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Cancer research has seen unprecedented advances over the past several years, with 
tremendous insights gained into mechanisms of response and resistance to cancer ther-
apy. Central to this has been our understanding of crosstalk between the tumor and the 
microenvironment, with the recognition that complex interactions exist between tumor 
cells, stromal cells, overall host immunity, and the environment surrounding the host. This 
is perhaps best exemplified in cancer immunotherapy, where numerous studies across 
cancer types have illuminated our understanding of the genomic and immune factors that 
shape responses to therapy. In addition to their individual contributions, it is now clear 
that there is a complex interplay between genomic/epigenomic alterations and tumor 
immune responses that impact cellular plasticity and therapeutic responses. In addition 
to this, it is also now apparent that significant heterogeneity exists within tumors–both 
at the level of genomic mutations as well as tumor immune responses–thus contributing 
to heterogeneous clinical responses. Beyond the tumor microenvironment, overall host 
immunity plays a major role in mediating clinical responses. The gut microbiome plays 
a central role, with recent evidence revealing that the gut microbiome influences the 
overall immune set-point, through diverse effects on local and systemic inflammatory 
processes. Indeed, quantifiable differences in the gut microbiome have been associated 
with disease and treatment outcomes in patients and pre-clinical models, though precise 
mechanisms of microbiome-immune interactions are yet to be elucidated. Complexities 
are discussed herein, with a discussion of each of these variables as they relate to 
treatment response.

Keywords: cancer immunotherapy, biomarkers, heterogeneity, microbiome, cancer genomics, tumor 
microenvironment, systemic immunity

iNTRODUCTiON

Interest in defining factors that influence the outcome of cancer therapy has existed for as long as the 
therapies themselves. Traditionally, a highly tumor-centric focus has dominated, resulting in a now 
well-characterized yet still incomplete view of the complex molecular and cellular tumoral dynamics 
relevant to cancer progression and to treatment response.

Several of these factors, particularly the overall somatic mutational burden of the tumor, have 
gained traction and even potential clinical utility in the prediction of response to immunotherapy, 
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notwithstanding ongoing concerns about their limited accuracy. 
Qualitative genomic characterization of tumors may also be very 
informative, however, information derived from such analyses 
is subject to the limitations imposed by sampling error and het-
erogeneous composition of synchronous tumors in patients with 
multiple metastases. Despite initial enthusiasm, an appreciation 
of the limitations of genomic characterization alone is emerging, 
and a more comprehensive analysis of the multitude of factors 
influencing therapeutic responses is critically needed.

In this mini review, we provide an overview of genomic factors 
implicated in the response to cancer immunotherapy, utilizing 
melanoma as a model “immunogenic” tumor from which the 
majority of empirical evidence derives. We will also discuss 
immune determinants of response and resistance, highlighting 
recent data regarding tumor immune cell co-evolution influ-
enced by immunogenic factors arising from tumor cells, and the 
immunoediting effects of the responding immune infiltrate, both 
of which are impacted by intra- and inter-tumoral heterogene-
ity. In addition to this, we will complement studies of the tumor 
microenvironment to better delineate the crosstalk between 
the tumor microenvironment and overall host immunity with 
the microbiome, as this has been shown to influence outcomes 
ranging from tumor growth and immunity to treatment-related 
response and toxicity. Though discussion of the gut microbiome 
will predominate, we will also describe the potential impact of the 
intra-tumoral microbiome on resistance to cancer therapy, thus 
providing a full discussion of the intersection of tumor genomics, 
immunity, and the microbiome in shaping therapeutic responses, 
as summarized in (Table 1).

TUMOR-SPeCiFiC iNFLUeNCeS ON 
ReSPONSe

Long before the advent of modern genomic technologies, his-
tologic sub-types of cancer were described, with differences in 
response to therapeutic intervention noted across these sub-types. 
This is well illustrated in melanoma, for which several clinico-
pathologic sub-types exist, including superficial spreading, acral, 
desmoplastic, and mucosal melanomas. With the advent of next 
generation sequencing, we have gained tremendous insight into 
the molecular underpinnings of these clinicopathologic obser-
vations and into the mechanisms driving differences between 
tumors themselves. Distinct genomic aberrations frequently 
define histologic sub-types and can confer notable differences in 
therapeutic sensitivity that have major clinical relevance (1, 2). 
Beyond this, other components of the tumor microenvironment 
have been noted to play a major role in therapeutic response and 
resistance, impacting upon tumor visibility and susceptibility 
(Figure 1), as discussed below.

TUMOR iMMUNe “viSiBiLiTY”

In addition to their influence on oncogenic signaling and pro-
liferative potential, genomic mutations present in melanoma 
and other cancers may have a profound impact on anti-tumor 
immunity and can contribute to the “visibility” of a tumor to the 

immune system (3, 4). This is largely shaped by the antigenic 
characteristics of the tumor cells allowing their recognition by the 
immune system, but may be shaped by other influences of these 
oncogenic mutations on the tumor cells themselves as well as the 
microenvironment. This is important, as therapeutic targeting 
of oncogenically activated signaling pathways may alter anti-
tumor immunity. A key example of how genomic alterations may 
impact tumor visibility is illustrated in the case of BRAF-mutant 
melanoma. Early observations demonstrated a link between 
MAPK signaling and the expression of melanoma-associated 
antigens (5, 6), with subsequent data revealing brisk infiltration 
of tumors with T  lymphocytes in the setting of treatment with 
BRAF inhibitor-based therapy (3, 7). Interestingly, inhibition of 
oncoproteins such as BRAF may also be associated with increased 
expression of HLA molecules and heat shock proteins, which can 
further contribute to a tumor’s visibility (8, 9).

More generally, tumor cell immune visibility is fundamentally 
dependent on the presence (or absence) of molecular moieties 
that can be recognized by components of the host immune sys-
tem. Tumor cell self-antigens represent the basis of cognate inter-
actions with cellular elements of the adaptive immune system, 
but have varying degrees of tumor cell specificity. Such antigens 
include differentiation or lineage-specific antigens, aberrantly 
expressed antigens either absent or found at only low levels in 
adult tissues (3), or may be truly tumor cell-specific neoantigens 
derived from the protein products of somatically mutated genes. 
Tumor neoantigens are felt to predominantly mediate effective 
anti-tumor immune responses because neoantigen-reactive 
T cells escape deletion mechanisms during T cell ontogeny, and 
respond to these antigens as “foreign” rather than “self ” (10, 11).  
In addition, epithelial-to-mesenchymal-like (EMT-like) plastic-
ity in melanoma is thought to contribute to functional and 
antigenic variation that has the potential to influence the efficacy 
of immune-based therapies (12). Given the prominent role of 
the lymphocyte response to MAPK blockade in BRAF-mutated 
melanoma, these EMT-like shifts in melanoma cell state may well 
also contribute to BRAF inhibitor resistance at least in part by 
altering melanoma cell visibility via this antigenic shift (13).

