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Microbial mechanisms to improve

immune checkpoint blockade
responsiveness

Abstract

The human microbiota acts as a diverse source of molecular cues that influence the development and homeostasis of the immune
system. Beyond endogenous roles in the human holobiont, host-microbial interactions also alter outcomes for immune-related diseases
and treatment regimens. Over the past decade, sequencing analyses of cancer patients have revealed correlations between microbiota
composition and the efficacy of cancer immunotherapies such as checkpoint inhibitors. However, very little is known about the exact
mechanisms that link specific microbiota with patient responses, limiting our ability to exploit these microbial agents for improved
oncology care. Here, we summarize current progress towards a molecular understanding of host-microbial interactions in the context
of checkpoint inhibitor immunotherapies. By highlighting the successes of a limited number of studies focused on identifying specific,
causal molecules, we underscore how the exploration of specific microbial features such as proteins, enzymes, and metabolites may
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translate into precise and actionable therapies for personalized patient care in the clinic.
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Introduction

Precision cancer treatment is built upon biological differences that
govern tumor growth and development within individual patients. For
example, tumor-intrinsic factors such as key oncogenic driver mutations, the
presence or absence of specific tumor cell-surface receptors, and dysregulated
signaling pathways can guide therapeutic selection [1-3]. Beyond tumor
cell autonomous features, the interplay between the self and the “altered
self” tumor via host immunity has proven an incredibly fruitful area for
clinical intervention [4-6]. Grouped under the broad umbrella of cancer
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immunotherapies, these immune cell-targeted approaches utilize diverse
immune responses to treat solid and hematologic malignancies [5,6].

The two most prevalent types of cancer immunotherapies in the clinic
both rely on T cell-driven cytotoxicity. Chimeric antigen receptor (CAR) T
cells are artificially produced using a patient’s own T cells that are genetically
reprogrammed to recognize and kill cancer cells through viral transduction
of a transgene CAR specific for a tumor antigen [5]. A second approach,
immune checkpoint blockade, boosts naturally occurring or therapeutically
induced antitumor adaptive responses through targeting regulatory pathways
known as immune checkpoints [6]. Currently, numerous antibodies against
the CTLA4 and PD-1/PD-L1 inhibitory pathways have been clinically
approved to treat a wide variety of tumor types including melanoma, non-
small cell lung cancers, and renal cell carcinoma [7]. Because these drugs
act through the potentiation of an adaptive immune response, the clinical
success of checkpoint inhibitors relies on pre-existing tumor immunity
[8]. Therefore, their activity is often lower in “cold” tumors that exhibit
fewer accessible neoantigens and lower levels of prior T cell infiltration [9].
Even within patient populations suffering from malignancies approved for
treatment, response is variable and likely results from a combination of host-
intrinsic and host-associated factors [10].

In recent years, the human microbiota has been significantly correlated
with various host phenotypes including immune system development and
homeostasis [11]. These microorganisms, which include bacteria, viruses,
archaea, and fungi, inhabit every mucosal and barrier surface of the body
as well as some internal organs to form complex, individual- and location-
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specific ecosystems [12]. Cohabitation between the host and microbes is
quite prominent within the gut, which contains a roughly equivalent number
of microbial cells as there are human cells throughout the body [13]. The
genetic information from these microorganisms — the gut microbiome —
greatly outnumbers human genes and provides a rich source for metabolic and
signaling activity that can vary from person to person. Microbially generated
biomolecules are sensed by the host to elicit immune cell differentiation and
activation. These molecular connections are highlighted by the activities of
short-chain fatty acids (SCFAs) and secondary bile acids, which directly bind
to G-protein coupled receptors (GPCRs) [14,15] and nuclear receptors such
as RORyt [16-18], respectively, to generate specific helper T subsets among
other immune cell phenotypes.

Together, the genetic and metabolic output of the microbiota can shape
many aspects of host immunity. These activities can affect both initial
responses to “altered self” entities like tumors and the clinical efficacy of
immune-targeted therapies like checkpoint blockade. Nevertheless, very little
is known about the exact molecular mechanisms by which the microbiota
can alter therapeutic responses to checkpoint inhibitors. In this review, we
summarize our current understanding of the relationship between microbiota
and checkpoint blockade efficacy with an emphasis on the exact microbial
agents that underlie these correlations. By concentrating on the molecular
basis of host-microbial interactions during cancer treatment, this reductive
approach may circumvent the inherent difficulties in modulating microbiota
output through bulk, ecological means such as fecal microbiota transplants
(FMTs), antibiotics (ABX), or colonization with defined communities.
In turn, this molecular focus may enable us to predict and augment
immunotherapy activity as a new form of precision medicine using synthetic
molecules.

Establishing correlations

Landmark experiments in mouse models have demonstrated that the
microbiota alters the efficacy of immune checkpoint inhibitors [19,20]. To
first show this dependency, bulk methods to alter the host microbiota were
employed. In one study, the growth of B16 melanoma ectopic tumors in
response to anti-PD-L1 was found to depend on the vendor origin of the
animals [19]. The importance of the microbiota itself on this phenotype was
then elucidated through cohousing of animals or direct cross-colonization
using FMT. In a related study, treatment of MCA205 fibrosarcoma ectopic
tumors with anti-CTLA4 was found to require the microbiota, with a loss of
antitumor activity observed in both germ-free (GF) or ABX-treated models
compared to specific pathogen-free (SPF) mice [20].

