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himeric antigen receptor T cell (CART) therapy has

shown outstanding results in hematological malignan-

cies.''® To date, 6 engineered CART products have

been approved by US Food and Drug Administration
and European Medicines Agency - European Union for B cell
non-Hodgkin lymphoma (NHL), B cell acute lymphoblastic
leukemia (B-ALL), and multiple myeloma.>'> Despite the high
rate of responses, disease refractoriness or relapse are common,
and therefore, there is a growing interest in understanding the
determinants of CART immunotherapy outcomes.!*'” Several
mechanisms of CART resistance have been identified, including
product-related factors (ie, reduced CAR T cell persistence and
T cell exhaustion) and tumor-intrinsic factors (ie, antigen-neg-
ative escape, overexpression of immunomodulatory molecules,
impairment of apoptotic pathways, and the complex anti-in-
flammatory tumor microenvironment composition).!” Various
strategies have been proposed to address these issues,'®"” but
a deeper knowledge of additional and concomitant causes of
failure is direly needed. In fact, for many patients, it is still not
possible to precisely pinpoint the cause of disease relapse or
progression.

In the last 2 decades, the role of gut microbiota has been
deeply investigated in several human diseases, including auto-
immunity, neurodegeneration, metabolic and cardiovascular
diseases, cancer, and others.?2% In particular, the gut micro-
biota has been recognized as a critical modulator of immune
response after immune checkpoint blockade (ICB)**?7 and
in allogeneic hematopoietic stem cell transplantation (allo-
HCT).?%?° Initial clinical evidence suggests that the gut
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microbiota may also influence the antitumor effects of CAR T
cell therapy.3- In this perspective article, we review the cur-
rently available evidence of the role of the microbiota in CART,
including preclinical and clinical published data. Despite the
limited current clinical evidence, we attempt to speculate on
the potential therapeutic approaches that could be developed
to modulate the microbiota and enhance CART efficacy and
reduce toxicity.

The human gut microbiota is a complex microcosm of com-
mensal, symbiotic, or pathogenic microorganisms, including
bacteria, viruses, fungi, and archaea, that modulate inflamma-
tory, metabolic, immunological, and kinetic processes in the
host. While the gut microbiota remains the most commonly
studied, the microbiota of the skin, oral cavity, respiratory sys-
tem, vagina, and tumors are increasingly recognized for their
associations with human diseases and therapeutic outcomes.**
Since the gut microbiota was recognized as an essential regulator
of the immune system, several groups have investigated its role
in cancer, highlighting a close relationship between gut micro-
biota disruption and tumorigenesis, therapeutic effects, tumor
escape, and modulation of immune responses.** Early evidence
of its role in immunotherapy came from studies on ICB, such as
anti-CTLA-4*#3637 and anti-PD-1 therapies.?*” Bifidobacterium
and Akkermansia muciniphila were associated with therapeutic
efficacy, as they enhanced dendritic cell activity and CD8+ T cell
response in the tumor microenvironment.??”-3%3 These bacteria
have been implicated in antitumor responses, and autoimmune
diseases and tolerance, revealing the extensive involvement of
the gut microbiota in systemic immune activity.*

Besides ICB, the role of the gut microbiota has been clin-
ically investigated in the setting of chemotherapy, radiation
therapy, and allogeneic stem cell transplant. Yoon et al have
recently reported that gut dysbiosis is already present at diag-
nosis in a cohort of treatment-naive, newly diagnosed patients
with diffuse large B-cell lymphoma, and a high abundance of
Enterobacteriaceae during R-CHOP chemo-immunotherapy
(rituximab, cyclophosphamide, doxorubicin, vincristine and
prednisone) correlates with febrile neutropenia and poor sur-
vival.*! In comparison, Lachnospiraceae and Enterococcaceae
have been linked to postradiation restoration of hematopoie-
sis and gastrointestinal repair, revealing a possible protective
role against gastrointestinal dysfunction in leukemia patients
undergoing radiotherapy.*? Moreover, the effects of high-dose
chemotherapy on fecal diversity have been studied in a cohort
of autologous-HCT recipients, in which a low gut microbiota
diversity has been associated with decreased progression-free
survival.® In the setting of allo-HCT, myeloablative condition-
ing regimens with chemo and high-dose radiation have been
shown to dramatically reduce the alpha diversity of the gut
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microbiota,** a measure of the unique bacteria present and

