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The gut microbiome has been shown to influence the response of tumors to anti-PD-1 immunotherapy in
pre-clinical mouse models and observational patient cohorts. However, modulation of gut microbiota in
cancer patients has not been investigated in clinical trials. Here we performed a phase I clinical trial to
assess the safety and feasibility of fecal microbiota transplantation (FMT) and re-induction of anti-PD-1
immunotherapy in ten patients with anti-PD-1-refractory metastatic melanoma. We observed clinical
responses in three patients, including two partial responses and one complete response. Notably,
treatment with FMT was associated with favorable changes in immune cell infiltrates and gene expression
profiles in both the gut lamina propria and the tumor microenvironment. Together, these early findings
have important implications for modulating the gut microbiota in cancer treatment.

Immunotherapy to inhibit the programmed cell death (PD)-1
checkpoint protein in metastatic melanoma patients has
demonstrated durable complete response (CR) rates of 10-
20% (I). However, the majority of patients do not respond to
PD-1 blockade, and many of the partially responding patients
eventually progress (I). Extensive research efforts have been
undertaken to overcome resistance to anti-PD-1 therapy. One
of the most promising leads involves modulation of the gut
microbiota (2-4), which has been shown to have a profound
effect on the development and function of the immune
system (5). While no specific bacterial taxa have been
consistently associated with clinical response to
immunotherapy (6), fecal microbiota transplantation (FMT)
- which transfers the entire gut microbiota from one host to
another - has demonstrated promising results in pre-clinical
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models (2-4). Compared to mice that received FMT from
melanoma patients not responding to anti-PD-1 therapy,
mice that received FMT from responders demonstrated
increased intra-tumoral CD8" T-cell infiltration and
enhanced overall effectiveness of anti-PD-1 therapy (2, 3).
Based on these data, we designed a phase I clinical trial
(NCT03353402) to assess the safety, feasibility and immune
cell impact of FMT and re-induction of anti-PD-1
immunotherapy in patients with refractory metastatic
melanoma.

The trial included two FMT donors who had previously
been treated with anti-PD-1 monotherapy for metastatic mel-
anoma and achieved a CR for at least one year (table S1 and
materials and methods). Patients were considered eligible
FMT recipients if they had a diagnosis of metastatic
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melanoma and had progressed on at least one line of anti-
PD-1 therapy. Recipients harboring a BRAF-V600E mutation
must have also progressed on BRAF-targeted therapy. As part
of the trial’s protocol, recipients underwent an initial “native
microbiota depletion” phase in which they were administered
with orally ingested antibiotics (vancomycin and neomycin)
for 72 hours (Fig. 1A). FMT was then performed via both co-
lonoscopy (protocol day 0) and administration of oral stool
capsules followed by re-induction of anti-PD-1 therapy
(nivolumab). Six combined treatment cycles composed of
anti-PD-1 infusions (nivolumab at standard dose) and addi-
tional stool capsules (maintenance FMT) were administered
every 14 days until day 90. Each recipient underwent positron
emission tomography combined with computed tomography
(PET-CT) imaging before the trial and on day 65. Response to
treatment was defined as an objective tumor regression per
imaging according to iRECIST criteria (7). Objective respond-
ers and recipients who demonstrated a clinical benefit to the
treatment continued anti-PD-1 beyond day 90 as monother-
apy and underwent consecutive PET-CTs in intervals of 6-8
weeks until disease progression.

Correlative studies included stool, gut and tumor analyses
(see materials and methods). 16S rRNA gene and meta-
genomics sequencing were conducted on stool samples which
were collected from recipients up to one week before the na-
tive microbiota depletion phase (defined as pre-treatment),
and on stool samples collected on days 7, 31, and 65. Donor
stool samples were collected during the fecal donation pe-
riod. Gut and tumor biopsies were collected pre-treatment
and at days 31 and 70, respectively. Infiltration and activity
of immune cells in the tissue samples were assessed using
immunohistochemical (IHC) and bulk RNA sequencing
(RNA-seq). In cases where no specific gene differed in a sta-
tistically significant manner, gene set testing was conducted
using the Gene Ontology (GO) dataset. Recipient#2 refused to
undergo post-treatment biopsies and withdrew consent im-
mediately after the day 65 imaging assessment, leaving nine
available recipients for gut and tumor tissue assessment.