Beyond broad methods to alter entire microbiota communities, genomic
sequencing has been employed to identify specific microbes that correlate
with activity [21,22]. These techniques are often performed using bacterial
16S rRNA sequencing (Fig. 1A). Here, a genomic locus encoding the
16S ribosomal RNA subunit is targeted using primers that recognize
sequences highly conserved across all bacteria. The resulting amplicon
contains sequences from hypervariable regions — usually V3 to V5 — that can
be used to identify bacteria within the mixtures. Taxonomic assignment can
be carried out on the sequences using two common methods. After pairwise
sequence alignments, sequences that share a high percentage similarity
within the hypervariable regions can be clustered into operational taxonomic
units (OTUs). A single, representative amplicon within the OTU is then
aligned to a reference database to assign a single taxon to the OTU.
Depending on the clustering stringency, the reference-based assignment of
OTU clusters can underestimate the actual diversity within the sequenced
community by combining highly similar but nonequivalent amplicons
[23,24]. OTU clustering can generally yield bacterial identifications down
to the taxonomic level of genus, whereas species-level discrimination requires
additional sequencing techniques such as quantitative PCR using species-
specific primers or shotgun metagenomic sequencing [25].

Alternatively, 16S rRNA sequencing results can be taxonomically assigned
by exact sequences known as amplicon sequence variants (ASVs) [26,27].
Here, different sequences are treated as separate entities rather than clustered
into high similarity OTUs. To avoid the inclusion of artificial ASVs caused
by inherent sequencing errors, the number of reads for each ASV is used to
derive a confidence score for its presence in the mixture, which can be filtered
to remove potential artifacts. Because ASV assignments can discriminate
single nucleotide differences, this method has been proposed as a higher
resolution approach to catalog sample diversity compared to OTU clustering
[27]. Moreover, the use of ASVs also allows for the direct evaluation of
multiple datasets without the need to recluster OTUs. Nevertheless, both
OTU dlustering and ASV assignment of 16S rRNA sequences provide cost-
effective means to rapidly measure community composition across human
microbiota samples. For example, in the initial studies described above,
changes in anti-PD-L1 and anti-CTLA4 efficacy were correlated with the
presence of Bifidobacterium and Bacteroides species, respectively [19,20]. The
identification of these correlated genera enabled their direct testing in the
same animal models through gut colonization, proving that these bacteria
were sufficient to induce changes in checkpoint blockade response.

Genomic sequencing has also enabled correlations between microbiota
composition and therapeutic efficacy in humans. To date, more than 20
studies have used a combination of 16S rRNA and/or shotgun metagenomic
sequencing to identify bacteria in patient populations treated with immune
checkpoint inhibitors [28-50] (Table 1). Although many early studies were
performed using samples from melanoma patients [28-37], these analyses
have also been extended to other tumor types including non-small cell lung
cancer, renal cell carcinoma, hepatocellular carcinoma, and gastrointestinal
cancers [38-50]. In all cases, analyses revealed unique bacterial OTUs
or species that positively correlated with patient outcomes. However, the
identified bacteria were largely study-specific, with only a few species
like Faecalibacterium prausnitzii [28-30,32] and Akkermansia muciniphila
[36,38,41,46] enriched across multiple analyses. These differences may
be attributed to the relatively small cohort sizes of some studies along
with other sources of variability that influence microbiota composition
including geography, age, diet, and other patient characteristics as well as
distinct methods used for sampling, sequence clustering, and correlation
analyses [51,52]. Nevertheless, these foundational studies established that the
microbiota differed between responding and nonresponding patients.

Although an exciting starting point, deciphering these individual
correlations remains challenging. Because the microbiota is a co-existing
community of multiple microorganisms, it is unclear if each correlated
microbe is a causal agent or a result of other influences on the community
ecology such as keystone species [53]. Moreover, a mixed microbial
population may yield emergent properties through collective interactions
that cannot be recapitulated by individual correlated taxa [54]. Even in the
case of an individual, causal species, strains of the same bacterial species can
possess significantly different metabolic outputs [55], further complicating
monocolonization experiments to establish if a species is a causal agent.
Finally, while phylogeny has helped to organize the correlated species, these
associations do not fully predict the activity of related taxa [56], necessitating
validation experiments to prove causality. These difficulties underscore a key
question that arises from current correlations — what are the exact molecular
features that underlie microbial modulation of checkpoint immunotherapy?
A focus on shared function rather than phylogeny may explain the activities of
multiple, unrelated species and establish defining traits to predict phenotypes
resulting from individual species or communities.

Verifying correlations with host phenotypes
As a first and critical step, murine tumor models are often used to

establish the effects of a single microbe or defined community on checkpoint
blockade. As mentioned above, eatly studies examining murine microbiota
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Table 1

Summary of large-scale, untargeted studies correlating microbiota taxa with immunotherapy efficacy. MM = metastatic melanoma,
NSCLC = non-small cell lung cancer, RCC = renal cell carcinoma, HCC = hepatocellular carcinoma, Gl = gastrointestinal.