their relative frequencies, which is significantly correlated with
post-allo-HCT survival and disease relapse.?2** Analyses of
clinical data have demonstrated a strong relationship between
the abundance of Blautia*® and Clostridia®’ and acute graft-
versus-host disease (GVHD). Furthermore, a mechanistic
link between Enterococcus domination and GVHD has been
established.* Conversely, the presence of Lachnospiraceae
has been associated with a reduced occurrence of chronic
GVHD.* In addition, the obligate anaerobes Faecalibacterium,
Ruminococcus, and Akkermansia were strongly associ-
ated with immune reconstitution after allo-HCT, whereas
Staphylococcus abundance affected the lymphopoiesis.’*’! The
gut microbiota exerts significant control over the expression of
major histocompatibility complex (MHC) class II on intestinal
epithelial cells, thereby influencing the promotion of GVHD.*
Notably, the administration of oral vancomycin peritransplan-
tation has been shown to reduce bacterial MHC II inducers,
leading to a decrease in CD4+ T cell-mediated GVHD. This
result has been recently corroborated in a large clinical allo-
HCT cohort.*

Overall, these data demonstrate that the microbiota is funda-
mental for immune regulation and influences the outcomes of
anticancer therapies.

Three clinical studies on the role of the microbiota in
CART have been published so far. Despite the retrospective
nature of the analyses, these preliminary data suggest that the
gut microbiota influences the response and toxicity to CART
immunotherapy (results summarized in Table 1). In the first
of these studies, conducted by Smith et al, a large cohort of
patients with relapsed or refractory B-ALL and large B-cell
lymphoma received anti-CD19 CART at 2 institutions, the
Memorial Sloan Kettering Cancer Center and the University
of Pennsylvania, using both CD28 and 4-1BB costimulated
CART products.® As expected, in 228 patients with NHL and
B-ALL, exposure to antibiotics in general and in particular
to broad-spectrum anaerobe-targeting ones (piperacillin-ta-
zobactam, imipenem-cilastatin, and/or meropenem [PIM])
within 4 weeks before CART administration corresponded
with decreased alpha diversity. More importantly, preinfusion
PIM exposure was associated with reduced progression-free
survival and overall survival in a multivariable regression
model after adjusting for potential confounders. In addition,
within the lymphoma subcohort, individuals exposed to anti-
biotics before CART infusion exhibited a higher incidence
of immune effector cell-associated neurotoxicity syndrome.
Conversely, in a separate prospective cohort of 48 patients,
high abundance of obligate anaerobes such as Ruminococcus,
Bacteroides, Faecalibacterium, and Akkermansia was associ-
ated with complete response at day 100.3° These results were
consistent with the observations derived from previous stud-
ies of ICB, where a favorable gut microbiota (high diversity
and abundance of Ruminococcaceae and Faecalibacterium)
promoted antigen presentation and improved effector T
cell function in patients treated with anti-PD-1 therapy.?*-*’
More recently, Stein-Thoeringer et al confirmed these data in
a cohort of American and German patients affected by NHL
who received axi-cel, tisa-cel, or liso-cel infusion but were not
exposed to antibiotics in the 3 weeks before CART infusion.*?
Bifidobacterium longum abundance and peptidoglycan biosyn-
thesis strongly correlated with long-term survival and response
to CART, independently of demographic or clinical variables.
Furthermore, Lachnospira pectinoschiza and Akkermansia
muciniphila significantly correlated with CD3+ and CD4+ T
cell counts at the time of T cell apheresis, while Bacteroides,
Blautia, and Faecalibacterium prausnitzii negatively impacted
on CD3+ and CD8+ T cell levels.? Finally, the authors high-
lighted Akkermansia as potentially involved in better quality
and performance of the manufactured T cell product. In line
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with the above-mentioned studies, Hu et al described a differ-
ent pattern of intestinal microbes in multiple myeloma patients
who achieved complete remission (CR) after anti-BCMA CART
treatment®' (Table 1). Noteworthy, they found different amino
acid metabolism pathways enriched in responders and nonre-
sponders and observed that Bifidobacterium was enriched in
CR patients and associated with cytokine release syndrome
(CRS). In contrast, they were unable to analyze the microbiome
in relation to neurotoxicity incidence and severity due to the
small number of events in the cohort. Whether the microbi-
ota influences CRS remains an open question, because neither
Smith et al nor Stein-Thoeringer et al reported a correlation
between gut microbiota composition and CRS. In particular,
it is important to determine which antibiotics are more toxic
to the gut microbiota and consequently reduce CART efficacy
and increase toxicity. For example, in the retrospective cohort
by Smith et al, the authors compared 2 commonly used antibi-
otics for the treatment of neutropenic fever: piperacillin-tazo-
bactam and cefepime. Interestingly, piperacillin-tazobactam, a
known anaerobe-targeting antibiotic that importantly affects
the microbiota composition, was associated with reduced pro-
gression-free survival and overall survival as compared with
cefepime. While a randomized trial would be needed to confirm
a differential effect of the 2 antibiotics, it is becoming clear
that the use of specific antibiotics might impair CART func-