Ten recipients with confirmed progression on anti-PD-1
therapy were enrolled and treated between June 2018 and
March 2019 (Table 1 and table S2). Recipients were assigned
to receive FMT from one of the two available donors, alter-
nating between Donor #1 and Donor #2. The median recipient
age was 66 years (IQR 49-68), the majority were males (70%),
and the median elapsed time from the last previous dose of
anti-PD-1 to the first dose of the current trial was 113 days
(IQR 59-183). The most common PD-L1 expression category
in pre-treatment tumor biopsies was =5%. This expression
category was noted in four recipients, while three recipients
had no pre-treatment PD-L1 expression (table S2). In terms
of safety results, the only observed FMT-related adverse event
was mild bloating between days 3 to 15 in one recipient.
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Several mild (grade 1) immune-related Adverse Events
(irAEs) were observed, mainly arthralgia (table S3). No mod-
erate to severe irAEs (grade 2-4) were observed, although five
recipients had developed such irAEs during their previous
anti-PD-1 treatment lines (table S4:).

Objective responses to treatment were demonstrated by
three recipients, all of them from the Donor #1-group: Recip-
ient #3 achieved a complete response, and Recipients #5 and
#7 achieved partial responses (Fig. 1B, Table 1, and table S5).
All responders crossed the progression-free survival mile-
stone of six months. Both Recipients #3 and #5 demonstrated
an initial increase in their metastases size, followed by regres-
sion (Fig. 1, B and C, and fig. S1). This phenomenon is known
as pseudo-progression (8), because the increment in metasta-
sis radiological volumes is not caused by tumor proliferation;
but rather caused by an influx of anti-tumoral immune cells
into the tumor. Recipient #1 (Donor #1-group) demonstrated
an initial mix response with regression of some of lesions, but
overall disease had progressed (fig. S2).

Stool 16S rRNA gene sequencing analysis demonstrated
that post-treatment gut microbiota composition of all recipi-
ents significantly differed from their baseline (p3-diversity,
Unweighted UniFrac, p=0.02, FDR=0.05, Fig. 2A and figs. S3
and S4). There was no statistically significant difference be-
tween the pre-treatment microbiota composition of recipi-
ents from the Donor #l-group and those of the Donor #2-
group (p=0.36, FDR=0.45). However, post-treatment micro-
biota compositions of the Donor #1-group recipients differed
from those of the Donor #2-group (p=0.001, FDR=0.003, Fig.
2A). Donor #2 had a higher microbiota richness (a-diversity,
Faith’s Phylogenetic Diversity) in comparison to Donor #1. In
accordance, despite similar richness in the pre-treatment
compositions (p=0.60, FDR=0.77), post-treatment composi-
tions of the Donor #2-group demonstrated higher richness
than that of the Donor #1-group (p<0.001, FDR=0.001, fig.
S5). Metagenomic sequencing was used to identify specific
taxa and functional pathways that differed between the trial’s
groups. Overall comparison between recipient pre- and post-
treatment microbiota compositions (ANCOM test) showed
that post-treatment compositions had a higher relative abun-
dance of the immunotherapy-favorable Veillonellaceae family
(3) and a lower relative abundance of Bifidobacterium bifi-
dum, which was reported to promote immune tolerance via
T-regulatory cells (9) (figs. S6 and S7). Both donors had pre-
viously reportable immunotherapy-favorable features (fig. S8
and table S6) such as high relative abundance of Lachnospi-
raceae (both donors) Veillonellaceae (Donor #1) and Rumino-
coccaceae (Donor #2) (fig. S8) (2-4). Comparison of post-
treatment recipient microbiota compositions by their as-
signed donors demonstrated that the Donor #1-group was
characterized by higher relative abundance of taxa like
Bifidobacterium adolescentis (Fig. 2B), while the Donor #2-
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group had high relative abundance of taxa like Ruminococcus
bromii (table S7) - both were previously described as immu-
notherapy-favorable (2, 3). The pre-treatment microbiota
compositions of the three responding patients (Recipients #3,
5 and 7) did not differ from the pre-treatment microbiota
compositions of rest of the cohort. When the responders’
post-treatment compositions were compared to post-treat-
ment compositions of the other two non-responders from the
Donor #1-group (Recipients #1 and #9), four taxa differed in a
statistically significant manner (fig. S9A). The responders
had a higher relative abundance of Enterococcaceae, Entero-
coccus, and Streptococcus australis, and a lower relative
abundance of Veillonella atypica. However, when the abun-
dance of these specific taxa was assessed in the entire patient
cohort (fig. S9B), there were some non-responders and even
pre-treatment samples with similar dynamics. Hence, no
clear association between those taxa and clinical response to
therapy were established. Functional metabolic data were
based on annotation of genes to the MetaCyc database (direct
measurements metabolite levels were not conducted). The
functional metabolic data demonstrated that the Donor #1-
group up-regulated the lactose and galactose degradation I
pathway (logFC=1, FDR=0.015) while the Donor #2-group up-
regulated the formaldehyde assimilation II (logFC=2.2,
FDR=3.93e¢ %), formaldehyde oxidation I (logFC=2.4,
FDR=0.001) and creatinine degradation I (log FC=14,
FDR=0.014) pathways. Metagenomics GO gene sets which
significantly differed between the microbiota of the two do-
nor groups were illustrated in Fig. 2C (table S8). Comparison
between the post-treatment microbiota composition of the
responding recipient patients #3, #5, and #7 with the other
two non-responding patients among the Donor #1-group (#1
and #9) showed no significant functional or metabolic differ-
ences.