Cancer Therapy Sample Major Positively Correlated Taxa Year Reference
Size

Metastatic melanoma

MM aPD-1 +/- aCTLA-4 39 Bacteroides caccae, Faecalibacterium 2017 [28]
prausnitzii, Bacteroides thetaiotaomicron,
Holdemania filiformis, Dorea formicogenerans

MM aCTLA-4 26 Faecalibacterium prausnitzii, Gemmiger 2017 [29]
formicilis, Clostridium XlIVa
MM aPD-1 43 Clostridiales, Ruminococcaceae, Ruminococcus 2018 [30]

bromii, Faecalibacterium,
Phascolarctobacterium

MM aPD-1 42 Bifidobacterium spp., Enterococcus faecium, 2018 [37]
Collinsella aerofaciens, Klebsiella pneumoniae,
Veillonella parvula, Parabacteroides merdae

MM aCTLA-4 and/or aPD-1 27 Faecalibacterium prausnitzii, Coprococcus 2019 [32]
eutactus, Prevotella stercorea, Streptococcus
spp., Lachnospiraceae

MM aCTLA-4 38 Faecalibacterium, Gemmiger 2020 [33]

MM aPD-1 +/- aCTLA-4 25 Streptococcus parasanguinis, Bacteroides 2020 [34]
massiliensis

MM aCTLA-4 + aPD-1 54 Bacteroides stercoris, Parabacteroides 2021 [35]
distasonis, Fournierella massiliensis

MM aCTLA-4 and/or aPD-1 165 Akkermansia muciniphila, Doria 2022 [36]

formicigenerans, Bifidobacterium
pseudocatenulatum, Roseburia spp.

MM aPD-1 94 Ruminococcus spp., Blautia spp., Eubacteria 2022 [37]
rectale, Anaerostipes hadrus

Other cancers

NSCLC, aPD-1 100 Akkermansia muciniphila, Alistipes 2018 [38]
RCC indistinctus, Enterococcus spp.

NSCLC, aPD-1 38 Ruminococcaceae 2018 [39]
gastric

NSCLC aPD-1 25 Alistipes putredinis, Prevotella copri, 2019 [40]

Bifidobacterium longum, Lachnobacterium,
Lachnospiraceae, Shigella
HCC aPD-1 8 Bifidobacterium dentium, Akkermansia 2019 [471]
muciniphila, Lactobacillus oris, Dialister
invisus, Coprococcus comes
NSCLC aPD-1 17 Lactobacillus, Clostridium, Syntrophococcus 2019 [42]
NSCLC aPD-1 63 Alistipes spp., Desulfovibrio desulfuricans, 2020 [43]
Bacteroides nordii, Methanobrevibacter smithii,
Parabacteroides merdae

NSCLC aPD-1 or aPD-L1 54 Ruminococcaceae UCG 13, Agathobacter 2020 [44]

Gl aPD-1 +/- aCTLA-4 or 74 Ruminococcaceae, Clostridium sp. CAG:352, 2020 [45]

cancers aPD-L1 Prevotella, Dialister, Lachnospiraceae

RCC aPD-1 58 Akkermansia muciniphila, Bacteroides 2020 [46]
salyersiae

RCC aPD-1 +/- aCTLA-4 31 Prevotella copri, Bifidobacterium adolescentis, 2020 [47]

Barnesiella intestinihominis, Odoribacter
splanchicus, Bacteroides eggerthii
NSCLC aPD-1 75 Desulfovibrio, Bifidobacterium, 2021 [48]
Odoribacteriaceae, Anaerostipes,
Rikenellaceae, Faecalibacterium, Alistipes

Thoracic aPD-1 42 Akkermansiaceae, Enterococcaceae, 2021 [49]
carcinoma Enterobacteriaceae, Carnobacteriaceae,

Clostridiales family XI
NSCLC aPD-1 +/- aCTLA-4 or 65 Ruminococcus, Akkermansia, Faecalibacterium 2022 [50]

aPD-L1
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Fig. 1. Methods to establish and verify correlations between microbiota and immunotherapy response. [A] Bacterial community composition can be measured
by operational taxonomic unit (OTU) clustering or amplicon sequence variant (ASV) assignment of 16S rRNA sequencing libraries that reflect the abundance
of different bacterial taxa. [B] Avatar mice that are colonized with microbiota from responding or non-responding patients can be used to phenotype tumor

growth and immune checkpoint treatment, which may phenocopy drug efficacy in the original fecal microbiota transplant (FMT) sources. [C] Microbiota that
elicit specific immune cell types can be rationally selected through iterative in vivo passaging along with correlation analysis between microbiota composition

and immune cell levels. Figure created with Biorender.com.

compositions found that Bifidobacterium and Bacteroides species correlated
with responsiveness to checkpoint inhibitor treatment [19,20]. Correlations
were then directly validated in tumor models by supplementation onto an
intact, nonresponsive microbiota as well as monocolonization with ABX-
pretreated or GF animals . This reconstitution-based approach has also
been extended to human-relevant microbiota. Three studies used FMTs to
colonize ABX-pretreated or GF animals with fecal material from responding
or nonresponding patients (Fig. 1B), and each study independently found
that reconstitution could phenocopy the antitumor effects seen in patients
[30,31,38]. These “avatar” mouse models establish both causality and
sufficiency of the reconstituted microbes and provide opportunities to
discover other host immune phenotypes that correlate with response. In all

three studies, mice colonized with responding microbiota showed evidence
of increased type 1 immunity, with each study demonstrating related cellular
phenotypes including increased CD8" T cell infiltration into tumors [30] as
well as increased amounts of antigen-specific CD8* [31] and CXCR3T CD4*
T cells [38]. However, the avatar system alone does not directly explain
how these different and incompletely defined communities converge on the
observed adaptive immune activity.