tion. Lastly, it is fundamental to study the impact of antibiotics
also in the days and weeks after CART infusion, when their
administration is tightly linked to CRS and frequently requires
broad-spectrum antibiotic therapy due to the challenging dif-
ferential diagnosis with sepsis. Pathogen-directed treatments,
time-reduced antibiotic exposures, or even only observation
in nonneutropenic patients could minimize the dysbiosis and
the perturbation of the immune system. In addition, the inci-
dence of CRS is directly related to high tumor burden,'*!%12
and therefore its detrimental effect may be reduced by tailoring
therapies to achieve better response before CART infusion.
Antibiotic-induced dysbiosis and its effects on immunother-
apy outcomes have also been studied in preclinical models.
The first observation on CART came from Kuczma et al, who
reported that the administration of broad-spectrum antibiotics
did not dampen the tumor killing of anti-CD19 CART in murine
models of A20 B-cell lymphoma receiving pre-CART lympho-
depletion with cyclophosphamide (CTX). Of note, the alter-
ation of the gut microbiome was significantly associated with
prolonged persistence of CART and duration of B-cell aplasia
in these mice.’* Interestingly, the antitumor effect of CTX was
reduced by antibiotics in the CTX-only treated mice, confirm-
ing the dependence of CTX efficacy on its immunomodulatory
effects.” In contrast, Uribe-Herranz et al recently demonstrated
that immunocompetent mice receiving oral vancomycin—a
nonabsorbed Gram-positive bacterium-specific antibiotic—
after murine anti-CD19 CART administration experienced
better control of A20 lymphoma and B16 melanoma tumors
as compared with mice treated with anti-Gram-negative anti-
microbials or antibiotic-naive.> Mechanistically, the authors
found that tumors of vancomycin-treated mice were enriched
with endogenous CD8+ T cells and CD11b+ CD103+ dendritic
cells. Additionally, markers of T cell activation and cytotoxic-
ity, such as granzyme B, perforin 1, and interferon y (IFNYy),
were increased, along with upregulation of factors involved in
the antigen presentation pathway. These data suggested that
endogenous CD8+ T cells and dendritic cells might potenti-
ate CART activity via the cross-presentation of tumor-associ-
ated antigens, and was further confirmed by the fact that the
administration of an anti-MHC-I blocking antibody abrogated
these results. Borrowing from the experience of ICB-treated pre-
clinical models,*>*” mice depleted of their own gut microbiota
underwent fecal transplantation from healthy human donors,
then injected with lymphoma cells and treated with CART and
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oral vancomycin. Greater tumor shrinkage, higher levels of
intratumor dendritic cells, and markedly increased cytotoxic
markers were found in mice exposed to CART and vancomy-
cin compared with the controls. Moreover, Ruminococcaceae
and Lachnospiraceae were decreased along with tryptophan,
biliary acids, and short-chain fatty acids (SCFAs), which have
been shown to impair antigen presentation and CD8+ T cell
activation.”® However, other studies have reported different
SCFAs effects, whose activity depends on host conditions and
1mmunolog1cal environment.”*? In a retrospective analy51s
Uribe-Herranz et al also showed that B-ALL patients receiving
oral vancomycin (likely for Clostridium difficile infection) had
higher CART cell expansion than patients not exposed to this
antibiotic.’> Despite the small population size, these prelimi-
nary data demonstrate that the gut microbiota modulates the
immune responses by boosting CART expansion and directing
the endogenous immune reactions toward antitumor effects.
Many therapeutic strategies have been developed to mod-
ulate the microbiota activity and bolster the antitumor effects
of immunotherapies, such as fecal microbiota transplantation
(FMT), probiotics, prebiotics, diet, and adjustments in antimi-
crobial therapy (Figure 1). The encouraging results achieved
in patients treated with ICB and allo-HCT suggest a plausible
role of these interventions in CART as well. However, results of
clinical trials in CART-treated patients are still awaited. FMT
consists of the transfer of a complex and heterogeneous com-
munity of microorganisms from a healthy donor, screened for
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the absence of pathogens, to a recipient. The rationale behind
its application is that the re-establishment of gut microbial
homeostasis leads to the restoration of beneficial functions of
the microbiome, including providing colonization resistance,
producing beneficial metabolites, and restoring crosstalk with
the mucosal immune system.®> FMT has been successfully
implemented for the treatment of recurrent Clostridioides dif-
ficile infections and has recently shown promising results both
in ICB-treated patients®®"” and those with acute GVHD after
allogeneic allo-HCT.** Multiple clinical studies are ongoing,
investigating its role as an adjuvant of ICB, in GVHD treat-
ment, inflammatory bowel disease, and infections both in adults
and children (NCT05273255, NCT04729322; NCT04935684,
NCT03819803, NCT03812705; NCT04729322,
NCT03806803, NCT05739825; NCT0536178S,
NCT03613545, and NCT03378167). Despite the encouraging
results, safety concerns have recently emerged due to the poten-
tial transmission of unknown organisms and some caveats, such
as the lack of process control and reproducibility at large scale.®