Tumor genomics gains specific relevance to immune visibility 
in light of the significance of tumor-specific neoantigens in shap-
ing immune responses. The mutational landscape varies across 
tumor types (14), and is shaped by factors influencing carcino-
genesis such as UV irradiation and smoking (14). Interestingly, 
responses to immunotherapy are positively associated with the 
mutational burden of each particular tumor type, evidenced by 
higher response rates and clinical benefit in tumor types with 
an overall high mutational burden, such as melanoma, non-
small cell lung cancer (NSCLC), clear cell renal cell cancer, and 
genitourinary cancers (14, 15). A recent study of 151 patients 
with predominantly melanoma (34%) or NSCLC (24%), mostly 
treated with anti-CTLA-4, anti-PD-1, or anti-PD-L1 blockade 
therapy, assessed the relationship between tumor mutational 
burden measured by hybrid capture next generation sequencing 
and clinical outcomes. Using pre-defined cut-offs, patients with 
higher tumor mutational burden experienced higher response 
rates and longer progression-free and overall survival than those 
with low to intermediate tumor mutational burden (16). These 

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org/
https://www.frontiersin.org/Immunology/archive


TABLe 1 | Inter-relationships between clinical, genomic, immune, and microbial factors drawn from the patient (systemic), tumor microenvironment (histology), and disease-level domains, with associated influence on 
immunotherapeutic outcomes.

Clinical Genomic immune Microbial Therapeutic

Patient/systemic Age Accumulated mutations Immune senescence May impact treatment decisions

Comorbidities Iatrogenic immunosuppression  
(e.g., steroid use)

Iatrogenic dysbiosis  
(e.g., antibiotic use)

May limit treatment options  
and drug interactions

Performance status May limit treatment options

environmental exposures Carcinogen exposures (e.g., UV  
and tobacco smoke) → DNA 
damage, accumulation of mutations

Microbe-derived genotoxins  
(e.g., pks/colibactin)

Th1/Th17 vs Th2 skewing and effects  
on anti-cancer immunosurveillance

Promotion of Th1/Th17  
responses by gut microbiota 
(e.g., via DAMPs/PAMPs)

Potentially oncogenic but also permissive to 
immunotherapy response

Diet/stress/antibiotic use Immunosuppression Dysbiosis

Permissive effect on anti-cancer  
T cell function

Myeloid priming

Gut microbial diversity  
(alpha diversity)

Associated with immunotherapy response

Regulation of immune tone,  
FoxP3+ Treg maintenance

Microbial metabolites  
(e.g., short-chain fatty acids)

Tumor 
microenvironment/
histology

Cancer type and sub-type Mutational load, specific mutations,  
mutational and multi-“omic”  
signatures (e.g., carcinogen-related)

Affects intrinsic immunogenicity Influenced by exposure  
to local microflora

Expectation of immunotherapy  
outcome markedly influenced by  
cancer histology and sub-type  
(e.g., mucosal vs cutaneous melanomas)

immunohistochemical 
PD-L1  
scoring (note: variable 
antibody performance and 
individualized thresholds for  
clinical interpretation)

Cancer-associated molecular 
pathways influence 
immunoregulatory molecule 
expression

PD-L1 status, expression of additional  
checkpoint receptors/ligands on T cells  
and tumor

Positive predictive value for PD-(L)1  
inhibitor based therapy

Immunohistochemical 
evaluation

Lymphocytic infiltration Enrichment of specific taxa  
in gut microbiome associated  
with CD8+ TIL

Presence of TIL associated  
with better prognosis across  
many cancer types

Presence of immunoregulatory  
or suppressive cell subsets  
(e.g., Treg, MDSC, and TAF/TAM)

Enrichment of specific taxa  
in gut microbiome associated  
with suppressive cell  
populations in the tumor

Poor immunotherapy response unless 
specifically targeted by the  
immunotherapeutic agent

HLA types and diversity Formation of immune synapses,  
neoantigen presentation, need to  
optimally match T cell repertoire

HLA diversity associated with  
improved survival following  
checkpoint blockade therapy

HLA class i loss Immune evasion

Altered antigen presentation  
machinery, EMT-like plasticity (e.g., 
IFN-driven proteasomal alteration)

inflamed microenvironment Influenced by gut microbial  
composition and local/intra- 
tumoral microflora

Differential effects on anti-cancer immunity 
depending on time course (e.g., acute vs 
chronic/persistent inflammation)

(Continued)

3

A
ndrew

s et al.
G

enom
ics, Im

m
unity, M

icrobiota and Im
m

unotherapy

Frontiers in Im
m

unology | w
w

w
.frontiersin.org

M
ay 2018 | Volum

e 9 | A
rticle 946

https://www.frontiersin.org/Immunology/
https://www.frontiersin.org/
https://www.frontiersin.org/Immunology/archive


Clinical Genomic immune Microbial Therapeutic

Defective antigen presentation  
machinery (e.g., JAK2 mutations  
and β2M loss)

Loss of antigen presentation,  
immune evasion

Adaptive mutational/neoantigen 
pruning and immunoediting

T cell repertoire (e.g., clonality,  
neoantigen-specific clones)

Altered transcriptome  
and/or methylation patterns

Locally pro-inflammatory  
microbes

intra-tumoral microbial  
metabolism

In situ degradation of  
chemotherapeutic agents

Disease Stage Mutational load, specific  
mutations, and mutational  
signature (e.g., carcinogen-related)

Progression-related antigenic  
change, clonal selection  
(e.g., under influence of spontaneous  
anti-cancer immunity or prior therapy)

Tumor-induced dysbiosis

Burden of disease Underlying inter-tumoral genomic 
heterogeneity

Tumor-induced dysbiosis May influence fitness for  
treatment, adversely prognostic

Growth characteristics  
(e.g., rate of progression  
and metastatic site tropism)

Driver mutation status  
(e.g., BRAFV600), specific  
methylation and  
copy-number alterations

Immune pathway modulation  
(e.g., by MAPK activation), tumor  
antigen expression (e.g., modulated  
by EMT-like processes)

Methylation and transcriptome  
alterations associated with  
(local) microflora

Aggressive disease, certain  
sites of involvement (e.g., brain)  
adversely prognostic