Despite these unknowns, reconstitution of a functional microbiota using
fecal material from responding donors has progressed to clinical trials. Two
recent reports have outlined early-stage clinical data using ABX pretreatment
and FMT to treat patients refractory to prior anti-PD-1 therapy [57,58]. In
one trial (NCT03353402), patients received FMTs from one of two donors
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that were previously treated for metastatic melanoma with anti-PD-1 and
achieved complete response for over one year [57]. Three of five patients
receiving FMTs from the same donor showed clinical responses, whereas
the five patients receiving FMTs from the second donor showed no clinical
benefit. Principal component analysis of pre- and post-FMT microbiota
populations by 16S rRNA showed that both groups shifted towards the
composition of the original donor. FMTs elicited increased CD68™ antigen-
presenting cell infiltration into the gut lamina propria, and responding
patients showed increased CD8" T cell infiltration into tumors.

In the second trial (NCT03341143), seven donors successfully treated
with anti-PD-1 therapy were used to treat 16 patients, and six of the recipients
showed partial or complete responses [58]. Although different patients
receiving FMTs from the same donor did not always show similar responses,
multidimensional Euclidean analysis found that the microbiota of responding
patients shifted significantly towards the donor composition, which was
not consistently observed in the non-responding patients. Longitudinal
single cell analyses of peripheral mononuclear blood cells and tumor-
infiltrating immune cells revealed significant increases in cytolytic CD56"
CD8™ T cells and terminally differentiated effector memory CD8" T cells
(CCR7-CD45RA™). Decreases were also observed in overall and CXCLS-
expressing myeloid cells as well as regulatory T cells (Tregs). These studies
show that FMTs may be able to recapitulate the responding phenotype of
donors in a subset of patients.

In a complementary approach, the host phenotype can be used to
guide the selection and rational design of an active microbial consortium
[Fig. 1C]. Defined consortia have been developed to elicit the development
of multiple T cell subtypes including Tregs [59], T helper 17 (Th17)
[60], and most recently [FNy-expressing CD8% T cells [61]. To achieve
this, GF animals were first colonized by FMT from human donors, and
microbiota from animals demonstrating the highest level of the desired cell
type were passaged in vivo into new recipients. The consortium was further
modulated through selective ABX administration, and OTUs identified by
genomic sequencing were correlated with the prevalence of IFNy*CD8*
T cells across the different conditions, leading to a final community of
11 strains. Reconstitution of GF mice or supplementation of SPF mice
with the 11-strain mixture improved the activity of checkpoint blockade
in multiple tumor models, and this activity was dependent on CD8"
T cells as demonstrated by antibody depletion studies. The development
of IENy*CD8" T cells required CD103" lamina propria dendritic cells
(DCs) through an MHC class Ia-dependent mechanism; however, the exact
molecular requirements from the microbes are unknown. Nevertheless, this
consortium as well as others are currently being explored in clinical trials
(NCT04208958).

Although potentially feasible in clinical settings, reconstitution methods
face several technical challenges. For donor derived samples used for FMTs,
the selection of the donor and the successful engraftment of the FMT
microbiota appears to be crucial in preliminary clinical data. Moreover, the
material supply may be limiting, its composition and efficacy may change over
time as new samples are acquired, and standardization of FMT harvesting and
administration techniques are needed. For defined consortia, colonization
levels of each member microbe may differ between individuals and affect
efficacy, which may be resolved through the optimization of dosing and long-
term monitoring of microbiota composition in patients. To address these
concerns, a better understanding of the molecular basis of these bioactive
microbes may provide an alternative route for treatment that avoids the
ecological and practical variables of reconstitution.

Molecular precision via microbial mechanisms
The discovery of microbial mechanisms and molecules that elicit

complex host responses like antitumor immunity is unsurprisingly
quite challenging. Shotgun metagenomic sequencing of responding or

nonresponding microbiota often shows enrichment of numerous metabolic
and signaling processes [32], from which it remains difficult to directly
implicate a specific pathway as a causative agent. Similarly, characterization
of active and inactive isolates from a single species via whole genome
sequencing can yield hundreds of unique genes between strain genomes [55],
and further bioinformatic analyses require sufficient functional annotation of
the gene products. Finally, metabolomic analyses of cecal or serum contents
can generate hundreds of potential metabolite leads [61] and often relies on
spectral matching to established reference libraries that may underrepresent
microbial products [62]. Despite these significant challenges, a small number
of studies have highlighted how a molecular understanding of microbial
activity may provide new paths towards improved and personalized cancer
care.

T cell stimulation

One of the best studied microbial metabolites is a class of aliphatic
carboxylates known as short-chain fatty acids (SCFAs) [63,64] (Fig. 2A).
SCFAs most commonly consist of a mixture of formate, acetate, propionate,
and butyrate and are produced by the bacterial fermentation of carbohydrates
not digested or absorbed by the host like dietary fiber [65]. These molecules
have been shown to have profound effects on host immunity, including the
expansion of Treg cells [59,66,67] and the development of effector CD4"
and CD8* T cells [68-71]. Gut microbes that generate SCFAs, including
the major butyrate producer Faecalibacterium prausnitzii [72], as well as fecal
SCFA concentrations in patients have been correlated with clinical efficacy
of PD-1/PD-L1-targeting checkpoint inhibitors [28-30,73]. Moreover, fiber
intake in both mouse models and humans have been linked with improved
activity of anti-PD-1/PD-L1 [74,75]; however, fecal and serum SCFA levels
did not broadly correlate with fiber intake in mouse experiments [75].

