Association testing was performed via standard linear

regression. We tested the association between frequency of SIY+CD8+ T cells in the tumor

and taxa relative abundance. We used rarefied values and removed taxa that were miss-

ing in greater than 35% of the samples. The first two principal components of the relative

abundance matrix were used as covariates in the model. Specifically we fit

SIY relative abundancek + PC1 + PC2 (2.1)

where k is the kth taxa. The association was fit with lm, principal components were cal-

culated using the package PEER and FDR was computed using the package qvalue. This

analysis was performed in R. OTU 681370 was characterized via NCBI Microbial Genomes

Blast, using the V4-V5 16s rRNA sequence:

TACGTAGGGTGCAAGCGTTATCCGGATTTATTGGGCGTAAAGGGCTCGTAGG

CGGTTCGTCGCGTCCGGTGTGAAAGTCCATCGCTTAACGGTGGATCCGCGCC

GGGTACGGGCGGGCTTGAGTGCGGTAGGGGAGACTGGAATTCCCGGT.
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2.5 Bacterial administration and heat inactivation

A cocktail of lyophilized Bifidobacterium species (B. bifidum, B. longum, B. lactis and B.

breve, Seeking Health) was resuspended in PBS at 5x109 CFU/ml. Each mouse was given

200µl of Bifidobacterium (1x109 CFU/mouse) by oral gavage 7 and 14 days following tumor

inoculation. Heat inactivation was performed by boiling rehydrated bifidobacteria at 100◦C

for 2 hours. Heat-treated and live bifidobacteria were serially diluted in reduced PBS and

plated on reduced clostridial medium (RCM) agar in anaerobic conditions. Plates were

subsequently incubated in an anaerobic chamber for three days to test efficacy of killing. For

gavage of ATCC-derived bifidobacterial cultures, ATCC 15700 B. breve and ATCC BAA-

999 B. longum were cultured in RCM in an anaerobic chamber and monitored for log-phase

growth using spectrophotometric measurements of turbidity every hour. At measurements

of ≈0.5, cultures were pelleted, resuspended at 5x109 cells/ml PBS (as assessed by serial

dilution and quantification of colony forming units, following plating on RCM agar plates

and incubation in an anaerobic chamber for 48 hours) and gavaged into mice, 200µl/mouse,

1x109 cells/mouse. Lactobacillus murinus (provided by Yuan Zhang and Yang-Xin Fu at

University of Chicago) was cultured in MRS broth overnight, then washed and resuspended

in PBS at 5x1010 CFU/ml. Each mouse was orally gavaged with 100µl of bacterial suspension

(5x109 CFU/mouse) 7 and 14 days following tumor inoculation.

2.6 CD8+ T Cell Depletion

For depletion of CD8+ T cells, mice were injected intraperitoneally weekly with rat mAb

anti-mouse CD8 (43.2) or isotype control IgG2b (BioXcell) at a dose of 250 µg per mouse.

These regimens resulted in > 99% depletion of CD8+ T cells from the peripheral blood, as

evaluated by flow cytometry.
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2.7 Bacterial quantitation in peripheral organs and fecal samples

Mesenteric lymph nodes, tumor and spleen were sterilely removed, homogenized in PBS and

strained through a 70µm filter. The cells were pelleted, resuspended in QIAGEN buffer

ALT, and underwent Qiashredding (QIAGEN) to further lyse cells and reduce the viscosity.

DNA was purified from the flow through using QIAGEN DNA mini purification kit. For

spiking experiments, organs were isolated as described above and spiked with 109, 106,

103, 102 and 10 ATCC 15700 B. breve cells, as assessed by serial dilution of anaerobically

cultured bacteria, incubating 48 hours on RCM agar plates in anaerobic conditions, and

counting colony forming units. qPCR was used to quantify bacterial SSU (16S) rRNA gene

abundance, in the feces and tissue as described previously [7, 28, 34]. Primer sets targeting

SSU rRNA genes of bifidobacteria at the genus level were used and included BifidF (CGG

GTG AGT AAT GCG TGA CC), and BifidR (TGA TAG GAC GCG ACC CCA) and probe

(6FAM-CTC CTG GAA ACG GGT G) [34]. Primers and probe were synthesized by IDT

and Invitrogen respectively. qPCR master mixes contained TaqMan Universal qPCR 1X

Master Mix (Applied-Biosystems), 0.25M primers and probe, and either 4ng (feces) or 25ng

(tissue) gDNA template. Purified genomic DNA from reference bacteria Bifidobacterium

breve ATCC 15700D-5 was used as a standard. Cycling conditions were 50◦C for 2min,

95◦C for 10min, and 45 cycles of 95◦C for 15sec, 60◦C for 60sec using Roche Lightcycler 480

real time PCR machine. A melt curve was performed for quality assurance and efficiencies

ranged under the accepted values, 90-110%. Data were normalized as copies of bacterial 16S

per ng DNA.
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2.8 Carboxyfluorescein diacetate succinimidyl ester

(CFSE)-labeled 2C CD8+ T cell adoptive transfer

CD8+ T cells were isolated from the spleen and lymph node of naive CD45.1/.2+ 2C TCR

Tg mice using the MACS CD8 T cell Isolation Kit (Miltenyi, Cat No. 130-095-236), la-

beled with 2.5 mM CFSE and injected i.v. into CD45.2+ C57BL/6 mice derived from

either JAX or TAC and into TAC mice gavaged with Bifidobacterium once a week for two

weeks. 24 hours later, mice were inoculated with 1x106 B16.SIY melanoma cells s.c. Seven

days post-adoptive T cell transfer, spleen and tumor-draining lymph node were harvested

and restimulated ex-vivo with SIY peptide in the presence of brefeldin A. Samples were

stained with Fixable Viability-ef780 (Ebioscience), CD45.1-PerCPCy5.5 (Ebioscience, E20),

CD45.2-APC (Ebioscience, 104), CD3-AX700 (Ebioscience, 17A2), CD8-BV711 (Biolegend,

53-6.7), CD4-BV605 (Biolegend, RM4-5) and IFN-γ-PE (BD, XMG1.2). Intracellular IFN-γ

production and CFSE dilution were assessed in gated CD45.1/.2+ 2C CD8+ T cells by flow

cytometry.

2.9 Dendritic cell sorting and gene expression profiling

Upon arrival in our facility, TAC mice were gavaged with Bifidobacterium once a week for two

weeks. Bifidobacterium-fed mice, newly arrived JAX mice, and newly arrived TAC mice were

inoculated subcutaneously in both flanks with 5x106 DRAQ5-labeled B16.SIY tumor cells.