Associated with some 
clinical characteristics (e.g., 
carcinogen type- and dose-
related and  
lower overall mutational 
burden in presence of clear 
driver  
mutations like BRAFV600)

Total mutational burden Neoantigen repertoire Predictive of response to  
checkpoint blockade  
(monotherapy), unclear relationship  
for combinations at this stage

eMT-like plasticity Evolution of potential tumor antigen  
expression (e.g., melanoma differentiation  
antigens and cancer-testis antigens)

Microbial effects on methylation  
known, potential for dynamic  
epigenomic influences

Drug sensitivity, immune vulnerability

immune exclusion (e.g., β-catenin) Failure of effector immune cell infiltration, 
“immune-desert”

Core concepts are shown in bold. Entries in italics represent speculative interactions.
TAF, tumor-associated fibroblasts; TAM, tumor-associated macrophages; TIL, tumor-infiltrating lymphocytes; Treg, regulatory T cells; DAMP, damage-associated molecular patterns; EMT, epithelial-to-mesenchymal transition; MDSC, 
myeloid-derived suppressor cells; PAMP, pathogen-associated molecular pattern.

TABLe 1 | Continued
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FiGURe 1 | Factors influencing the immune visibility and susceptibility of tumors. Nomogram-conceptualization of the competing influences of tumor immune 
visibility (at left) and the susceptibility of tumor cells to immune attack (at right). Due to underlying intra- and inter-tumoral heterogeneity, distinct tumor cell 
sub-clones or microenvironments (denoted by colored stars) may display a range of visibility and susceptibility characteristics that must be integrated when 
predicting the overall outcome of spontaneous or immunotherapy treatment-induced anti-tumor responses. The initial set-point of immunogenicity is influenced by 
several factors including somatic mutations, antigen expression, and signal pathway activity (top left). The anti-tumor immune set-point is similarly influenced by a 
number of systemic factors such as availability of immune cell populations for recruitment and Th1 skewing (top right). Multiple factors have been implicated as 
dynamic modulators of these visibility and susceptibility states (dashed arrows at sides).
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results were broadly applicable to the sub-group of patients (42% 
of the overall cohort) with non-melanoma/non-NSCLC histolo-
gies. Interestingly, the relationship between higher mutational 
load and better treatment outcomes was not evident for patients 
who received combined anti-CTLA-4 and anti-PD-1 therapy. 
Further supporting the tumor mutational burden-response rela-
tionship are tumors with microsatellite instability and mismatch-
repair deficiency, which demonstrate an increased sensitivity to 
checkpoint blockade likely to be related to an associated increase 
in mutational load and neoantigen burden (17, 18). Indeed, dem-
onstration of microsatellite instability-high or mismatch-repair 
deficient tumors upon biomarker testing forms the basis for the 
first site-agnostic drug approval made by the FDA, for anti-PD-1 
therapy. The practical limitations of measuring tumor mutational 

burden for use as a predictive biomarker before therapy have been 
significantly met by robust estimation of overall mutational load 
using data obtained from targeted next generation sequencing 
technologies that are now relatively widely accessible in the clinic 
(19, 20). In addition, cancer-gene panel mutational profiling 
by liquid biopsy represents a promising alternative mutational 
burden-related methodology for predicting immunotherapy 
response, as reported in an analysis of NSCLC patients enrolled 
in clinical trials of the anti-PD-L1 agent atezolizumab (21).

However, the relevance of a tumor cell’s mutational repertoire 
to immune dynamics is moderated by additional factors that affect 
expression, processing, and intrinsic immunogenicity of any 
putative neoantigen. The complex processes involved in cleaving 
a peptide, loading it onto an MHC molecule, transporting it to 
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the cell surface, and ensuring its stability are essential to induce 
the antigenic T  cell responses required for tumor clearance. 
Epitope production is influenced by the molecular chaperones 
and proteasomal machinery involved in protein processing; 
not all epitopes produced may be immunogenic, and a form of 
stochastic competition between display of immunogenic and 
non-immunogenic epitopes may ensue. The initially beneficial 
IFN-rich microenvironment of a T  cell-inflamed tumor ulti-
mately promotes mismatch between the neoepitope and T  cell 
repertoires due to a shift from utilization of the constitutive 
proteasome to the immunoproteasome, thereby influencing 
tumor visibility (22). Furthermore, defects in β2-microglobulin 
expression can further impair antigen processing and display, 
affecting stable expression of MHC I molecules for their adequate 
surface expression and subsequent T  cell recognition (23, 24). 
MHC class I haplotype loss or overall downregulation has been 
associated not only with altered tumor cell growth characteris-
tics, but also facilitates evasion of immune surveillance (25). In 
melanoma, MHC class I internalization induced by BRAF V600E 
has also been described, suggesting another potential mechanism 
underlying the enhanced tumor visibility resulting from BRAF 
inhibitor therapy (9). Specific MHC class I loss has also been 
demonstrated in the evasion of T  cell therapy for colorectal 
cancer (26). In addition, not all neoantigens bind MHC with 
high affinity, and the combinatorial match between neoantigen 
and MHC molecules expressed in the same cell determine how 
intrinsically immunogenic a neoantigen can be.

Studies of patient samples and ex vivo evidence strongly 
support the dominance of mutational neoantigens as targets 
for lymphocyte recognition of tumor, even in cancer types with 
lower overall mutational burden (10, 27–29). The importance of 
considering the available HLA sub-types and the T cell repertoire 
also present in the tumor, and their importance as major determi-
nants of the tumor sub-clonal pruning that results from ongoing 
cycles of immune recognition, attack, and clearance, is now being 
appreciated (30). Computational methods exist to infer neoanti-
gen expression and HLA binding characteristics from genomic 
and transcriptomic data (31, 32), and have been shown to act as 
a surrogate for treatment response in the context of checkpoint 
blockade immunotherapy in melanoma (10, 29). In fact, the sole 
presence of a more diverse array of HLA molecules (i.e., HLA 
heterozygosity), presumably linked to the ability to present 
a wider breadth of neoantigens, has recently been associated 
with increased survival in melanoma and lung cancer patients 
treated with immune checkpoint blockade (33). Knowledge of the 
mutational landscape of a tumor is thus of great importance to 
estimating the outcome of both targeted and immune therapies, 
however, measures of mutational and neoantigen burden alone 
do not predict immunotherapeutic outcome perfectly and results 
have been conflicting in separate cohorts (29, 30, 34). Similarly, 
though predictive approaches have been utilized to identify neo-
antigen candidates based on somatic mutations, these algorithms 
remain suboptimal, likely due to the numerous moderating fac-
tors described above (35). Accordingly, predictive approaches are 
now being paired with additional filters provided by proteasomal 
cleavage algorithms, as well as expression data to evaluate somatic 
mutations which are adequately expressed. A  smaller number 

of neoantigen candidates can then be tested with autologous 
lymphocytes through molecular cloning of tandem minigenes 
comprising numerous expressed neoantigens (11).