Gut sample analysis of all available FMT recipient pa-
tients demonstrated a post-treatment up-regulation of gene
sets which were related to the presentation of peptides by an-
tigen presenting cells (APCs) via Major Histocompatibility
Complex (MHC) class I, and interleukin-1 mediated signaling
(FDR=0.014 and FDR=0.038, respectively, table S9). Analysis
per donor-group demonstrated that the Donor #1-group re-
cipients up-regulated additional gene sets related to APCs ac-
tivity, innate immunity, and interleukin-12 (table S10). In
contrast, the Donor #2-group recipients did not up-regulate
any immune-related gene sets (table S11). Per patient analysis
demonstrated an increased lamina propria infiltration of
CD68" cells, representing APCs, from an overall pre-treat-
ment median of 353 cells/mm? to 569 cells/mm? post-treat-
ment (p=0.05, Fig. 3, A to C, and fig. S10). The CD68*
infiltration was concentrated in the sub-epithelial area,
where the proximity to the gut lumen is the highest. All avail-
able recipients increased the post-treatment CD68*
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infiltration except for Recipient #6 (Donor #2-group, non-re-
sponder patient). Notably, gut sample analysis did not
demonstrate a statistically significant increase in T cell infil-
tration in the gut lamina propria (fig. S11), nor T cell related
gene set enrichment.

Tumor sample analysis of all available recipients demon-
strated post-treatment up-regulation of multiple immune-re-
lated gene sets (Fig. 3D and table S12), such as Interferon-y
mediated signaling pathway (FDR=1.65e¢'%), T cell activation
(FDR=3.27¢?), MHC Class II  protein complex
(FDR=9.31e7®), dendritic cell differentiation (FDR=5.15¢°)
and T helper 1 type immune response (FDR=1.06e°5). While
these immune-related gene sets remained enriched in the Do-
nor #1 group only analysis (table S13), no immune-related
gene sets were statistically significant enriched among tumor
samples of the Donor #2-group (table S14:). Per patient analy-
sis demonstrated increased post-treatment intra-tumoral
CD8" T cell infiltration among five patients (#1, #3, #4 #7, and
#10) with an overall pre-treatment median of 89 cells/mm?
versus 282 cells/mm? post-treatment (p=0.06, Fig. 3, E to G,
and fig. S12). Recipient #5 achieved a near-pathological com-
plete response, as post-treatment viable tumor tissue com-
posed <1% of the entire biopsy, and Recipients #3 and #7
achieved partial pathological response (Table 1). Assessment
of commonly investigated genes related to intra-tumoral im-
mune activity demonstrated that the post-treatment tumors
of Recipients #1, #3, #5 and #7 up-regulated effector-related
genes with some reciprocal exhaustion responses (Fig. 3H).
Recipient#10, however, up-regulated exhaustion-related
genes without an effector response.