40hrs following tumor implantation, whole tumors including infiltrating immune cells were di-

gested in collagenase (Worthington) and filtered into single cell suspensions. Samples from 5

mice in each group were pooled and subsequently stained with Fixable Viability-ef506 (Ebio-

science), CD45-AF488 (Bioloegend, 30-F11), CD3-ef450 (Ebioscience, 145-2C11), CD19-

PB (Ebioscience, 1D3), I-A/I-E-PECy7 (Biolegend, M5/114.15.2), CD11c-PE (Ebioscience,

N418) and CD11b-PerCpCy5.5 (BD, M1/70). Live CD45+CD3-CD19-MHCIIhiCD11c+ den-
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dritic cells were sorted directly into RLT Buffer (Qiagen) using FACSAriaIII (BD) and stored

immediately on dry ice. Total RNA was isolated using RNeasy Micro kit (Qiagen). RNA was

submitted to the Functional Genomics Facility at the University of Chicago for gene expres-

sion profiling. RNA integrity and concentration were assessed using an Agilent Bioanalyzer

2100, and all RNA samples used for microarray analysis had an RNA Integrity Number

> 9.0. Total RNA was processed into biotinylated cRNA using the Epicentre TargetAmp

2-Round Biotin-aRNA Amplification Kit 3.0 (TAB2R71024). The cRNA was hybridized

to Illumina MouseRef8v2 arrays using Illumina provided protocols and scanned using an

Illumina HiScan. Quantile normalized and background subtracted values were subsequently

analyzed using R. Genes whose expression value was under 10 were removed from the anal-

ysis. Mean fold-change in gene transcript levels between JAX samples relative to TAC, and

BIF samples relative to TAC were calculated, and genes whose fold-change was over 1.5 in

both comparisons (760 gene transcripts) were inputted into The Database for Annotation,

Visualization and Integrated Discovery (DAVID) v6.7 for pathway analysis. Genes found

to be significantly enriched (p<0.05) for immune function were then plotted in a heatmap

using R software.

2.10 qRT-PCR validation of gene-expression profiling

DCs were sorted and RNA extracted as described above. cDNA was synthesized using High

Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression was mea-

sured by real-time qRT-PCR using specific primers/probes (Roche Universal Probe library,

Table S7). PCR was performed using 7300 Real Time PCR machine (Applied Biosystems).

The results are expressed as fold-change over TAC, normalized to 18S expression.
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2.11 BMDC stimulation with Bifidobacterium in vitro

Cells isolated from the tibiae and femurs of WT C57BL/6 mice were cultured in DMEM

medium containing 10% FBS and 1% penicillin/streptomycin, in the presence of rmGM-

CSF (20 ng/ml; BioLegend) for 8 days at 37C with 5% CO2. BMDCs were then stimulated

for 4 hours with medium alone or with rehydrated Bifidobacterium-containing medium at

a ratio of 1:10 BMDCs to bacterial cells. Total RNA was isolated using RNeasy Micro kit

(Qiagen) and submitted to the Functional Genomics Facility at the University of Chicago for

gene expression profiling. RNA integrity and concentration were assessed using an Agilent-

Bioanalyzer 2100, and all RNA samples used for microarray analysis had an RNA Integrity

Number = 10.0.

2.12 Dendritic cell stimulation of CFSE-labeled 2C CD8+ T cells

in vitro

Upon arrival in our facility, TAC mice were gavaged with Bifidobacterium once a week for

two weeks. DCs were purified from peripheral lymphoid tissues of CD45.2+ C57BL/6 naive

Bifidobacterium-fed mice, newly arrived JAX mice, and newly arrived TAC using Pan Den-

dritic cell Isolation Kit (Miltenyi, Cat No. 130-100-875). 2x105 DCs were plated 1:1 with

CD45.1/.2+ CFSE- labeled 2C CD8+ T cells (MACS CD8+ T cell Isolation Kit (Miltenyi,

Cat No. 130-095-236) and incubated at 37◦C for 72 hours in the presence of varying con-

centrations of SIY peptide. Brefeldin A was added for 6 additional hours. Samples were

stained with Fixable Viability-ef780 (Ebioscience), CD45.1-PerCPCy5.5 (Ebioscience, E20),

CD45.2-APC (Ebioscience, 104), CD3-AX700 (Ebioscience, 17A2), CD8-BV711 (Biolegend,

53-6.7), CD4-BV605 (Biolegend, RM4-5) and IFN-γ-PE (BD, XMG1.2). Intracellular IFN-γ

production and CFSE dilution were assessed in gated CD45.1/.2+ 2C CD8+ T cells by flow

cytometry.
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2.13 Statistical analysis

Tumor growth curves were analyzed using two-way ANOVA, with either Sidak’s multiple

comparisons post test for comparison of two groups, Dunnett’s multiple comparisons post

test for comparison between multiple groups and a control group, or Tukey’s multiple compar-

isons post test for comparison of more than two groups to each other. For other comparisons,

unpaired Student’s t-test was used when comparing two groups and one-way ANOVA with

Holm Sidak correction for multiple testing was used when comparing more than two groups.

Microbial composition comparisons were performed using non-parametric t-tests. If samples

were not independent (technical replicates of pooled samples), linear mixed model regression

was used with Bonferroni correction for multiple testing. p<0.05 was considered statisti-

cally significant and denoted as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Statistical analysis was performed using GraphPad PRISM and R.
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CHAPTER 3

THE COMMENSAL MICROBIOTA SHAPE ANTI-TUMOR

IMMUNITY

3.1 Introduction

Harnessing the host immune system constitutes a promising approach for the treatment

of cancer because of its potential to specifically target tumor cells while limiting harm to

normal tissue, with durability of benefit associated with immunologic memory. Enthusiasm

has been fueled by recent clinical success, particularly with antibodies that block immune

inhibitory pathways, specifically CTLA-4 and the PD-1/PD-L1 axis [47, 52]. Early data have

indicated that clinical responses to these immunotherapies are more frequent in patients who

show evidence of an endogenous T cell response ongoing in the tumor microenvironment at

baseline [37, 61, 124, 130]. Despite the functional and clinical importance of this T cell-

inflamed tumor microenvironment, the mechanisms that govern the presence or absence of

this phenotype are not well understood. Theoretical sources of inter-patient heterogeneity

include germline genetic differences at the level of the host, variability in patterns of somatic

alterations in tumor cells, and environmental differences with the potential to impact on

systemic immunity.