TUMOR iMMUNe “SUSCePTiBiLiTY”

A tumor’s visibility to the immune system does not automatically 
imply its clearance, and numerous distinct factors can also influ-
ence its susceptibility to immune attack, which may be related to 
or completely independent of visibility.

In recent work, Chen and Mellman described the different 
immune infiltration profiles associated with response, which 
were classified as “inflamed,” “immune-excluded,” and “immune-
desert” (36). Tumor immune susceptibility is inherently greater 
in patients of the “inflamed” type, where immune cells are pre-
sent and capable of exerting their anti-tumor effects. Although 
immune visibility is critical to the establishment of an inflamed 
tumor microenvironment, the outcome of tumor inflammation 
can be influenced by a series of factors which build on a tumor’s 
visibility, such as chemokines, pro-inflammatory cytokines, and 
effector T cell density and function. Conversely, immunosuppres-
sive cytokines and the presence of pro-tumor immune inhibi-
tory cell types, such as tumor-associated (M2) macrophages, 
regulatory T  cells (Treg), and myeloid-derived suppressor cells 
(MDSCs) can lead to development of an immune-desert tumor 
microenvironment, clearly detrimental to response.

Recently, an extensive genome-scale in  vitro CRISPR/Cas9 
screen revealed genes involved in antigen presentation and 
IFN-signaling to be most relevant to the ability of CD8 T cells 
to kill melanoma cells (37). IFN-γ signaling defects have been 
repeatedly implicated in cancer immunotherapy failure, includ-
ing copy-number losses of IFN-γ pathway genes (principally 
IFNGR1/2, IRF1, and JAK2) in patients failing to respond to 
anti-CTLA-4 therapy (38). Loss-of-function mutations in JAK1 
and JAK2 have also been described in the tumors of melanoma 
patients with either primary (39) or secondary (24) resistance to 
anti-PD-1 therapy. It must be noted that while tumoral inflam-
mation appears a common if not necessary component of the 
anti-cancer immune response (regardless of therapeutic agent 
used), persistent activation of IFN-driven inflammatory signals 
adaptively leads to upregulation of inhibitory checkpoint mol-
ecules on lymphocytes and generation of an immunosuppressive 
microenvironment (40, 41). Thus, optimal immunotherapeutic 
outcomes may require more complex sequencing and/or inter-
mittent dosing strategies than have yet been studied in patients.

In keeping with the concept of immune-inflamed and 
immune-excluded or immune-desert phenotypes described by 
Chen and Mellman, microenvironmental characteristics affect-
ing lymphocyte entry and trafficking are critical to the efficacy 
of immunotherapy. Baseline lymphocytic infiltrate, particularly 
CD8 T cell density, is predictive of response to checkpoint inhibi-
tor monotherapy (42), with early on treatment biopsies being 
more highly predictive of response than at baseline (43). Such 
“snapshots” of the immune infiltrate represent the combination 
over time of factors affecting T cell recruitment and T cell exclu-
sion, such as a tumor cell-intrinsic activation of β-catenin (44). In 
fact, in work by Spranger and colleagues, it was demonstrated that 
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the absence of tumor-derived β-catenin signaling allows produc-
tion of CCL4, a chemokine which aids dendritic cell recruitment 
and thereby promotes T cell priming and anti-tumor responses 
(44). Furthermore, loss of expression of genes such as PTEN may 
influence the immune response through increased expression 
of immunosuppressive cytokines, such as VEGF and CCL2 (4). 
In fact, PTEN loss in melanoma patients was associated with 
progression on PD-1 blockade, possibly due to this mechanism, 
with CD8 T cell exclusion shown in regions of the tumor devoid 
of PTEN expression. Angiopoietic factors such as VEGF are 
frequently secreted by tumors and contribute to treatment failure 
(45). Pre-clinical models and translational studies of combined 
immune checkpoint blockade and anti-angiogenic agents suggest 
a potentially complex effect on tumor immunity, including ben-
eficial effects on DC function and suppressive capacity of intra-
tumoral MDSCs (46), enhanced anti-tumor humoral immunity 
(47), and increased lymphocyte trafficking and recruitment (47, 
48).

Failure of spontaneous anti-tumor activity may largely be 
due to a dysfunctional “exhausted” T  cell state associated with 
high expression of negative regulatory checkpoint molecules that 
are nonetheless amenable to treatment with modern checkpoint 
blockade immunotherapy (49). A more comprehensively inhib-
ited T  cell phenotype, typically with expression of numerous 
inhibitory checkpoint molecules including TIM-3, LAG-3, and 
others, may contribute to resistance to checkpoint inhibitor 
therapies in current clinical use (50). The presence of Treg as a 
key inhibitory factor on the anti-tumor response is, conversely, 
associated with poor response to checkpoint blockade.

COMPLeXiTieS OF TUMOR 
HeTeROGeNeiTY

That the majority of treatments for advanced cancers fail to 
produce curative outcomes is testament to the sheer diversity 
of cancer cell sub-populations present, limited in number only 
by the ability of our technologies to unravel their complexities 
at a molecular level. Heterogeneity of tumor cells, infiltrating 
immune cells, local vasculature, chemokine/cytokine gradients, 
and the underlying genetic basis for these variations are thus 
highly relevant to multiple aspects of immunotherapy efficacy. 
Tumoral heterogeneity influences both visibility and susceptibil-
ity of a tumor to immune attack, and has been described across 
cancer types (51–53).

Heterogeneity may arise from stochastic variation between 
cell sub-populations as cancer cells divide and accumulate muta-
tions, or as a consequence of more plastic processes which shape 
cell state, gene expression, cellular function, and phenotype in 
response to prevailing selective processes over time or in different 
microenvironments (54–56). Heterogeneity may also arise as a 
direct consequence of sub-clonal immunoediting that occurs dur-
ing both spontaneous and treatment-related anti-cancer immune 
responses, leading to non-uniform expression of target antigen (57) 
or essential antigen presentation machinery (25) across tumors.