This study demonstrated that the combination of FMT
from a CR donor and re-induction of anti-PD-1 therapy in re-
fractory metastatic melanoma patients was safe, feasible and
potentially effective. FMT is considered common treatment
for recurrent Clostridioides difficile colitis, with a well-estab-
lished safety profile (10), and its safety was demonstrated
even in immunocompromised patients (7I). Still, the lack of
FMT-related complications in the current study among im-
munocompetent metastatic patients treated with repeated
FMTs was reassuring. Interestingly, the combination of FMT
and re-induction of anti-PD-1 therapy appeared safe and also
resulted in some objective clinical responses. Out of ten anti-
PD-1 refractory recipients, three demonstrated clinical re-
sponses including one CR. A similar trial of FMT and anti-
PD-1 re-induction in refractory melanoma patients reported
preliminary results of one objective partial response and one
stable disease among the first three patients (12). Since the
FMT recipient patients were not treatment naive, there is a
possibility that these clinical outcomes are due to delayed re-
sponses to previous anti-PD-1 treatments. However, this pos-
sibility is unlikely as Ribas et al. reported that delayed
response rates in metastatic melanoma patients who
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continued anti-PD-1 therapy beyond RECIST-confirmed dis-
ease progression were <8% (13). Similarly, Betof Warner et al.
reported that response rates of metastatic melanoma patients
who were re-induced with anti-PD-1 monotherapy were 5/34
(<15%) (14). These results were possibly an over-estimation
since 3/5 responders in that report had an elapsed previous-
to-re-induction dose time of at least 12 months (74). Such a
prolonged time period might enable the re-emergence of im-
munotherapy-susceptible tumor clones. In our study, the me-
dian previous-to-re-induction dose time was only 113 days
among the entire cohort and 119 days among the three re-
sponders. Moreover, the inclusion criterion of our trial was
disease progression on previous anti-PD-1 lines based on iRE-
CIST. According to RECIST 1.1, partial or complete responses
may be deemed “unconfirmed” pending follow-up, but the
classification of progressive disease is always considered final
(15). However, immunotherapies might sometime lead to
pseudo-progression (8), as seen in Recipients #3 and #5. iRE-
CIST was designed to distinguish between unconfirmed and
confirmed disease progression (7) (table S5). Hence, it is pos-
sible that the use of iRECIST in those previous publications
would have resulted in even lower-post-failure response
rates.

This higher than expected clinical response rate can be
explained by the correlative immunological data. Tumor in-
filtrating DCs have a crucial role in trafficking T cells into
tumors (16, 17). Multiple reports from mouse models studies
have demonstrated that microbiota modulation promoted in-
filtration of DCs into remote tumors, which resulted in acti-
vation of both T-helper 1 cells via interleukin-12 (4, 18) and
cytotoxic CD8" T cells (19-2I). The same findings were
demonstrated in our human FMT trial. Since the donors’ mi-
crobiota were transplanted into the recipients’ gut, it is plau-
sible to assume that the immune activation cascade started
in the gut. Indeed, the Donor #1-group recipients demon-
strated increased post-treatment gut infiltration and activity
of APCs. Geva-Zatorsky et al. assessed the immune response
to colonization of different commensal gut microbes and
demonstrated that the local effect of microbes in the gut was
mostly on the innate immunity cells (22), which could later
migrate into the lymphatic system (23). Notably, some of the
Donor #2-group recipients also increased their post-treat-
ment gut APC infiltration, although as a group their RNA-seq
findings were not statistically significant. Overall, the recipi-
ents who increased their post-treatment intra-tumoral CD8"
T cell infiltration had also increased their APC gut infiltra-
tion. It is unlikely that the increment in CD8* T cell infiltra-
tion was due to the mere anti-PD-1 administration, since
Chen et al. used pre- and on-treatment tumor biopsies to
demonstrate that non-responding patients undergoing anti-
PD-1 therapy did not increase their intra-tumoral CD8* infil-
tration (24). However, microbiota-driven gut APC activation
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would not necessarily yield enhanced intra-tumoral CD8" ac-
tivity. Impaired antigen presentation machinery within the
tumor cells themselves is a well-known anti-PD-1 resistance
mechanism and usually results in lack of intra-tumoral CD8*
T cell infiltration (25). Indeed, the tumor from Recipient #9
demonstrated such an antigen presentation impairment (fig.
S13). Moreover, even the presence of high intra-tumoral infil-
tration of CD8" T cells sometimes fails to translate into a clin-
ical response. Tumors with high CD8* T cell infiltration can
be refractory if the T cell infiltration is ineffective, for exam-
ple due to CD8* T cell exhaustion after exposure to additional
immune checkpoints (26). Recipient #10 had overexpression
of these molecules, such as IDO-1 (Fig. 3H). Recipient #1, who
demonstrated increased intra-tumoral CD8* T cell activity,
had an initial regression in some metastases but eventually
progressed due to an unknown cause. These tumor charac-
teristics of different patients emphasize the wide context of
clinical responses to immunotherapy, and that beneficial mi-
crobiota composition is not the only factor in treatment re-
sponse.