A growing body of data has indicated an important role for gut microbiota in shaping

systemic immune responses. Commensal bacteria have been shown to influence the dif-

ferentiation of T cells leading to expansion of specific molecular subsets with phenotypic

implications [57, 87, 108, 138]. For example, segmented filamentous bacteria have been

shown to promote preferential Th17 differentiation in mice [45, 57]. Commensal bacteria

also have been reported to modulate the activation threshold of innate immune cells, lead-

ing to altered systemic immunity to viral infections [1, 39]. In the cancer context, a role

for intestinal microbiota in mediating immune activation in response to chemotherapeutic
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agents has been demonstrated [56, 134]. However, whether commensal microbiota influence

spontaneous immune responses against tumors, thereby impacting therapeutic activity of

immunotherapeutic interventions such as αPD-1/PD-L1 mAbs, is not known.

3.2 Differences in melanoma outgrowth and tumor-specific

immune responses between C57BL/6 JAX and TAC mice

are eliminated upon cohousing

To test whether differences in the specific composition of the normal microbiota influence the

immune response to a growing tumor in vivo, we compared subcutaneous B16.SIY melanoma

growth in genetically similar C57BL/6 mice derived from two different mouse facilities, Jack-

son Laboratory (JAX) and Taconic Farms (TAC), which have been shown to differ in their

commensal microbes [57]. We found that JAX and TAC mice exhibited significant differ-

ences in B16.SIY melanoma growth rate, with tumors growing more aggressively in TAC mice

(Figure 3.1A). To evaluate whether this difference was immune-mediated, tumor antigen-

specific T cell responses, as well as T cell accumulation in the tumor microenvironment,

were assessed. In fact, tumor-specific T cell responses were significantly higher in JAX mice

(Figure 3.1B and Figure 3.1C), and markedly increased numbers of tumor-infiltrating

T cells were observed (Figure 3.1D).

To begin to address whether this difference could be mediated by commensal microbiota,

JAX and TAC mice were co-housed for 3 weeks prior to tumor implantation. We found that

co-housing ablated the differences in tumor growth (Figure 3.1E) and immune responses

(Figure 3.1F-H) between the two mouse populations, arguing for an environmental influ-

ence. Notably, TAC mice appeared to acquire the JAX phenotype upon cohousing, suggest-

ing that JAX mice might be colonized by commensal microbes that dominantly facilitate

improved anti-tumor immunity.
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Figure 3.1: C57BL/6 JAX and TAC mice exhibit significant differences in
melanoma outgrowth and tumor-specific immune responses. (A) B16.SIY tu-
mor growth kinetics in newly arrived JAX and TAC mice. (B) Number of IFN-γ spots/106

splenocytes in tumor-bearing JAX and TAC mice 7 days following tumor inoculation. (C)
Mean IFN-γ spot size (10-3 mm2) (D) Percentage of SIY+ T cells of total CD8+ T cells
within the tumor of JAX and TAC mice as determined by flow cytometry 21 days post-
tumor inoculation. Representative plots (left), quantification (right). (E) B16.SIY tumor
growth kinetics in JAX and TAC mice cohoused for 3 weeks prior to tumor inoculation. (F)
Number of IFN-γ spots/106 splenocytes in tumor-bearing JAX and TAC mice cohoused for
3 weeks prior to tumor inoculation. (G) Mean IFN-γ spot size (10-3 mm2). (H) Percentage
of SIY+ T cells of total CD8+ T cells within the tumor of JAX and TAC mice cohoused
for 3 weeks prior to tumor inoculation. Data show mean +/- SEM combined from six in-
dependent experiments, analyzed by two-way analysis of variance (ANOVA) with Sidaks
correction for multiple comparisons [(A) and (E)], or individual mice with mean +/- SEM
combined from four [(B), (C), (F), (G)] or three [(D) and (H)] independent experiments,
analyzed by Students t test; 5 mice per group per experiment; **P < 0.01, ****P < 0.0001,
NS, not significant.
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Figure 3.2: Schematic of prophylactic fecal transfer. Fecal pellets collected from JAX
and TAC mice upon arrival in our facility were resuspended in PBS, homogenized and the
suspension was introduced by oral gavage into either JAX or TAC recipients as shown, once
a week for two weeks prior to B16.SIY tumor inoculation.

3.3 Oral administration of JAX fecal material to TAC mice

enhances spontaneous anti-tumor immunity and response to

αPD-L1 mAb therapy

To directly test the role of commensal bacteria in regulating anti-tumor immunity, we trans-

ferred JAX fecal suspensions or TAC fecal suspensions into TAC and JAX recipients by oral

gavage prior to tumor implantation (Figure 3.2). Strikingly, we found that prophylactic

transfer of JAX fecal material into TAC recipients was sufficient to delay tumor growth

(Figure 3.3A) and to enhance induction and infiltration of tumor-specific CD8+ T cells

(Figure 3.3B-D), supporting a microbe- or microbial product-derived effect. Importantly,
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Figure 3.3: Oral administration of JAX fecal material to TAC mice enhances
spontaneous anti-tumor immunity. (A) B16.SIY tumor growth in newly arrived TAC
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tumor implantation. (B) Number of IFN-γ spots x mean spot size (10-3 mm2), determined
by ELISPOT 7 days following tumor inoculation. (C) Percentage of SIY+ CD8+ T cells
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(A), 21 days post-tumor inoculation. Representative plots (left), quantification (right). Data
show mean +/- SEM analyzed by two-way ANOVA with Dunnetts correction for multiple
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the effects of housing the mice in the University of Chicago vivarium alone did not result

in altered tumor growth or tumor-specific immune responses (Figure 3.3A-D). Reciprocal

transfer of TAC fecal material into JAX recipients had a minimal effect on tumor growth

rate (Figure 3.3A), and anti-tumor T cell responses (Figure 3.3B-D), consistent with

the JAX-dominant effects observed upon co-housing.

To test whether manipulation of the microbial community could be effective as a ther-

apy, we utilized TAC mice bearing established tumors and administered JAX fecal material

alone or in combination with αPD-L1. Transfer of JAX fecal material alone resulted in

significantly slower tumor growth (Figure 3.4A), accompanied by increased tumor-specific

T cell responses (Figure 3.4B) and infiltration of antigen-specific T cells into the tumor

(Figure 3.4C), to the same degree as treatment with systemic αPD-L1 mAb. Combination

treatment with both JAX fecal transfer and αPD-L1 mAb dramatically improved tumor con-

trol (Figure 3.4A) and circulating tumor antigen-specific T cell responses (Figure 3.4B),

while there was little additive effect on accumulation of activated T cells within the tumor

microenvironment, with all treatments achieving high frequencies of antigen-specific T cell

infiltration by three weeks post tumor implantation (Figure 3.4C). Given these results, we

hypothesized that JAX mice, which harbor the protective microbes, would respond better

to αPD-L1 therapy alone as compared to TAC mice. Indeed, αPD-L1 therapy alone was

significantly more efficacious in JAX mice compared to TAC mice (Figure 3.4D), which

paralleled improved anti-tumor T cell responses (Figure 3.4E). These data indicate that

the commensal microbial composition can influence spontaneous anti-tumor immunity as

well as response to immunotherapy with αPD-L1 mAb.
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CHAPTER 4

MECHANISMS OF COMMENSAL-REGULATED

ANTI-TUMOR IMMUNITY

4.1 Direct administration of Bifidobacterium to TAC recipients

with established tumors improves tumor-specific immunity

and response to αPD-L1 mAb therapy

To identify specific bacteria associated with improved anti-tumor immune responses, we

monitored the fecal bacterial content over time of mice that were subjected to administra-

tion of fecal permutations, using the 16S ribosomal RNA (rRNA) miSeq Illumina platform.