Conversely, recent data has found that butyrate may negatively affect
CTLA4 targeting [33]. Serum levels of butyrate were found to inversely
correlate with progression-free and overall survival in a small cohort of
metastatic melanoma patients treated with ipilimumab. In mice, direct
administration of sodium butyrate in drinking water also led to a partial
blunting of anti-CTLA4 efficacy against tumor growth as well as decreased
DC maturation and T cell priming. Together, these data suggest that the
effects of SCFAs on checkpoint blockade are not monolithic and may depend
on the therapeutic target of the checkpoint inhibitor.

Direct stimulation of T cells by microbial metabolites may be a general
feature of synergistic microbiota. Using a phenotype-driven approach, three
strains of Bifidobacterium psuedolongum, Lactobacillus johnsonii, and Olsenella
spp. were isolated from mice that responded to anti-CTLA4 treatment of
the azoxymethane and dextran sodium sulfate mouse model of colorectal
cancer [76]. Untargeted serum metabolomics of GF animals colonized with
B. pseudolongum or a non-responsive microbe showed elevated levels of
the purine nucleoside inosine and related degradation products including
hypoxanthine (Fig. 2B). Inosine has been ascribed both immunosuppressive
and immunostimulatory roles by altering T helper 1 (Th1) differentiation.
Here, inosine treatment of CD4" T cell and bone marrow-derived dendritic
cell BMDC) co-cultures led to increased expression of the Thl master
transcription factor T-bet in the presence of anti-CD3/CD28 or IFNy co-
stimulation. This increase in T-bet-expressing CD4 " T cells was also observed
in the small intestine lamina propria colonized by B. pseudolongum.

Inosine is a known ligand for adenosine 2A receptor (A24R) on T cells
[77]. Adoptive transfer of wild-type or AysR-deficient T cells revealed that
rejection of MC38 colorectal cancer ectopic tumors in B. pseudolongum-
colonized mice via anti-CTLA4 required this receptor. Improvement of
anti-CTLA4 efficacy via monocolonization with Akkermansia muciniphila
and L. johnsonii was also shown to depend on A;zR using the adoptive
transfer model. Interestingly, inosine alone was not sufficient to augment
anti-CTLA4 activity. However, co-administration of inosine and the potent



6 Microbial mechanisms to improve immune checkpoint blockade

responsiveness M.E. Griffin and H.C. Hang Neoplasia Vol. 31, No. xxx 2022
A Treg
Tel
) Th1
jj\ [e] o o
Carbohydrate Al )LOH \)to” /\)to” - e
Eozenaucy Short-chain fatty acids cD8*
Faecalibacterium prausnitzii T cell differentiation D4+
and many others and expansion
B & ¢ ’\
HO N o e & _ AR IFNy
oo\ o § q
— \Q’ \%\( ® IL-12 7
Purine $ N N cDC | e )
. 5 HO  OH . L0l N/ Thi activation
. . 3 biosynthesis ~ : . 5
Bifidobacterium Lactobacillus e > @ \\ y,
seudolongum  johnsonii o Ja
P gum coc S
C O. /OH
“F—o =N XCL1,
Nf\lm e, @ \Gf“\(\‘/"”z o CCRS
—> H,N)\(:"’Q\ o o NN o
Signaling N 0=Psy
HO =
Akkermansia muciniphila mcs)zlc!\::etes
Cyclic di-adenosine monophosphate DC recruitment
D OH
) Ho § & (el CD8' T cell
= / CC 3 "o Ooé§\wo OH . R infiltration
&P . e Sagh st 'AcHN ? . and activation
% — NH O & =8
D0 % Peptidoglycan © \—( Eeltih ’ 1
turnover HN_<_/°°2H { b
Enterococcus spp. . NOD2*
GlcNAc-muramyl dipeptide myeloid cells
E
~/ CD8' T cell
\J TLR5 A
“f )V 3 '\/1 g infiltration
>l Division? ~ Flic § p° '
) Shedding? = (_ DCactivation
Enterococcus gallinarum Flagellin (FIiC)
F
% Cross-reactive
g\/’:bg 2. —~— ’-\ CD8" T cell activation
~ NP2
Peg oo Phage il %
® activation . ) O >
Enterococcus hirae Anh.gen
presenting cell

Siphoviridae tape measure protein (TMP)

Fig. 2. Molecular mechanisms of microbiota-mediated potentiation of checkpoint blockade. [A] F prausnitzii and other microbes produce short-chain fatty
acids (SCFAs), which stimulate differentiation and expansion of multiple T cell subsets, including regulatory T (Treg), T helper 1 (Th1), T helper 17, cytotoxic
T (Tcl), and memory precursor T (Tmp) cells. [B] B. pseudolongum and L. johnsonii synthesize the purine inosine, which engages A;4R on Th1 cells to elicit
activation in an IL-12- and antigen-dependent manner. [C] A. muciniphilia generates cyclic di-AMPB, which activates STING™ monocytes to activate natural
killer (NK) cells that in turn recruit dendritic cells (DCs). [D] Enterococcus species express and secrete the peptidoglycan hydrolase SagA to produce GleNAc-
MDP and other muropeptides, which activates NOD2* myeloid cells and leads to increased CD8* T cell infiltration and activation. [E] E. gallinarum produces
flagellin, which activates DCs and increases CD8% T cell infiltration in a TLR5-dependent manner. [F] E. hirae hosts a phage, in which the tape measure
protein (TMP) contains an MHC-I-restricted antigen that can activate CD8% T cells to cross-react with PSMB4-overexpressing tumors. Figure created with

Biorender.com.