A highly pursued approach is the use of probiotics, that is,
direct administration of specific bacterial taxa or pool of them
to modulate the microbiota. Despite the results achieved in
controlling infectious disease recurrence® and metabolic disor-
ders,* the beneficial effects of probiotics in combination with
immunotherapy for cancer are still debated. On the one hand,
Bender et al have reported antitumor effects of Lactobacillus
reuteri, Bifidobacterium longum, and Escherichia coli in mice
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Figure 1. Possible strategies to enhance CART immunotherapy by modulating the gut microbiota. CART = chimeric antigen receptor T cell therapy; MET4 =
Microbial Ecosystem Therapeutics; PIM = piperacillin-tazobactam, imipenem, meropenem; SCFAs = short-chain fatty acids.
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treated with ICB, due to the expansion of IFNy-producing T
cells in the tumor microenvironment.®” On the other hand,
Spencer et al did not observe better survival and response rates
in melanoma patients treated with ICB and exposed to pro-
biotics. Moreover, they showed that mice administered anti—
PD-L1 and probiotics—namely Bifidobacterium longum and
Lactobacillus rhamnosus—had greater tumor size than the
probiotics-untreated mice and a significantly reduced frequency
of IFNy-positive CD8+ T cells in tumor microenviroment.®® To
overcome the complexity of FMT and the potential detrimental
effect of selected probiotics, the first in-human trial of a culti-
vated microbial consortium (Microbial Ecosystem Therapeutics
[MET4]) administered as a cotherapy for ICB has been pub-
lished recently, achieving its primary safety and tolerability
endpoints. However, the association between microbial changes
and clinical response could not be assessed in this early-phase
trial.®” These controversial findings highlight the need for fur-
ther investigation, and clinical trials are underway to evaluate
the potential enhancement of immunotherapy with selected pro-
biotics (NCT04995653, NCT05220124, and NCT05462496)
and MET4 (NCT03686202).

Another possible approach to modulate the gut microbiota
is the administration of prebiotics, nondigestible dietary sub-
stances that stimulate the growth and metabolism of beneficial
bacteria in the gut,”” such as inulin, fructo-oligosaccharides,
and galacto-oligosaccharides. The clinical administration of
an oligosaccharide mixture and resistant starch to allo-HCT
recipients, from the pretransplant to day 28, has led to lower
mucosa injury and acute GVHD occurrence, mainly by pre-
serving butyrate-producing bacterial populations.”’ Depending
on the host conditions and the immunological milieu, SCFAs
promote the polarization toward a regulatory signature and
IL-10-mediated immune tolerance or enhance the cytotoxic
behavior of CD8+ T cells.’*62 In a GVHD preclinical model,
butyrate directly influenced the T cells through the GRP109A
receptor. Immunosuppressed mice injected with GRP109A
knock-out T cells showed lower levels of markers of IFNy, TNFE,
IL-2, increased abundance of the taxa Clostridium and Blautia,
and experienced less GVHD than the wild-type, as the result of
induced apoptosis of the T cells.” Therefore, butyrate stimulates
the survival and alloreactivity of T cells, and conversely, hinders
antigen presentation in vitro and interferes with the cross-prim-
ing activity in vivo, abrogating the advantageous effects of
vancomycin combined with radiotherapy” and CART immu-
notherapy.’? Further data showed that tryptophan, a gut micro-
bial-derived metabolite, signaling through aryl hydrocarbon
receptors (AhR), activated the tumor-associated macrophages
(TAM) and induced T cell exhaustion in cancer models.”*”
On the contrary, the removal of dietary tryptophan reduced
TAM AhR activity and promoted intratumoral accumulation of
TNFoTENy*CD8* T cells, resulting in increased tumor shrink-
age. Due to their ability to modulate T cell differentiation and
the accessibility of chromatin via the HDAC activity, SCFAs
such as butyrate and propionate have also been investigated as
supplements during the T cell expansion, showing a more sta-
ble transgene expression in SCFAs cocultured cells.®®”® Recently,
Spencer et al demonstrated that patients with adequate fiber
intake had longer progression-free survival and higher response
rates over those with insufficient fiber intake, which correlated
with greater microbial alpha diversity and Ruminococcaceae
and Faecalibacterium abundances.®® Furthermore, Simpson et al
reported that patients on higher fiber and omega-3 consumption
achieved greater antitumor immune responses and reduced tox-
icities after ICB therapy.”” Concurrently, the ketogenic diet and
its principal ketone body 3-hydroxybutyrate have been shown
to stimulate the production of SCFAs and Bifidobacterium in a
mouse model.”® According to previous reports,”**’ a high abun-
dance of Bifidobacterium enhanced the antitumor activity of
the ICB through the activation of the endogenous dendritic cells
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and CD8+ cytotoxic lymphocytes. Overall, SCFAs and diet may
favorably impact immunotherapies and enhance the antitumor
T cell response in vivo or could be implemented in the in vitro
manufacturing CART. Since no clinical data are available, the
potential role of dietary approaches in CART-treated patients
should be investigated in clinical trials.