Principal coordinate analysis revealed that fecal samples analyzed from TAC mice that re-

ceived JAX fecal material gradually separated from samples obtained from sham-inoculated

TAC mice as well as TAC-inoculated TAC mice over time and became remarkably similar

to samples obtained from sham-inoculated JAX mice as well as JAX-fed JAX mice (Figure

4.1A). Analysis of similarity confirmed that TAC mice fed with JAX fecal material harbored

significantly different microbes from those characterizing sham-inoculated or TAC-inoculated

TAC mice (p=0.001 and p=0.003, ANOSIM, respectively), whereas TAC-inoculated TAC

mice did not change in community diversity relative to sham-inoculated TAC mice (p=0.4,

ANOSIM). Reciprocal transfer of TAC fecal material into JAX hosts resulted in a statis-

tically significant change in community diversity (p=0.003, ANOSIM), yet the amplitude

(distance) of the microbial shift was smaller (Figure 4.1A).

Comparative analysis of specific bacterial taxa showed that 257 taxa were of significantly

different relative abundance in newly arrived JAX mice relative to newly arrived TAC mice

(FDR<0.05, non parametric t-test) (Figure 4.1B), 284 taxa were of significantly different

relative abundance in JAX-fed TAC mice relative to sham-inoculated TAC mice (FDR<0.05,
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Figure 4.1: 16S rRNA sequencing reveals Bifidobacterium as associated with im-
proved anti-tumor immunity. (A) Principal coordinate analysis plot of bacterial
β-diversity over time in groups treated as in Figure 3.3A, each group is comprised of at least
two cages, 3-4 mice per cage; data represent three independent experiments; **P < 0.01,
***P < 0.001 (ANOSIM). (B) Phylogenetic analysis of taxa that are of significantly different
abundance in newly arrived JAX vs TAC mice FDR<0.05 (non-parametric t test); bars rep-
resent log-transformed fold changes, inner circle=log10(10); middle circle=log10(100); outer
circle=log10(1000). (C) Heatmap demonstrating relative abundance over time of signifi-
cantly altered genus-level taxa in JAX-fed TAC mice FDR<0.05 (non-parametric t test);
columns depict individual mice; each timepoint shows mice from two separate cages, 3-4
mice per cage. (D) Correlation plot of relative abundance of Bifidobacterium OTU 681370
in fecal material obtained from groups as in (A) on day 14 post arrival and frequency of
SIY+ CD8+ T cells in tumor; p=1.4x10-5, FDR=0.0002, R2=0.86 (univariate regression).
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non parametric t-test), and 254 taxa were of significantly different relative abundance in

JAX-fed TAC mice relative to TAC-inoculated TAC mice (FDR<0.05, non parametric t-

test) (Table S1). Members belonging to several taxonomic groups overlapped between

these comparisons (Figure 4.1C and Table S2). Among the significantly altered groups,

Bifidobacterium spp., Bacteroidales families Rikenellaceae and S24-7, Clostridiales member

Anaerostipes spp. and unclassified taxa from the class Mollicutes showed the highest increases

in abundance in JAX-fed TAC mice. Among the taxa that decreased with administration

of JAX feces were Mucispirillum spp. of the order Deferribacterales, Peptostreptococcace,

Anaerotruncus spp. and Blautia spp. of the order Clostridiales, Coprobacillus spp. of the

order Erysipelotrichales and the Bacteroidales Dysgonomonas spp.

To glean further insight into possible functional roles among altered bacterial taxa, we

asked which genus-level taxa were significantly associated with accumulation of activated

antigen-specific T cells within the tumor microenvironment across all permutations (see Fig-

ure 3.3D). The only significant association was Bifidobacterium (p=5.7x10-5, FDR=0.0019,

univariate regression) (Table S3), which showed a positive association with anti-tumor T

cell responses and increased in relative abundance over 400-fold in JAX-fed TAC mice over

the course of 14 days (Figure 4.1C). Stimulatory interactions between bifidobacteria and

the host immune system, including those supporting IFN-γ-associated immune responses,

have been described previously [24, 68, 82, 91]. Given this broad statistical association and

support from other studies, we hypothesized that members of this genus could represent a

major component of the beneficial anti-tumor immune effects observed in JAX mice.

At the sequence level, operational taxonomic unit OTU 681370 belonging to the Bifi-

dobacterium genus showed the largest increase in relative abundance in JAX-fed TAC mice

(Table S1) and was the top significantly associated taxon with the anti-tumor T cell re-

sponse across all permutations (p=1.4x10-5, FDR=0.0002, R2=0.86, univariate regression)

(Table S3). Relative abundance of OTU 681370 essentially mirrored the pattern of in-
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filtration of activated antigen-specific T cells into the tumor microenvironment across all

permutations (Figure 4.1D). To further characterize this taxon we blasted the V4-V5 16S

rRNA sequence of OTU 681370 using NCBI Microbial Genomes Blast and found that it was

most similar to B. breve, B. longum and B. adolescentis (99% identity).

To test whether Bifidobacterium spp. may be sufficient to augment protective immunity

against tumors, we obtained a commercially available cocktail of Bifidobacterium species,

which included both B. breve and B. longum and administered this by oral gavage, alone

or in combination with αPD-L1, to TAC recipients bearing 7-day established tumors. 16S

rRNA sequencing of fecal material collected from TAC mice 7 days following Bifidobacterium

inoculation showed that the most significant increase in relative abundance occurred in the

Bifidobacterium genus (p=0.0009, FDR=0.015, non parametric t-test), with a 120- fold

increase in OTU 681370 (Figure 4.2A and Table S4), suggesting that the commercial

inoculum contained bacteria that were at least 97% identical to the taxon identified in JAX

and JAX-fed TAC mice. A marked increase in Bifidobacterium could also be detected by

qPCR using Bifidobacterium genus-specific primers (Figure 4.2B).

Bifidobacterium-treated mice displayed significantly improved tumor control in compar-

ison to non-Bifidobacterium treated counterparts (Figure 4.2C), which was accompanied

by robust induction of tumor-specific T cells in the periphery (Figure 4.2D) and markedly

increased accumulation of antigen-specific CD8+ T cells within the tumor (Figure 4.2E).