Neoplasia Vol. 31, No. xxx 2022
responsiveness

Microbial mechanisms to improve immune checkpoint blockade
M.E. Griffin and H.C. Hang 1

TLRY agonist CpG in GF mice could recapitulate the enhanced anti-
tumor activity of B. pseudolongum colonization and anti-CTLA4 therapy in
multiple tumor models. Thus, unrelated microbes can possess overlapping
immune modulatory activities through the production of identical or related
metabolites and the engagement of a conserved host signaling pathway.
Nevertheless, the inability of the metabolite alone to recapitulate the
antitumor phenotype in GF mice suggests the involvement of additional,
integral mechanisms caused by gut colonization.

Myeloid cell stimulation

Changes in myeloid cell populations and activation may also underlie
the effects of gut microbiota on therapeutic response. For example, EL4
lymphoma ectopic tumors in SPF mice showed significant differences in
mononuclear phagocyte (MNP) populations compared to tumors in GF
mice, with broad increases in anti-tumorigenic monocytes and macrophages
as well as dendritic cells in the presence of a gut microbiota [74]. Tumor
lysates from SPF mice were enriched in type I interferon, which led to
IFN-dependent recruitment of natural killer (NK) cells into the tumor
microenvironment. In turn, NK cells in SPF mice produced higher levels
of the DC chemoattractants XCL1 and CCL5. A similar intratumoral
expression profile could be stimulated using the bacterial metabolite, cyclic
di-adenosine monophosphate (cdAMP) (Fig. 2C). This immune activating
molecule initiates host STING signaling upstream of type I interferon
production [78], providing a potential mechanism for the observed SPF-
mediated shifts in MNP populations. Supplementation of MC38 tumor-
bearing mice with a high-fiber diet also led to similar changes in intratumoral
MNP amounts and improved responses to PD-1/PD-L1 targeting.

To identify correlations between differentially abundant microbes caused
by fiber treatment and cell type or phenotypic changes, transkingdom
network analysis [79] was employed, revealing that Akkermansia muciniphila
strongly influenced network structure. As validation, colonization of GF
mice with A. muciniphila was found to elicit comparable MNP population
changes. A. muciniphila was also shown to produce cdAMP both in vitro
and in vivo, providing a potential microbial source for STING agonism.
Host phenotypes within this STING-type I interferon-NK-dendritic cell
signaling axis correlated with response to checkpoint blockade in melanoma
patients, providing microbe-elicited biomarkers that may potentially predict
therapeutic response. Moreover, these data along with other previous work
on A. muciniphila [38,65] suggest that bacteria may generate multiple
immune active metabolites, which can each independently contribute to
complementary antitumor signaling pathways.

Immune activation by the recognition of other conserved microbe-
associated molecular patterns (MAMPs) has also been implicated in improved
checkpoint inhibitor efficacy. For example, colonization of B16 melanoma
tumor-bearing mice with species of Enterococcus were shown to synergize with
anti-PD-L1 treatment [80]. Although this activity extended to numerous
Enterococcus species including E. faecium, E. durans, E. hirae, and E.
mundtii, the synergistic effects of these microbes were not observed in the
related species E. faecalis. Using targeted bioinformatic analyses, the active
Enterococcus species were found to possess highly conserved orthologs of the E.
Jaecium protein SagA. SagA is a D,L-endopeptidase that can degrade bacterial
peptidoglycan into immune active muropeptide fragments [81] (Fig. 2D).
Previous work has demonstrated that SagA can broadly improve tolerance
towards enteric infection through innate immune signaling and improved
barrier functions within the gut [82,83]. Here, transgenic expression of
SagA was sufficient to improve the antitumor effects of E. faecalis and to
increase intratumoral levels of effector and antigen-specific CD8% T cells.
SagA expression within the gut also improved the efficacy of anti-PD-1 and
anti-CTLA4 against two other tumor models, suggesting the involvement of
a conserved mechanism upstream of effector T cell activity.

To better define the molecular basis of this pathway, anti-PD-L1 was
co-administered with muramyl dipeptide (MDP), a synthetic analog of
the SagA-produced muropeptides. The small molecule combination therapy
also inhibited tumor growth, and the activity of SagA required the host
muropeptide receptor NOD2 [84,85]. Single cell RNA sequencing of
intratumoral CD45" cells from the MDP co-treatment model uncovered
significant population changes across myeloid cell clusters, including
increased amounts of monocytes and decreased amounts of tumor-associated
macrophages. In addition, broad increases in NOD2-dependent signaling
including NF-kB and MAPK pathways were observed, leading to a pro-
inflammatory environment within the tumor.

Beyond small molecules, proteinaceous MAMPs have also been exploited
to improve checkpoint blockade. Enterococcus gallinarum is one of only two
motile species of Enterococcus via the production of flagellae [86], thread-like
projections that are multiple microns in length and consist of repeating units
of the protein flagellin (Fig. 2E). Flagellin is recognized by the host receptor
TLRS5 [87], and this protein has been extensively examined for its ability to
activate host immunity as an antitumor agent [88]. The E. gallinarum strain
MRx0518 isolated from a healthy human fecal sample was shown to be a
potent activator of NF-x B- and TLR5-dependent signaling in vitro compared
to the highly motile, murine-derived E. gallinarum strain DSM100110 [89].
This activity was also observable within the bacterial supernatant and was
depleted upon trypsin treatment, suggesting that MRx0518 likely shed highly
potent flagellin protein. Mutation within the flagellin f/iC gene of MRx0518
abrogated activity, and transfer of f/iC to DSM 100110 led to increased TLR5
activation, showing that the flagellin protein was sufficient for the observed
in vitro response. Phylogenetic analysis of the FliC protein sequence across
E. gallinarum genomes showed two distinct clades, suggesting that the potent
FliC isoform may be shared by a subset of strains.