The microbiota composition of the two donors and the
post-treatment recipients from both donor-groups were char-
acterized by high relative abundance of taxa that were previ-
ously associated with response to immunotherapy. Yet, the
three responding recipients were solely part of the Donor #1-
group. The reason for this dissonance is unclear. However,
this study was statistically powered to assess safety, and was
not designed to compare efficiency between donors. Lack of
clinical responders among Donor #2-group does not neces-
sarily implicate that clinical responses could not be observed
in a larger cohort. Moreover, our inability to pinpoint specific
“response-inducer” microbiota characteristics echoes the in-
consistency among previous observational reports (6). As the
characteristics of optimal microbiota compositions of donors
and recipients remain elusive, the design and implementa-
tion of future microbiome modulation clinical trials must be
carefully considered. Numerous considerations must be
taken into account when contemplating strategies to modu-
late gut microbes, including diet (27). Studies in pre-clinical
models incorporating microbiota into germ-free mice “ava-
tars” may yield insight into both microbe and host factors.
Nonetheless, in light of the decades-based safety profile of
FMTs (10), promising results in pre-clinical models (2-4, 18,
19, 21) and findings suggesting treatment effectiveness in our
current clinical trial, clinical institutions should not be de-
terred by the lack of sufficient mechanistic knowledge to ex-
amine the clinical potential of FMTs in the setting of well-
designed and supervised human trials. This is especially true
for refractory patients, in whom the risk-benefit ratio of
FMTs appears favorable.

One limitation of this clinical trial arises from the use of
antibiotics as part of the pre-FMT preparation. Antibiotic

(Page numbers not final at time of first release) 4

0202 ‘TZ Jaqwiada uo /610 Bewasuslos aaualos//:dny wolj papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

preparation was adopted since it enhanced the FMT ability
to modulate microbiota composition in reported murine
models (28). The vancomycin-neomycin protocol was re-
ported as an effective pre-FMT protocol in humans (29). Since
all of our recipients underwent the exact same pre-FMT pro-
tocol, we believe that the use of antibiotic did not affect the
observed immune and clinical outcomes. However, this pos-
sibility cannot be ruled out in the current study design.