TAC mice challenged with tumor six weeks following oral administration of Bifidobacterium

maintained increased levels of Bifidobacterium in their feces relative to untreated TAC mice,

as well as the ability to significantly delay tumor outgrowth (Figure 4.3A), suggesting that

the effects of Bifidobacterium inoculation are durable for several weeks. The therapeutic

effect of Bifidobacterium feeding was completely abrogated in CD8-depleted mice (Figure

4.3B), arguing that the mechanism was not direct but rather through host anti-tumor T cell

responses. Heat inactivation of the bacteria prior to oral administration also abrogated the

37



7 10 14 17 20 22 25
0

1000

2000

3000

4000

Day post injection

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Untreated
BIF

****

αPD-L1
BIF+αPD-L1

****

Untr
ea

ted BIF

αP
D-L1

0

10

20

30

%
SI

Y+  o
f C

D8
+  T

 ce
lls

* *
Untr

ea
ted BIF

αP
D-L1

BIF+α
PD-L1

0

2000

4000

6000

8000

10000

12000

#I
FN

-γ 
 s

po
ts

*M
ea

n 
sp

ot
 s

ize ***

*

BIF+α
PD-L1

C D

E

0 102 103 104 105

0
102

103

104

105 2.55

0 102 103 104 105

0
102

103

104

105 14.1

0 102 103 104 105

0
102

103

104

105 0.57

0 102 103 104 105

0
102

103

104

105 0.34

CD44

Gated on CD8+

Control ControlSIY SIY
Untreated Bifidobacterium

Pe
nt

am
er

TAC

TAC +B
IF

0.000

0.001

0.002

0.003

0.004

0.005

Re
la

tiv
e 

ab
un

da
nc

e

***

TAC

Sha
m-in

oc
 TAC

TAC +T
AC fe

ce
s

JA
X

TAC +J
AX Fec

es

TAC +B
IF

1

10

100

1000

10000

100000

C
op

ie
s 

of
 B

ifi
do

ba
ct

er
iu

m
16

s/
ng

 D
N

A

A B
***

***
**

Figure 4.2: Direct administration of Bifidobacterium to TAC recipients with es-
tablished tumors improves tumor-specific immunity and response to αPD-L1
mAb therapy. (A) Relative abundance of Bifidobacterium OTU 681370 in fecal material
obtained from TAC mice inoculated with commercial Bifidobacterium species. (B) Bifi-
dobacterium levels in fecal material obtained from groups as shown, assessed by qPCR. (C)
B16.SIY tumor growth in TAC mice, untreated or treated with Bifidobacterium 7 and 14
days post tumor implantation, αPD-L1 mAb 7, 10, 13 and 16 days post tumor implantation,
or both regimens. (D) IFN-γ ELISPOT, 5 days after start of treatment. (E) Percentage
of tumor-infiltrating SIY+ CD8+ T cells, 14 days after start of treatment. Representative
plots (left), quantification (right). Data show mean +/- SD (A) or SEM (C), analyzed by
non-parametric t-test (A) or two-way ANOVA with Tukeys correction (C); or individual
mice with mean +/- SEM analyzed by non-parametric t-test (B) or one-way ANOVA with
Holm-Sidak correction [(D) and (E)], and are combined from two independent experiments;
5 mice per group per experiment, *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001.
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Figure 4.3: Bifidobacterium-mediated effects are durable and require CD8+ T
cells as well as live bacteria. (A) B16.SIY tumor growth in TAC mice, untreated or
inoculated with Bifidobacterium 6 weeks prior to tumor implantation (top); Bifidobacterium
levels in TAC mice 3 weeks post Bifidobacterium administration, assessed by qPCR (bot-
tom). (B) B16.SIY tumor growth for isotype-treated (left) or CD8-depleted (right) groups
as in Figure 4.2C. (C) Number of colony forming units (CFU) of live and heat inactivated
bifidobacteria, plated in RCM agar following serial dilution in reduced PBS and incubated
in an anaerobic chamber for 72 hours. Bars represent 2 replicate plates of each dilution.
(D) B16.SIY tumor growth kinetics in TAC mice, untreated or treated with live Bifidobac-
terium, heat inactivated Bifidobacterium or JAX fecal material 7 and 14 days post tumor
implantation. (E) Percentage of tumor-infiltrating SIY+ T cells of total CD8+ T cells for
treatment groups as in D, determined by flow cytometry 14 days after start of treatment.
Data show mean +/- SEM analyzed by two-way ANOVA with Sidak’s (A), Tukeys (B) or
Dunnetts (D) correction for multiple comparisons; or individual mice with mean +/- SEM
analyzed by one-way ANOVA with Holm-Sidak correction for multiple comparisons (E); n
= 5-15 mice per group; **P < 0.01, ****P < 0.0001, NS, not significant.
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therapeutic effect on tumor growth and reduced tumor-specific T cell responses to baseline

(Figure 4.3C-E), suggesting that the anti-tumor effect requires live bacteria.

As an alternative strategy, we tested the therapeutic effect of B. breve and B. longum

strains obtained from the ATCC, which also showed significantly improved tumor con-

trol (Figure 4.4A). Administration of Bifidobacterium to TAC mice inoculated with B16

parental tumor cells or MB49 bladder cancer cells also resulted in delayed tumor outgrowth

(Figure 4.4B-C). Oral administration of Lactobacillus murinus to TAC mice, which was

not among the overrepresented taxa in JAX-fed mice, had no effect on tumor growth (Figure

4.4D) nor on tumor-specific T cell responses (Figure 4.4E), suggesting that modulation

of commensal bacterial communities through introduction of new bacteria in itself does not

induce immunity to tumors, but rather immunity depends on the specific bacteria adminis-

tered. Collectively, these data point to Bifidobacterium as a positive regulator of anti-tumor

immunity in vivo.