The impact of tumor heterogeneity was recently highlighted in 
localized lung adenocarcinoma, demonstrating that a substantial 
proportion of tumor mutations are sub-clonal, i.e., restricted to 

regions of a tumor (58). This pattern extended to the neoantigens 
derived from these mutations, and patients with the highest 
proportion of sub-clonal neoantigens experienced shortened 
disease-free survival. Similar findings were seen when studying 
the T cell repertoire, where patients with the most heterogene-
ity in their T cell repertoire fared worst, highlighting the direct 
implications of genomic and immune heterogeneity on patient 
outcome (58).

Future treatment strategies will need to consider the effects 
of pre-existing tumoral heterogeneity as well as the adaptive 
treatment-induced changes that contribute to treatment failure. 
Furthermore, treatment strategies may also exert unique effects 
on tumor heterogeneity. In a recent melanoma study, prior ther-
apy did not affect genomic inter-tumor heterogeneity whereas 
immune heterogeneity was more limited in patients previously 
treated with checkpoint blockade (52). As late stage patients 
become increasingly heavily pre-treated, the effects of these prior 
therapies on tumor heterogeneity will also need to be taken into 
consideration.

SYSTeMiC AND eNviRONMeNTAL 
iNFLUeNCeS ON ReSPONSe

Although undeniably important, the metabolic, vascular, and 
immune dynamics active in the tumor microenvironment 
are only some of the contributing factors. It is now quite clear 
that overall host immunity as well as environmental influences 
(Figure 2) can shape therapeutic responses (59), and these factors 
will be discussed herein.

iNFLUeNCe OF OveRALL  
iMMUNe FiTNeSS

Effective anti-tumor immune responses require exposure of the 
tumor microenvironment to a wide network of innate and adap-
tive immune effector populations recruited from the systemic 
circulation. These cells must recognize and target tumor cells for 
elimination, based on the visibility factors described previously, 
in a critical process termed “immunosurveillance” (60). Three 
core phases of immunosurveillance have been described, span-
ning elimination of susceptible tumor cells through equilibrium 
(in which visibility-susceptibility mismatch or selective pruning 
of the most immune-susceptible tumor sub-clones leads to an 
anti-cancer stalemate), to escape (in which selection of low-
visibility low-susceptibility tumor cells facilitates renewed tumor 
progression) (61). These dynamic phases occur spontaneously, but 
are undoubtedly influenced by exposure to immunotherapies, as 
shown in a parallel genomic and immune analysis of tumors from 
patients with advanced melanoma who received treatment with 
the anti-PD-1 agent nivolumab (30). In this study, clear patterns 
of mutational contraction and T cell clonal expansion occurred in 
what appeared to be a refocusing of the immune-cancer interac-
tion and elimination of neoantigen-expressing sub-clones in 
patients who responded to therapy. While the specific cellular 
interactions that characterize each phase of immunosurveillance 
occur within the tumor microenvironment, the immune cells 
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involved are sensitively dependent on adequate supply from the 
systemic compartment, and a prevailing immune phenotype 
conducive to anti-tumor activity (which may be therapeutically 
modifiable).

Recent work by Spitzer and colleagues provides key evidence 
supporting the direct relevance of systemic immune function to 
cancer immunotherapy (62). In this study, extensive high dimen-
sional immune profiling using mass cytometry was performed 
in a MMTV-PyMT breast cancer mouse model to explore the 
dynamics of multiple immune cell populations in response to 
either effective, or ineffective, anti-cancer immunotherapy, in 
multiple body compartments. Many immune subsets were found 
to proliferate within the tumor microenvironment during the 

initiation of immune responses. Importantly, however, the pro-
liferation of multiple immune cell populations, including B cells, 
NK  cells, dendritic cells, and effector/memory T  cells, during 
active tumor rejection was primarily sustained in secondary lym-
phoid organs and not the intra-tumoral compartment, indicating 
the significance of the systemic compartment to maintenance of 
effective anti-cancer immune responses (62).

Myeloid-derived suppressor cells have garnered much interest 
in recent years for their immune-suppressive capabilities across 
various cancer types. MDSCs are a phenotypically heterogeneous 
group of cells comprised of immature myeloid cells, and broadly 
divided into monocytic and granulocytic sub-types (63). MDSCs 
have a potent ability to suppress T cell responses through numerous 
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specific mechanisms in lymphoid organs, such as production of 
indoleamine 2,3 dioxygenase or arginase-1, which locally deplete 
crucial amino acids such as tryptophan and arginine, thereby ren-
dering T cells functionally anergic. MDSCs may also inhibit T cell 
responses through production of immunosuppressive cytokines 
including TGF-β and IL-10, or generation of reactive oxygen spe-
cies (ROS) (64). Because of this ability to inhibit T cell responses 
and promote tumor development, MDSCs have been suggested to 
be a key therapeutic target in cancer. Though MDSCs are present 
in the tumor microenvironment and tend to increase with cancer 
development, their characterization in the periphery has become 
an area of intense investigation, including studies of their relation-
ship to clinicopathologic attributes and patient outcome. Overall, 
MDSCs are generally more abundant in the peripheral blood of 
cancer patients compared with healthy subjects. However, their 
frequencies also increase from early stage to late stage disease and 
with higher histological grade. These trends have been observed 
in numerous histologies such as renal cell cancer (65), colorectal 
carcinoma (66), melanoma (67), as well as gastric cancer (68). 
Interestingly, higher frequencies of MDSCs in the periphery have 
also been predictive of patient relapse in breast cancer (69), mela-
noma (67, 70), differentiated thyroid cancer (71), glioblastoma 
(72), head and neck squamous cell carcinoma (73), pancreatic 
cancer (74), prostate cancer (75), and renal cell carcinoma (76). 
Their increased frequencies in the circulation have also been tied 
to the development of metastases in melanoma and colorectal 
cancer (66). Together, the somewhat graded relationship between 
MDSC abundance and cancer progression, including metastasis, 
suggests that circulating MDSCs at least reflect the immunosup-
pressive status of the tumor microenvironment, and likely fulfill a 
more direct role in the development of a systemically suppressed 
immune response. Unfortunately, inconsistency in the classifica-
tion and functional characterization of MDSCs has limited our 
ability to accurately enumerate and isolate them, highlighting 
some of the challenges in translating the therapeutic targeting of 
MDSCs to the clinic.