As a monotherapy, preliminary data from a small cohort of breast cancer
patients have shown that oral supplementation with MRx0518 increases gene
signatures for myeloid inflammation and inflammatory cytokines as well as
increased activated DCs and CD8" T cell infiltration (NCT03934827).
MRx0518 is also under investigation as a co-therapy with anti-PD-1 and
anti-PD-L1 in phase II studies for the treatment for multiple cancer types
(NCT03637803, NCT05107427). Although well-tolerated in the current
trial, a separate study has found that E. gallinarum can translocate from the
gut upon barrier disruption and promote autoimmunity [90], underscoring
how strain-level variability and other microbial activities are important
considerations in the selection of new probiotics.

Molecular mimicry

Finally, molecular mimicry between microbial and host antigens may yield
antitumor immune activity. T cells that react strongly to self-antigens are
eliminated during their development in the thymus [91]; however, some self-
reactive conventional T cells can escape clonal deletion and are controlled by
anergy, ignorance, or active Treg-mediated suppression [92]. In some cases,
these self-reactive T cells may be aberrantly activated by similar immunogenic
microbial antigens [93]. Although this activation can lead to autoimmunity,
microbe-specific T cells have been associated with improved outcomes for
cancer patients [20,38,94,95]. Thus, cross-reactivity between microbial and
host antigens may lead to T cell-mediated killing of tumor cells expressing
self- or neoantigens that are recognized by microbe-specific T cells. Treatment
of MCA205 tumor-bearing mice with cyclophosphamide, a chemotherapy
that enables bacterial translocation from the gut, led to decreased tumor
growth upon colonization with the Enterococcus hirae 13144 strain but not
other tested strains [96]. Stimulation of CD8' T cells from colonized mice
with DCs preincubated with different . hirae strains showed recall responses
specific for 13144.

To identify the potential antigen, bioinformatic mining of the genome for
13144-specific proteins was used, followed by in silico prediction of MHC-
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Table 2

Engineered probiotics with defined antitumor functions. A indicates a gene deletion. fbr = feedback resistant mutant, fnrS = fumarate and
nitrate reductase, thyA = thymidylate synthase, dapA = 4-hydroxy-tetrahydrodipicolinate synthase.

Probiotic Host Genetic Method of Expression Safety Molecule(s] Delivery Tumor Model(s]
Modifications Incorporation Promoter Measure(s] Produced Method

Lactococcus sagA (E. faecium) Genomic Psaga AthyA Muropeptides Oral B16

lactis

Escherichia coli dacA (L. Genomic Ptors AthyA, AdapA Cyclic-di-AMP  Intratumoral  CT26, B16, A20

Nissle 1917 monocytogenes)

Escherichia coli AargR, argAfbr (E. Genomic Parg n/a Arginine Intratumoral MC38,

Nissle 1917 coli) (endogenous (endogenous) B16-OVA + OT-l
arg operon) adoptive

transfer

I binding peptides and ex vivo recall response using nonapeptide libraries.
These screening efforts led to the discovery of an epitope derived from a
tail length tape measure protein (TMP) within a prophage sequence from
13144 (Fig. 2F). Vaccination of mice with DCs loaded with TMP peptide
both before and after MCA205 tumor inoculation led to decreases in tumor
size. The TMP antigen aligned with a sequence within the host protein
PSMBA4, which is over-expressed in MCA205 cells. Point mutations within
the putative PSMB4 antigen ablated the effects of 13144 colonization during
CTX treatment, suggesting the synergistic effects of 13144 and CTX were
due to antigen-specific T cells. Treatment of MCA205 tumors with anti-PD-
1 were also enhanced by 13144 colonization in an antigen-specific manner,
suggesting that antigen mimicry may function across multiple therapeutic
interventions.

Exploiting molecular mechanisms to engineer
next-generation probiotics

The identification of specific microbial mechanisms that improve
checkpoint blockade provides the unique opportunity to engineer therapeutic
probiotics with defined functions (Table 2). Although probiotic bacteria
such as Lactobacillus, Lactococcus, Bifidobacterium, and Escherichia strains
have been heavily characterized as human supplements [97-99], strains of
these bacteria can exhibit conflicting activity during checkpoint blockade
[55]. In fact, recent clinical observations have found that use of standard
probiotics in general do not correlate with improved efficacy of checkpoint
inhibitors [75]. By incorporating exact molecular features into a probiotic
chassis, engineered strains can take advantage of both their long history of
human use as well as the defined immunomodulatory activities of the newly
incorporated pathway. Moreover, the transfer of microbial mechanisms away
from natural sources can also obviate other confounding issues such as ABX
resistance. For example, some Enterococcus species can acquire vancomycin
resistance and lead to nosocomial infections [100]. To avoid these issues,
SagA from E. faecium was stably incorporated into the genome of probiotic
Lactococcus lactis as a thymidine auxotroph [80], providing a further means to
control dissemination of the engineered probiotic. SagA-expressing L. lactis
was able to efficiently improve anti-PD-L1 treatment of B16 tumors similar
to the E. faecium source strain. Moreover, expression of the catalytically dead
SagA mutant in L. /actis demonstrated that this antitumor phenotype was due
to SagA enzymatic activity, providing a defined mechanism of action for the
probiotic.