4.2 Dendritic cells isolated from JAX and Bifidobacterium-fed

TAC mice show increased expression of genes associated

with antitumor immunity and heightened capability for T

cell activation

To probe whether Bifidobacterium could be exerting its effects through modulation of the

abundance of other bacteria, we compared taxa that showed significant changes in abun-

dance in JAX-treated and Bifidobacterium-treated TAC mice (Table S2 and Table S4). 16S

rRNA sequencing of fecal material collected from TAC mice 7 days following Bifidobacterium

inoculation showed a significant shift in microbial diversity (ANOSIM, p=0.003). However,

relatively few changes were observed beyond the increase in Bifidobacterium (Figure 4.5A),

and they largely did not parallel the changes observed with JAX-feces administration. We
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Figure 4.4: Anti-tumor effects are specific to Bifidobacterium and are observed
with other tumor cell types. (A) B16.SIY tumor growth kinetics in TAC mice, untreated
or treated with ATCC-derived B. breve or B. longum. (B) B16.F10 tumor growth kinetics in
TAC mice, untreated or treated with Bifidobacterium 7 and 14 days post tumor implantation.
(C) MB49 tumor growth kinetics in TAC mice, untreated or treated with Bifidobacterium
7 and 14 days post tumor implantation. (D) B16.SIY tumor growth kinetics in TAC mice,
untreated or treated with Lactobacillus murinus or JAX fecal material 7 and 14 days post
tumor implantation. (E) Percentage of tumor-infiltrating SIY+ T cells of total CD8+ T
cells for treatment groups as in (D), determined by flow cytometry 18 days after start of
treatment. Data show mean +/- SEM [(A) - (D)] or individual mice with mean +/- SEM
(E), analyzed by two-way ANOVA with Dunnetts [(A), (D)] or Sidaks correction [(B), (C)],
or one-way ANOVA with Holm-Sidak correction for multiple comparisons (E); n = 5-10 mice
per group; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS, not significant.
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observed modest reductions (≈2 to ≈10 fold) in members of the order Clostridiales as well

as in butyrate-producing Butyricimonas spp. upon Bifidobacterium inoculation, which could

point to an inhibitory effect on the Treg cell compartment [4, 5]. However, we did not observe

any difference in the frequency of CD4+ Tregs in tumors isolated from JAX and TAC mice

(Figure 4.5B). Furthermore, JAX feces conferred benefit even in the presence of butyrate-

producing bacteria such as Anaerostipes spp. and Butyrivibrio spp., which increased with

JAX-feces inoculation (Figure 4.1C and Table S2). Notably, Bifidobacterium adminis-

tration did not significantly increase JAX-characteristic taxonomic groups. Thus, while we

cannot definitively rule out an indirect effect of Bifidobacterium administration, it is unlikely

that Bifidobacterium is exerting its effects primarily through modulation of the abundance

of other bacteria.

To better understand how Bifidobacterium may be mediating the observed systemic ef-

fects, we assessed whether translocation of Bifidobacterium was occurring into the mesen-

teric lymph nodes, spleen or tumor. No Bifidobacterium was detected in any of the organs

isolated from Bifidobacterium-gavaged tumor-bearing mice, although we could detect Bifi-

dobacterium by qPCR when cell suspensions were spiked with as few as ten bacterial cells

(Figure 4.5C). We thus concluded that the observed systemic immunological effects are

likely occurring independently of bacterial translocation.

To interrogate immunologic mechanisms underlying the observed differences in T cell

responses between TAC, JAX, and Bifidobacterium-treated TAC mice, we transferred CFSE-

labeled SIY-specific 2C TCR Tg T cells into tumor-bearing mice and tested their proliferation

and acquisition of IFN-γ production ex vivo (Figure 4.6A). CD8+ SIY-specific 2C TCR Tg

T cells exposed to tumors in JAX and Bifidobacterium- treated TAC mice exhibited modest

but statistically significant greater expansion in the tumor-draining lymph node as compared

to their counterparts in TAC mice (Figure 4.6B). However, they produced markedly greater

IFN-γ in both the tumor draining lymph node and the spleen of JAX and Bifidobacterium-fed
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Figure 4.6: Functional analysis of adoptively transferred antigen-specific T cells
points to an effect at the level of host dendritic cells. (A) Schematic of in vivo
2C proliferation assays. Intracellular IFN-γ production and CFSE dilution were assessed
in gated CD45.1+/.2+ CD8+ 2C T cells by flow cytometry; TDLN=tumor-draining lymph
node. (B) Representative CFSE dilution assessed in gated CD45.1+/.2+ 2C T cells by flow
cytometry (left) and quantification (right). (C) IFN-γ MFI (mean fluorescence intensity) of
2C CD8+ T cells in the tumor-draining lymph node (left) and spleen (right) of TAC, JAX,
Bifidobacterium-fed TAC mice on day 7 post adoptive transfer. (D) Percentage of MHC
Class IIhi DCs in tumors isolated from TAC, JAX, and Bifidobacterium-fed TAC mice 40
hours post tumor implantation as assessed by flow cytometry. Data show individual mice
with mean +/- SEM, analyzed by one-way ANOVA with Holm-Sidak correction; representa-
tive of two to four independent experiments, 8-9 mice per group per experiment, *P < 0.05,
**P < 0.01, ****P < 0.0001. 44



TAC tumor-bearing mice (Figure 4.6C), consistent with our analyses of the endogenous

T cell response (Figures 3.1C, 3.3B, 3.4A and 4.2D). These data suggested that signals

upstream of T cells in the JAX and Bifidobacterium-treated TAC environment enhanced

acquisition of T cell effector function, pointing to an improvement in immune responses at

the level of host dendritic cells (DCs). Consistent with this hypothesis, we found an increased

percentage of MHC Class IIhi DCs in the tumors of JAX and Bifidobacterium-treated TAC

mice (Figure 4.6D).

We therefore employed genome-wide transcriptional profiling of early tumor-infiltrating

DCs isolated from TAC, JAX and Bifidobacterium-treated TAC mice (Figure 4.7A and

Table S5). In total, there were 760 gene transcripts upregulated by ≈1.5-fold in both

JAX and Bifidobacterium-treated TAC-derived DCs relative to DCs from untreated TAC

mice. Pathway analysis identified cytokine-cytokine receptor interaction, T cell activation,

and positive regulation of mononuclear cell proliferation as significantly enriched pathways

among upregulated genes (Figure 4.7B-C). Importantly, many of these genes have been

shown to be critical for anti-tumor responses including those involved in CD8+ T cell activa-

tion and costimulation (H2-m2 (MHC-I), Cd40, Cd70, Icam1 )) [6, 85, 114], DC maturation

(Relb, Ifngr2 ) [101, 102], antigen processing and cross presentation (Tapbp, Rab27a, Slc11a1 )

[18, 59, 126], chemokine-mediated recruitment of immune cells to the tumor microenviron-

ment (Cxcl9, Cx3cl1, Cxcr4 ) [63, 96, 140] and type I IFN signaling (Irf1, Ifnar2, Oas2,

Ifi35, Ifitm1 ) [33, 137] (Figure 4.8A). Up-regulation of these genes, as well as additional

genes that showed an upward trend by gene expression profiling including Cd86, Ccr7, Ccl3

and Ifn-β, was validated by qRT-PCR (Figure 4.8B). Expression of these genes was also

increased in murine bone marrow-derived DCs stimulated with Bifidobacterium in vitro (Ta-

ble S6), consistent with previous reports that these species of Bifidobacterium can directly

elicit DC maturation and cytokine production [82].