Despite the importance of immune fitness in therapeutic 
response, our ability to assess anti-tumor immune responses 
in the peripheral circulation remains somewhat limited to date 
and uncertainties remain regarding the contributions made by 
immune populations at different times, and at different sites. 
Insofar as upregulation of inhibitory checkpoint molecules is 
associated with prior antigen exposure and activation, PD-1 
expression on circulating T  cells was found to enrich for 
neoantigen-specific T cells in the peripheral blood of melanoma 
patients (77). However, data showing that higher clonality of 
the T cell repertoire resident within tumors before therapy was 
associated with better outcome to PD-1 blockade (34, 42) sug-
gests that much of the relevant effector immune population is 
already intra-tumoral even before therapy. Thus, the proportion 
of tumor-specific T cells present in the general circulation at any 
instant may be relatively low, limiting what can be concluded 
about therapeutic response from examination of the periphery 
in isolation, with currently available tools. Looking even more 
generally, the broad functional status of the adaptive immune 
system, defined as Th1-, Th17-, or Th2-skewing of circulating 
immune cells, may be more reliably associated with the prevalent 

immunophenotype of tumor-infiltrating lymphocytes (TIL), 
reflecting the likelihood of effective cytotoxic rather than tolero-
genic cellular immune outcomes.

THe GUT MiCROBiOMe MODULATeS 
CANCeR DeveLOPMeNT, iMMUNiTY 
AND ReSPONSe

Systemic immunity is shaped by interactions with our environ-
ment, and there is now clear evidence that the gut microbiome 
contributes to the establishment and maintenance of systemic 
immune tone (78, 79). As the largest commensal microbial com-
munity (80, 81), the gut microflora has been extensively studied 
as a trigger for local inflammation in non-malignant conditions 
such as inflammatory bowel disease (82, 83). Overall, these 
microbes present a significant challenge to the host’s immune 
defenses, which must regulate tolerance to beneficial microbes 
while guarding against harmful pathogens. Moreover, recent evi-
dence suggests that the gut microbiome plays a significant role in 
cancer development and response to cancer therapy as discussed 
in the following sections.

Gut microbiota represent a double-edged sword that can 
promote or inhibit cancer development, with both individual 
bacterial taxa and overall bacterial dysbiosis implicated in onco-
genic initiation and progression. Helicobacter pylori–particularly 
those containing the virulence factor cagA–have been exten-
sively characterized as an oncogenic initiator, particularly in 
gastric adenocarcinoma (84). In a murine model, a potentially 
pathogenic enterotoxigenic Bacteroides fragilis-induced a STAT3-
dependent, Th17-mediated colitis associated with colonic tumor 
formation in pre-disposed mice; colitis and tumor formation 
were prevented by administration of blocking antibodies to IL-17 
and IL-23 (85). Escherichia coli strains may harbor the polyketide 
synthase genomic island (pks), which encodes a genotoxin called 
colibactin that induces DNA damage in murine colonocytes. 
Furthermore, E. coli that are pks+ are more frequently identified 
in colon cancer patients compared with healthy controls (86, 87).  
On the other hand, bacteria can also be tumor suppressive as 
demonstrated by Butyrivibrio fibrisolvens, which resulted in 
colorectal tumor attenuation by producing copious amounts of 
butyrate in the presence of a high-fiber diet in a rat-azoxymethane 
model. Importantly, population-based metagenomic analyses in 
colon cancer patients have also revealed differential enrichment 
of bacterial taxa (especially Fusobacterium) in colorectal tumors 
when compared with controls (88–91).

As opposed to microbial taxa that drive oncogenesis in a highly 
penetrant manner, the relationship between dysbiosis and cancer 
is more complex and multifactorial. Dysbiosis is influenced by 
several extraneous factors including diet, antibiotic use, and 
smoking (92). In pre-clinical models of colon carcinoma, both 
germ-free status and antibiotic treatment have been found to be 
associated with reduced incidence of tumors (93–96). A dysbiotic 
microbiota can also influence cancer development at distant sites 
such as the liver (97) and pancreas through pro-inflammatory 
microbe-associated molecular patterns and metabolites released 
into the systemic circulation (98).
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Several murine studies have established a clear requirement 
for a diverse and intact intestinal microbiota to achieve optimal 
response to distinct cancer treatment modalities through effects 
on both the innate and adaptive arms of the immune system. 
The gut microbiome is now implicated in modulating responses 
across a wide range of cancer therapies, including intra-tumoral 
therapy (99), chemotherapy (99, 100), and immune checkpoint 
blockade (101–103). Attempts to define the mechanisms underly-
ing microbial associations with the efficacy of cancer therapies 
have revealed both microbe-specific and microbe-agnostic influ-
ences (Figure 2). For instance, administration of LPS alone, in 
the presence of its cognate pattern recognition receptor, largely 
restored the efficacy of intralesional immunotherapy adminis-
tered to either germ-free or antibiotic-ablated mice implanted 
with melanoma or colon cancer (99). In these models, systemic 
microbial priming of myeloid lineage cells appeared essential 
to their subsequent intra-tumoral accumulation and produc-
tion of pro-inflammatory and chemotactic cytokines or ROS, 
without which an effective secondary T cell infiltrate could not 
be recruited. Interestingly, responses to chemotherapy may be 
facilitated by disruption of the integrity of the gut epithelial bar-
rier with subsequent bacterial translocation of Enterococcus hirae 
and Lactobacillus johnsonii and priming of immune responses 
demonstrated in a murine model (100). Bacteria such as E. hirae 
and Barnesiella intestinihominis can also affect immune responses 
directly at the tumor site, with depletion of intra-tumoral Treg 
and accumulation of γδT cells, respectively (104).

The initial demonstration that several bacterial taxa were 
associated with response to immune checkpoint blockade came 
from murine studies, which implicated Bacteroides thetaiotaomi-
cron and B. fragilis in the case of CTLA-4 blockade (101) and 
Bifidobacterium, in the case of PD-L1 blockade (103). These 
studies were followed by several analyses of patient cohorts 
that confirm a clear role for the gut microbiome in modulating 
responses to immune checkpoint blockade across cancer types 
(102, 105). A reciprocal relationship between the mid-level taxa 
Clostridiales (favorable) and Bacteroidales (unfavorable) and 
likelihood of response were recently reported in a large cohort of 
melanoma patients (102). Importantly, fecal microbial transplan-
tation into germ-free mice using stool from responding patients 
resulted in enhanced tumor control when compared with donor 
stool from non-responding patients. Other population-level 
studies have also reported similar findings with regards to over-
representation of the Faecalibacterium genus of the Clostridiales 
order in pre-treatment samples of responders to anti-CTLA-4 
and combination anti-CTLA-4 plus anti-PD-1 immunotherapies 
(106, 107). In another study, Bifidobacterium was also found to be 
enriched in melanoma patients who were responding positively 
to anti-PD-1 therapy, analogous to earlier results implicating this 
taxon in a murine model of PD-L1 (105).