In addition to immunomodulatory activities, other probiotic features can
be leveraged to further improve therapeutic outcomes. The Escherichia coli
strain Nissle 1917 (EcN) has been extensively studied for its use in vivo
[99]. Interestingly, EcN has a propensity to colonize solid tumors when
injected intraveneously [101], which can allow for intratumoral delivery of
gene products or metabolites. For instance, ECN has been explored as a

biotherapeutic agent to activate STING within the tumor microenvironment
through the production of cyclic dinucleotides [102]. Inducible expression of
the diadenylate cyclase dacA from Listeria monocytogenes led to significant
production of ¢cdAMP in vitro as well as type I interferon production by
BMDCs in a STING-dependent manner. Therapeutic administration of
engineered EcN in vivo led to decreased tumor growth and prolonged survival
in multiple model systems and also elicited immunological memory in a
tumor cell rechallenge experiment. The microbe SYNB1891 is currently
under investigation in a phase I clinical trial in combination with anti-PD-L1
(NCT04167137).

Similarly, natural probiotic isolates of Bifidobacterium also present tumor-
homing properties. Administration of four Bifidobacterium species either
by oral gavage or intravenous injection led to a significant increase in
live bacteria within the tumor microenvironment [103]. These bacteria
improved the efficacy of anti-CD47 treatment, which targets the CD47-
SIRPa phagocytosis checkpoint to increase direct tumor cell clearance
[104]. This antitumor activity was recapitulated by intratumoral injection of
bacteria, suggesting that tumor-resident microbes directly contributed to the
phenotype. Bifidobacterium required STING signaling to increase anti-CD47
activity; however, it remains unclear if this effect was due to microbially-
produced STING agonists or indirect activation of cGAS. Notably, recent
evidence has shown that only certain strains of Bifidobacterium bifidum
augment anti-PD-1 blockade [55]. Thus, the overall activity of individual
isolates may be dictated by multiple strain-specific properties including both
metabolic output and tumor localization.

Intratumoral colonization has also been employed to produce immune
active metabolites that are not microbial-specific. Various amino acids
including serine [105], asparagine [106], and arginine [107] have been
demonstrated to modulate T cell proliferation and function. Previous work
has demonstrated that EcN metabolic pathways can be engineered to convert
harmful metabolites into non-toxic products to treat metabolic disorders
[108]. Using a similar approach, EcN was used to convert intratumoral
ammonia to arginine [109]. Systemic administration of arginine-producing
EcN along with anti-PD-L1 inhibited growth of MC38 tumors and protected
mice from tumor cell rechallenge. Although oral administration of arginine
could also improve anti-PD-L1 activity, this approach required high daily
doses of arginine, which would be impractical in clinical settings. Moreover,
direct injection of the amino acid into tumors could not recapitulate this
effect, highlighting how the persistent production of arginine by colonizing
EcN was crucial to stably increase arginine intratumoral concentrations.

Conclusions and future directions

The clinical revolution enabled by checkpoint blockade has revealed
intricate between host,
Fundamental studies from patients have established that responding

relationships malignancy, and microbiota.
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and non-responding patients possess distinct microbiota compositions. In
parallel, colonization experiments in murine models have confirmed that
specific microbes causally alter checkpoint inhibitor efficacy. These studies
have inspired ecological approaches including FMT, defined colonization,
and dietary modifications to alter the gut microbiota and improve treatment
response. In the future, the expansion of these reconstitution studies to
larger patient cohorts and other indications will reveal how broadly these
ecological methods may work. Follow-up studies to compare microbial
populations within a treatment cohort will be necessary to confirm whether
these treatments change the microbiota in a general and predictable fashion.
Similarly, the rational use of these methods may benefit from further
precision. For example, matching each patient with the necessary ABX
pretreatments, specific FMT donors, individualized dosing regimens of
defined consortia, or chemically defined dictary fibers may broaden the
applicability of these therapies.

Conversely, a reductive, molecular view of microbial output may simplify
microbiota-mediated therapies. Although challenging, these approaches yield
an enhanced level of precision through the identification of defined molecular
factors that enhance checkpoint blockade. In turn, the identified proteins,
enzymes, and metabolites can provide a straightforward path towards
combination therapies, both through small molecules and biotherapeutic
agents. Beyond translational benefits, these studies have revealed basic
mechanisms of immune-microbial interactions that alter host health.
Somewhat unsurprisingly, many synergistic effects with checkpoint blockade
have coalesced around improved type 1 immunity. However, microbes and
their output act through multiple pathways including stimulation of innate
signaling pathways as well as direct activity on T cells, offering multiple routes
to overcome resistance.

Looking forward, we have likely only scratched the surface of molecular
interactions between the host and its microbes that affect oncology care. For
example, most studies have centered on bacteria rather than other microbes
like fungi and archaea. In addition, the field has largely ignored microbes
that are anti-correlated with clinical responses and may possess immune-
suppressive factors to counteract therapeutic efficacy. Beyond the gut,
microbiota found within distal organs or solid tumors [103,110,111] may
generate molecules that can directly influence the tumor microenvironment
and its responsiveness to checkpoint inhibitors. Finally, recent evidence has
suggested that microbes can alter the efficacy of new therapeutic antibodies
[103,112] as well as CAR T cell approaches [113], which underscore the
broad scope of microbiota-mediated effects on clinical interventions. Thus,
further molecular studies at the host-microbial interface will enable us to
better explain, predict, and augment responses to current and next-generation
cancer immunotherapies.
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