To test whether functional differences in DCs isolated from TAC, JAX and Bifidobac-
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Figure 4.8: Dendritic cells isolated from tumors of JAX and Bifidobacterium-fed
TAC mice show increased expression of key genes associated with antitumor
immunity. (A) Heat map of key antitumor immunity genes in DCs isolated from JAX,
Bifidobacterium-treated TAC or untreated TAC mice; Mean fold-change for each gene tran-
script is shown on the right. (B) qRT-PCR validation of genes identified by microarray gene
expression profiling as in (A). Analyses were performed on data combined from two to three
independent experiments, 5 mice pooled per group per experiment; Data in (B) show mean
+/-SEM, and were analyzed by students t-test; *FDR<0.5.
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terium-treated TAC mice could be sufficient to explain the differences in T cell priming

observed in vivo, we purified DCs from peripheral lymphoid tissues of naive TAC, JAX,

and Bifidobacterium-treated TAC mice and tested their ability to induce CFSE-labeled

CD8+ SIY-specific 2C TCR Tg T cell proliferation and acquisition of IFN-γ production

in vitro. DCs purified from naive JAX and Bifidobacterium-treated TAC mice induced 2C T

cell proliferation at lower antigen concentration compared to DCs purified from naive TAC

mice (Figure 4.9A). Furthermore, at all antigen concentrations, JAX-derived DCs elicited

markedly elevated levels of T cell IFN-γ production, and this heightened APC ability could

be conferred to TAC mice upon oral administration of Bifidobacterium prior to DC isolation

(Figure 4.9B). Taken together, these data suggest that commensal Bifidobacterium-derived

signals modulate the activation of innate antigen-presenting cells in the steady state, which

in turn supports improved effector function of tumor-specific CD8+ T cells.

4.3 Discussion

Our studies demonstrate an unexpected role for commensal Bifidobacterium in enhancing

anti-tumor immunity in vivo . Given that beneficial effects are observed in multiple tumor

settings, and that alteration of innate immune function is observed, this improved anti-

tumor immunity appears to occurring in an antigen-independent fashion. The necessity for

live bacteria may imply that Bifidobacterium colonizes a specific compartment within the gut

that enables it to interact with host cells that are critical for modulating DC function, that

either migrate to influence DCs through cell-cell contact or act through release of soluble

factors that disseminate systemically (Figure 4.10). It is also possible that Bifidobacterium

itself releases soluble factors that disseminate systemically leading to improved DC function

(Figure 4.10).

Our results do not rule out a potential contribution of other commensal bacteria species

in having the capability to regulate anti-tumor immunity, either positively or negatively. Our
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Figure 4.9: Dendritic cells isolated from tumors of JAX and Bifidobacterium-fed
TAC mice show heightened capability for CD8+ T cell activation. (A) Representa-
tive flow plots (left) of CFSE dilution and IFN-γ production in 2C CD8+ T cells stimulated
in vitro with DCs purified from naive TAC, JAX and Bifidobacterium-treated TAC mice in
the presence of different concentrations of SIY peptide as shown; Percentage of 2C CD8+

T cells with undiluted CFSE (right). (B) Quantification of IFN-γ+ 2C TCR Tg CD8+ T
cells stimulated in vitro with DCs as in (A). Data are combined from two independent ex-
periments, 5 mice pooled per group per experiment, and show technical replicates of pooled
samples from each experiment separately; analyzed by fitting a linear mixed model, with
Bonferroni correction for multiple comparisons; *P < 0.05, **P < 0.01, ****P < 0.0001.
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data support the idea that one source of inter-subject heterogeneity with regard to sponta-

neous anti-tumor immunity and therapeutic effects of antibodies targeting the PD-1/PD-L1

axis may be the specific composition of gut microbes, which could be manipulated for ther-

apeutic benefit. These principles could apply to other immunotherapies such as antibodies

targeting the CTLA-4 pathway, a subject of current investigation. Similar analyses can be

performed in humans using 16S rRNA sequencing of stool samples from patients receiving

checkpoint blockade or other immunotherapies, to identify commensals associated with clin-

ical benefit. It is therefore conceivable that clinical activity of these agents might similarly

be improved through rational modulation of the commensal microbiota.
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CHAPTER 5

DISCUSSION

5.1 Commensal-mediated calibration of DCs

Innate immune cells have largely been perceived as ready for optimal activity upon encoun-

tering activating stimuli. DCs undergo maturation and activation leading to induction of

gene expression programs required for effective priming of adaptive immunity. Our data sug-

gest that the ability of DCs to undergo these changes and mount effector T cell responses is

in fact modulated by signals derived from specific components of the commensal microbiota.

These data are consistent with previous studies showing alteration of innate immune cell

gene expression and function in response to commensal-derived signals, with implications

for adaptive immune responses [1, 39].

The idea that maintenance of a basal state of activation in a particular cell population

promotes responsiveness to secondary stimuli is supported by other studies. For example,

mathematical modeling in yeast cells shows that a system with basal signaling exhibits higher

efficiency, with faster response times and higher sensitivity to variations in external signals,

than would systems without basal signaling [84]. In immunological systems, it has been

demonstrated that induction of a basal activation level in T cells is required for responsiveness

to subsequent encounters with foreign antigens. This basal activation is provided by self-

recognition of self peptide-MHC complexes present on DCs and in some cases stromal cells.

Following DC depletion in mice, it has been reported that T cells became impaired in TCR

signaling and immune synapse formation, and consequently were hyporesponsive to antigen

[51]. Collectively, data from our study and others introduce the idea that like T cells,

responsiveness of DCs to stimuli, such as viral infection and tumor challenge, may also be

enhanced through maintenance of a basal activation state, provided in part by commensal

bacteria. This is supported by our observation that DCs isolated from naive TAC, JAX and
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Bifidobacterium-fed mice already exhibit differences in the capability to prime T cells.

Maintenance of basal activation could be achieved through bacterial-mediated epigenetic

modification in DCs, as has been reported previously in other model systems [39]. Addi-

tional study is necessary, but it is tempting to speculate that DCs isolated from naive JAX

and Bifidobacterium-fed TAC mice exhibit changes in histone acetylation or methylation in

regions of key genes that are important for mounting adaptive anti-tumor responses. These

may include genes that were found to be differentially expressed in our study, such as MHC

Class I, costimulatory markers Cd40, Cd70, Cd80, Cd86, Relb (a critical regulator of DC

maturation), the chemokines Cxcl9 and Cxcl10, antigen-processing machinery such as the

Tap genes, and type I IFN-associated transcripts.