Interestingly, the bacterial taxa identified in these human 
studies differ somewhat from those identified in murine experi-
ments and even across the patient cohorts, suggesting the need 
for additional studies to address the significance of geographical 
and other variables influencing microbiome composition and 
response, and to confirm unifying taxa or functionalities to take 
forward to clinical development. These studies also imply that 

administration of single bacterial species may not be reliably 
effective in modulating responses to immunotherapy.

Our understanding of the influence of the gut microbiome 
on immunity and therapeutic responses is evolving, and it is 
evident that micro-organisms may share functionalities that 
convey immunomodulatory properties that are not immediately 
evident from taxonomic discovery. Indeed, several investigators 
have demonstrated a key integrative role of microbial metabolites 
such as short chain fatty acids (SCFAs) produced by microbial 
fermentation of undigested complex carbohydrates in mediating 
the effect of commensal bacteria on immune tone (108, 109). 
In fact, a significant proportion of metabolites found in human 
plasma are microbiome-derived and can affect immune cells by 
influencing their metabolic circuits or engaging with metabolite-
specific receptors. SCFAs act as signaling molecules, by inhibit-
ing histone deacetylases (HDAC). Their action on lymphocytes 
and neutrophils is mediated via the blockade of NF-κB and the 
subsequent downstream production of pro-inflammatory TNF 
(110). Importantly, SCFAs promote homeostasis by regulating the 
size and function of the colonic FoxP3+ Treg pool in an HDAC-
dependent manner (108, 109). SCFAs can also exert a regulatory 
effect by signaling through G protein-coupled receptors, resulting 
in the limitation of neutrophil chemotaxis (111) and expansion 
of Treg function (112). Therefore, it is also not surprising that 
these metabolites can directly affect cancer cells by impacting 
immunosurveillance (113).

At the population-level, numerous studies have identified high 
diversity of the gut microbiota as being associated with improved 
survival outcomes in allogeneic hematopoietic stem cell trans-
plantation patients, together with relatively lower rates of graft-vs-
host disease (114, 115). Consistent with these findings, a beneficial 
effect was also reported in the context of anti-PD-1 therapy in 
melanoma patients, wherein high diversity of the gut microbiome 
at baseline was found to be associated with significantly improved 
progression-free survival rates (102). Importantly, a similar 
provocative observation was also made in the context of lung, 
renal, and bladder cancer patients where disruption of microbial 
diversity of the gut was found to have a detrimental effect on the 
efficacy of immune checkpoint blockade (116). In these studies, 
the authors demonstrated that antibiotic usage shortly before, 
during or shortly after the initiation of treatment with immune 
checkpoint blockade was associated with significantly reduced 
progression-free and overall survival. In addition, metagenomic 
sequencing implicated the species Akkermansia muciniphila to 
be abundant in responders to anti-PD-1, and capable of restoring 
its efficacy in germ-free mice transplanted with non-responder 
patient stool (116).

THe TUMOR MiCROBiOMe AND 
ReSPONSe

In addition to the gut microbiome, bacteria within tumors them-
selves may influence cancer development as well as therapeutic 
responses. This has been studied most extensively in colorectal 
cancer, where certain bacterial taxa such as Fusobacterium 
nucleatum and Streptococcus bovis have been associated with 
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primary tumors (88, 117, 118) as well as in metastatic sites (119). 
Fusobacterium, specifically F. nucleatum, is enriched in colorectal 
carcinomas relative to normal colonic tissues (88, 89). The abun-
dance of F. nucleatum within colon cancer tissues inversely 
correlates with recurrence-free survival, and appears adversely 
prognostic, comparable to increasing AJCC stage (120). Profiling 
the fecal microbiota or screening for known microbial markers 
associated with colon carcinogenesis such as the genotoxin coli-
bactin and its encoding genotoxin cluster pks found in oncogenic 
E. coli, may provide a novel strategy for population screening, and 
may additionally provide clues as to the underlying mechanisms 
driving such microbial associations with the accumulated genetic 
damage that characterizes malignancy (121, 122). In this regard, 
detailed study of the molecular products of the pks island con-
firm that colibactin directly damages DNA (122) and mediates 
pks+ E. coli promotion of tumor formation in a murine ApcMin/+; 
Il10−/− model (123). While chronic DNA damage is undesirable, 
it is clear that a high mutational burden may in fact be beneficial 
in patients receiving checkpoint blockade immunotherapy, thus 
the relevance of such microbial genotoxicity on contemporary 
treatment outcomes warrants particular study. Furthermore, cer-
tain pathogenic taxa are linked to enrichment of inflammatory 
and DNA damage-response pathways in tumor transcriptomes, 
together with a distinct methylation and microsatellite instabil-
ity profile (124). In light of these data, it is probable that the 
genomic and immune characteristics of intestinal tumors may 
be sensitively linked to the geographic microbial niches in which 
they arise.

Importantly, therefore, bacterial-associated molecular alterations 
in tumors span genomic, epigenetic and immune domains with 
the immunomodulatory effects of tumor-associated microbes 
appearing equally as diverse as the observed genomic and 
biochemical effects. In the context of Fusobacterium, direct 
molecular interaction between the bacterial Fap2 protein and 
TIGIT present on human NK cells contributes to tumor immune 
evasion; this interaction was shown to inhibit TIGIT-mediated 
activation of NK  cell killing of colon adenocarcinoma cells, 
and was more generally suppressive of TIL (NK and T  cells) 
killing using patient-derived matched TIL and tumor cells from 
melanoma patients (125). Furthermore, F. nucleatum appears to 
promote colorectal cancer cell chemoresistance to select agents 
in a complex multi-step sequence of molecular changes involving 
TLR4 and MYD88 activation and culminating in activation of 
autophagy (120). Colonic Th17-responses represent a common 
and partially unifying feature of many microbiota-associated 
local and systemic inflammatory states and have been associated 
with poor-responses to anti-cancer therapies (100). As previously 
noted, colon cancer formation associated with enterotoxigenic  
B. fragilis has been shown to involve Stat3-driven colitis and 
induction of a Th17 response that was prevented by IL-17 and 
IL-23 blockade in mouse models (85). B. fragilis-induced Th17-
driven tumorigenesis involves the promotion of a suppressive 
myeloid environment characterized by monocytic MDSCs 
and consequently suppressed T  cell proliferation (126). While 
Th17 skewing may thus form a major contribution to carcino-
genesis and influence systemic chemotherapeutic responses in 
non- intestinal tumor models, these same mechanisms, and the 

specific effect of B. fragilis, were required for the efficacy of 
anti-CTLA-4 checkpoint blockade immunotherapy (101). This 
emphasizes the new complexity that has arisen with the advent 
of checkpoint molecule-targeted immunotherapies, for which the 
distinction between “favorable” and “unfavorable” microbiota is 
potentially reversed depending on whether the context at hand is 
one of cancer development, or immunotherapy-based treatment 
of an already-established cancer.