Antibiotics profoundly affect the microbiota composition and
are commonly used in hematological patients, both as infection
prophylaxis and treatment. Broad-spectrum antibiotics cause
severe depletion of obligate anaerobes and gut microbe metab-
olites, compromising the efficacy of immunotherapy or being
associated with toxicities. Indeed, they have been associated
with a high mortality rate after allogeneic transplantation,?””
reduced antitumor efficacy of ICB,*® and, more recently, reduced
survival in CART-treated patients.’* A pathogen-directed
treatment instead of the empiric broad-spectrum one could
perhaps minimize the dysbiosis and favor the immune system
response against tumor, but the specificity of antibiotics is poor.
Interestingly, to examine the effects of different antibiotics on
the microbiota composition, a phase II clinical trial is ongoing in
allo-HCT recipients comparing the effects of piperacillin-tazo-
bactam versus cefepime, meant as a microbiota-sparing strategy
(NCT03078010).

In summary, although preclinical and clinical studies have
demonstrated that the gut microbiota plays a key role in regu-
lating the response to immunotherapy, defining the underlying
mechanisms is still a challenge. Furthermore, due to the high
rate of resistance, improving the efficacy of CART is a priority.
Based on Stein-Thoeringer et al’s data,’® Lachnospira pecti-
noschiza and Akkermansia muciniphila might be administered
preapheresis to ameliorate lymphocyte collection, whereas
SCFAs could be directed to activate T cells and stimulate
their survival, both during the in vitro manufacture and the in
vivo expansion. In addition, modifying food intake toward a
high-fiber or ketogenic diet would be significant in modulating
cellular metabolism and maintaining gut microbiota diversity,
being a feasible and cost-effective approach. Antibiotics play
a crucial role in altering the gut microbiota and their impact
on post-CART survival make a pathogen-driven treatment
strategy highly recommended to preserve the microbial alpha
diversity and harness its beneficial effect on immunotherapy.
Further studies are needed to confirm the beneficial effects
of oral vancomycin in CART expansion. In conjunction, a
patient-tailored lymphodepleting regimen could enhance the
cross-antigen presentation by endogenous antigen-presenting
cells and stimulate CART survival in vivo. Given the results
reached in allo-HCT and ICB-treated patients, FMT may be a
matter of interest in CART-treated patients, perhaps in those
most exposed to antibiotics. Noteworthy, the impact of antibi-
otics and dysbiosis on CART efficiency postinfusion needs to
be analyzed.

In conclusion, the gut microbiota has demonstrated a pro-
found influence on cancer therapy and immune responses.
Preliminary data have suggested its potential role in modulating
the effects of CAR T cell therapies, but the underlying mecha-
nisms are not yet fully understood. In this perspective, we have
highlighted several potential therapeutic strategies to enhance
the efficacy of engineered T cells and optimize the management
of CART-treated patients by harnessing the potential of the gut
microbiota. Clinical trials are needed to explore the efficacy of
these treatments and achieve more robust results.
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