An important family of genes that showed increased induction in tumor-infiltrating DCs

of JAX and Bifidobacterium-fed mice was the type I IFN-associated genes. Type I IFN sig-

naling in CD11c+ DCs has been shown to lead to accumulation of Batf3-lineage DCs within

the tumor microenvironment, which then cross-present tumor-associated antigens to CD8+

T cells [33]. Interestingly, we also found an increased frequency of Batf3-lineage CD11b-

CD103+ DCs in early tumors isolated from JAX and Bifidobacterium-treated mice (unpub-

lished data), potentially contributing to the augmented CD8+ T cell responses observed in

these mice.

5.2 Linking the gut to systemic immunity

It was unexpected that a specific member of the commensal microbiota had such a robust

effect on the function of immune cells residing in extra-intestinal lymphoid organs. Evi-

dence for precise mechanisms that link commensal-host crosstalk in the gut and long-range

regulation of extra-intestinal immune responses is lacking. However, some examples ex-

ist and it is possible to speculate about potential mechanistic connections. Our results have

ruled out bacterial dissemination to peripheral organs, including the tumor, whether through
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hematogenous or lymphatic spread or within host cells. Adoptive T cell transfer experiments

and analyses of DCs within the tumor and peripheral lymphoid organs point to a functional

effect at the level of host DCs. These results suggest that T cell trafficking from the gut

cannot explain the observed effects in innate immune cells at extra-intestinal sites. Thus, the

necessity for live bacteria may imply that Bifidobacterium colonizes a specific compartment

within the gut that enables it to interact with host cells that are critical for modulating

DC function, that either migrate to influence DCs through cell-cell contact or act through

release of soluble factors that disseminate systemically. It is also possible that DCs (or

DC precursors) are altered within the intestinal mucosa and migrate to peripheral sites, or

that Bifidobacterium itself releases soluble factors that disseminate systemically leading to

improved DC function (see [17]). Future studies will be required to unveil the precise in-

teractions between gut commensals, including Bifidobacterium, and host cells that lead to

poising of DCs for optimal T cell priming in extra-intestinal lymphoid organs.

5.3 Bifidobacterium, molecular cues, and effects on immunity

Bifidobacterium spp., belonging to the phylum Actinobacteria, form a dominant fraction

of the human gastrointestinal microbiota, particularly in infants. They comprise approx-

imately 30 distinct species, and are Gram-positive, anaerobic or microaerophilic bacteria

that can break down oligosaccharides in the large intestine to produce acetate and lactate.

Bifidobacteria have been associated with health benefits, and are commercially available as

probiotics. Members belonging to the Bifidobacterium genus have widely been associated

with correcting Th1/Th2 imbalances. For example, they have been shown to favor the de-

velopment of Th1 responses by increasing the local and systemic expression of IFN-γ in vivo

[24, 91], and decreases in abundance of bifidobacteria are associated with development of

atopy in humans [64]. Consistent with our results, oral administration of B. longum resulted

in increased levels of the immune-stimulatory cytokines IFN-γ, IL-2, IL-12 and IL-18 in the
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lungs of influenza-infected mice, leading to enhanced NK priming and function [68]. Further-

more, Bifidobacterium species, including B. longum and B. breve, are capable of inducing

DC maturation directly, as evidenced by upregulation of CD40, CD80 and CD86, as well as

production of Th1-associated cytokines [82].

The precise molecular interactions between Bifidobacterium and host cells remain an open

question. Given that beneficial effects in our study are observed in multiple tumor settings,

and that alteration of innate immune function is observed, the effects appear to occur in an

antigen-independent fashion. Therefore, Bifidobacterium likely acts as an adjuvant for DCs,

priming them for enhanced function. Candidate molecules serving as stimulatory adjuvants

include CpG DNA, which can activate TLR9 in host cells, and as yet undefined cell-wall

components. Bifidobacterial DNA is characterized by a high frequency of CpG motifs [92],

which has also been associated with stimulation of macrophages in vitro [81]. In addi-

tion, intraperitoneal administration of cell wall preparations derived from Bifidobacterium

to sarcoma-bearing mice resulted in delayed tumor outgrowth through an immune-mediated

mechanism [117], pointing to a potential adjuvant effect of Bifidobacterium cell wall com-

ponents. Future studies will need to address the molecular crosstalk between commensal

Bifidobacterium and host cells, leading to immunologic modulation.

5.4 Other commensal bacteria and anti-tumor immunity

Our results do not rule out a potential contribution of other commensal bacteria species

in having the capability to regulate anti-tumor immunity, either positively or negatively.

Our results indicate that other bacterial groups such as members of the Rikenellaceae and

Ruminococcaceae families may also play a role. Interestingly, both of these taxonomic groups

were found to be associated with TNF production and efficacious tumor responses to CpG-

ODN treatment [56].

The use of genetically similar mice derived from different facilities, initiated by seminal
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work from the Littman group [57], is a unique and rich source of information on how spe-

cific components of commensal bacteria may influence host immunity. This model allows

for the study of inter-individual heterogeneity in microbial composition, as observed in hu-

mans, with the advantage of utilizing normally developed immune-competent hosts, where

germ-free and antibiotic-treated animal models often fall short. The possibility to compare

gut composition in animals derived from additional vendors and expand on our findings is

compelling. In fact, we have observed that mice obtained from Harlan laboratories show dra-

matically weaker anti-tumor responses when compared to several other vendors (unpublished

data), pointing to potential inhibitory bacteria present in these mice. Further characteriza-

tion and identification of commensal bacteria that impact on anti-tumor immunity will be

an important goal of future studies.

5.5 Therapeutic use of intestinal microbes or their products

Alteration of the gut microbiota in humans via fecal transplants of stool from healthy donors

has been effective in case studies [71] and clinical trials [132] of refractory C. difficile infection,

and is becoming the standard of care for this condition. While fecal transplantation has

established a proof of principle for the feasibility of manipulating human microbiota as a

therapeutic strategy, treatment with specific microorganisms is more desirable for medical

purposes. Therefore, future studies should aim to unveil specific bacteria and bacterial

products associated with anti-tumor responses and immunotherapeutic efficacy, with the

goal of applying these findings to the clinic.

Our data support the idea that one source of inter-subject heterogeneity with regard

to spontaneous anti-tumor immunity and therapeutic effects of immunotherapies, such as

antibodies targeting the PD-1/PD-L1 axis, may be the specific composition of gut microbes,

which could be manipulated for clinical benefit. Similar analyses can be performed in humans

using 16S rRNA sequencing of stool samples from patients receiving checkpoint blockade or
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other immunotherapies, to identify commensals associated with clinical benefit. It is there-

fore conceivable that clinical activity of these agents might similarly be improved through

rational modulation of the commensal microbiota.
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