In addition to their roles in carcinogenesis and immunomodu-
lation, intra-tumoral bacteria may also modulate responses to 
cytotoxic cancer therapy. Mycoplasma hyorhinis, which was 
associated with fibroblasts in the tumor microenvironment in 
pancreatic ductal adenocarcinoma tumors, was found to be able 
to direct drug metabolism and diminish the efficacy of gemcit-
abine. Further analyses of bacterial genes implicated the enzyme 
cytidine deaminase contained in the Gammaproteobacteria class 
to be necessary and sufficient to mediate conversion of gemcit-
abine to its inactive form, by expression of the long isoform of 
the enzyme cytidine deaminase, in a colon cancer murine model 
(127). Depletion of bacteria within the tumor and a robust anti-
cancer response to gemcitabine were noted in tumor-bearing 
mice treated with the combination of gemcitabine and cipro-
floxacin delivered directly to the tumor site. A high prevalence of 
Gammaproteobacteria was subsequently identified in pancreatic 
adenocarcinoma samples from patients, and retained the ability to 
confer gemcitabine resistance after ex vivo co-culture with colon 
cancer cell lines (127). How these intra-tumoral bacteria interact 
with infiltrating immune cells has not been completely elucidated.

Direct spatial microbe-tumor interactions are not only relevant 
to gastrointestinal cancers. Recent analyses of the microbiota 
present in breast cancer tissue compared with normal breast tis-
sue revealed distinct microbial communities, driven by a lower 
abundance of Methylobacterium in cancerous tissues (128). The 
authors performed a parallel comparison of microbiota present at 
distant sites, with the provocative finding that urinary microbiota 
were also distinct between cancer patients and controls, even 
after correction for menopausal status. The mechanisms through 
which bacteria induce carcinogenesis may include induction of 
inflammation (85), altered cell signaling (129) and inhibition of 
T cell and natural killer cell responses (125), however the precise 
role of intra-tumoral bacteria in carcinogenesis across tumor 
types remains incompletely elucidated.

CONCLUSiON

Our future conceptualization of what matters for good outcomes 
to cancer immunotherapy requires a thoroughly integrated under-
standing of what contributes to cancer formation and immune 
evasion in the first place. Tumor mutational load provides an 
instructive example; while a high tumor mutational load is clearly 
important for response to checkpoint blockade immunotherapy, 
it still lacks adequate negative predictive value to be trusted in the 
clinic, and performs poorly for combination checkpoint blockade. 
If highly mutated tumors were truly (simplistically) vulnerable 
to immune clearance, it should be considered remarkable that 
they are observed at all. More likely, the snapshot measurement 
of mutational load is limited by numerous other factors, such as 
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the neoantigen characteristics of the available pool of mutations, 
genomic methylation and transcriptome patterns, the intrinsic 
immunomodulatory effects of the tumor over time, and the 
extrinsic immunomodulatory effects of the patient’s environment 
and microbiota. Recent research highlights the critical need to 
model these interactions systematically and dynamically, taking 
adaptive evolution into consideration rather than relying on static 
measurements at single moments in time.

The importance of integrated biomarker models in cancer is 
highlighted well by the rapidly expanding interest in the study of 
the commensal microbiota in the context of cancer development 
and progression. Microbes influence the response to traditional 
cytotoxic agents through a diverse combination of effects on cellu-
lar metabolism, local pharmacokinetics, and could plausibly affect 
bioavailability of orally administered agents which are increasingly 
common in the era of targeted therapy, although this remains 
to be studied. Perhaps of greater significance, local interactions 
between specific bacteria and host tissues contribute to locore-
gional inflammation and carcinogenesis. Molecular interactions 
with pattern receptors (e.g., TLR4 and downstream MYD88), 
and immunosuppressive signals mediated by engagement with 
cell surface inhibitory molecules (e.g., TIGIT) or elaboration of 
suppressive cytokines (e.g., VEGF and CCL2) result in immune 
evasion that likely contributes to ineffective immunosurveillance 
of nascent, developing and established neoplasia.

It is not yet fully know to what extent the immunomodulatory 
effects of cancer-associated microbes may influence cancer immu-
notherapies, however, it is highly likely that these effects will not be 
consistent. For instance, immunosuppressive mechanisms such as 
MDSC-induction by B. fragilis suggest a negative impact on anti-
cancer immunotherapy treatment response, however, the often 
simultaneous induction of Th17- and Th1-biased systemic immu-
nity by the same organism(s) appears beneficial to checkpoint 
blockade immunotherapy response. This apparent contradiction 
will likely prove to be a complex and difficult issue to resolve as 
the field progresses, particularly as it relates to how best–or how 
safely–to manipulate the gut microbial composition to optimize 
treatment outcomes, toxicity, and long-term general health.

As more mechanisms are identified by which microbes 
directly influence tumor genomics, it will be important to 
evaluate whether the commonly observed EMT-like processes 
that accompany tumor progression involve a feed-forward 
loop precipitated by tumor-induced dysbiosis and subsequent 
microbe-directed epigenetic reprogramming of tumor cells. 
Another important issue that urgently requires attention is the 
relative significance of individual microbial taxa as opposed to 
unifying functional or metabolic characteristics of multiple taxa, 
in cancer development and treatment response. Metabolomic 
and whole genome shotgun sequencing studies are underway 
to address this, and will be highly relevant to the identification 
of the most readily targeted predisposing, permissive and per-
petuating factors in cancer microbiology; it may be that critical 
intermediary metabolites or activated metabolic pathways prove 
to be most amenable to therapeutic modification. Further study 
is also required to integrate the significance of the microbiota 
with what is already known about the influence of lifestyle fac-
tors on cancer outcomes. Consideration should be made to the 
impact of duration, mode and type of microbiota “exposure” 
when integrating the microbiome into the new cancer-immunity 
model. As we continue to develop a deeper understanding of the 
myriad factors impacting cancer immunotherapy response, we 
will undoubtedly develop and refine new therapeutic strategies 
for maximal patient benefit.
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