In conclusion, FMT from CR donors and re-induction of
anti-PD-1 therapy in refractory metastatic melanoma patients
was safe and feasible. In some patients, this treatment in-
creased the intra-tumoral immune activity, which was trans-
lated into objective clinical responses. These findings support
the concept of overcoming resistance to immunotherapy by
modulating the gut microbiota.
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Fig. 1. The clinical trial protocol and the effect of the FMT and re-induction of immunotherapy on recipient
patient tumor size. (A) Flow chart describing the clinical trial protocol. Fecal microbiota transplantation (FMT)
recipients underwent a 72-hour “native microbiota depletion” phase which included a combination of orally-
administered vancomycin, neomycin and a polyethylene-glycol (PEG) solution. Recipients underwent FMT by
both colonoscopy and orally ingested stool capsules (capsulized FMT). Maintenance FMT (mFMT) was
performed by giving patients capsulized FMT on day 12, followed two days later by the first anti-PD-1 dose
(nivolumab). This mFMT + anti-PD-1 combination was repeated every 14 days for a total of six cycles. Responder
and recipient patients with a clinical benefit to the treatment, continued anti-PD-1 as monotherapy until disease
progression. (B) Spider plot demonstrating the change in radiological tumor size of all ten recipients. Recipients
were colored according to their donor-group: the Donor #1-group recipients were marked by red full lines while
the Donor #2-group recipients were marked by blue dashed lines. Recipient #3 demonstrated a complete
response to treatment, and Recipients #5 and #7 demonstrating partial responses. Radiological assessment
was conducted in accordance with the immune Response Evaluation Criteria in Solid Tumors (IRECIST) (7) and
included measurements of target and new target lesions. * - Recipient #6 was excluded from the trial after the
first post-treatmentimaging study due to unstable metastatic brain disease (hemorrhage into a brain metastasis
that was known prior to inclusion into the trial). (C) Recipient #3 positron emission tomography combined with
computed tomography (PET-CT) imaging. The metastatic lesions, represented as black emission areas, were
concentrated in the left leg and groin (inguinal). Due to the treatment, the metastases had initially increased in
size and new lesions appeared (Day 67). However, a complete resolution of all lesion was demonstrated in
consecutive follow-up imaging studies. The initial tumor size increment was likely due to the substantial increase
in CD&* T cell intra-tumoral infiltration which was observed in this patient (14 cells/mm? pre-treatment versus
736 cells/mm? on day 70, see below Fig. 3, E to G), a phenomenon known as pseudo-progression (8).
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Fig. 2. The effect of FMT on gut microbiota composition in metastatic melanoma recipient patients.
(A) Principal Component Analysis (PCA) plots of patient gut microbiota compositions based on stool
16S rRNA gene sequencing dissimilarity test (beta-diversity, Unweighted UniFrac). The distance
between samples on the plot represents their dissimilarity — the greater the distance between two
samples, the higher the dissimilarity of their composition. Recipient patients were grouped according
to their donors — those who receive FMT implants from Donor #1 were colored in red while those who
received implants from Donor #2 were colored in blue. The plots demonstrated no difference between
the pre-treatment recipient compositions of the two donor-groups (FDR=0.45), in contrast to a clear
post-treatment donor-based division (FDR=0.003). (B) A volcano plot based on the Analysis of
Composition of Microbiomes (ANCOM) test. The plot compared the relative abundance of specific taxa
between the Donor #1-group (negative X axis) and the Donor #2-group (positive X axis). Each donor-
group was composed of post-treatment samples of the relevant recipients and the donor sample. Taxa
which differed between the groups with FDR g=<0.05 were presented above the horizontal dash line. The
center log transformation (CLR) mean difference on the X-axis is an ANCOM calculation which is used
to determine compositional differences in microbial communities. For convenience, only taxa with a
mean difference above an absolute value of two were labeled with text. The full list of taxa that
significantly differed between the two donor-groups was detailed in table S7. (C) Voronoi treemap plots
of microbiota GO gene sets that were enriched among the different donor-group’s microbiotas. The
abundance of gene sets was compared across donors and post-treatment recipient samples. Gene sets
that showed statistically significant differences between the Donor #1-group and the Donor #2-group
and had a log differential abundance >1 (table S8) were plotted. The polygon size represents the scale
of the logz abundance difference — a bigger polygon represents a more abundant pathway. The GO gene
sets were also colored in accordance to their GO category: purple for biological processes, light blue for
cellular components, and red for molecular functions.

First release: 10 December 2020 www.sciencemag.org  (Page numbers not final at time of first release) 12

0202 ‘TZ Jaqwiada uo /610 Bewasuslos aaualos//:dny wolj papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

Gut CD68+ Infiltration Pre-treatment

€
Treatment effect on CD68+ APC infiltration in the gut lamina propria
- A per patient analysis
f=1
= p=0.05
8 i L ]
=
- =
=g ®
E «©
g g ° ° ¢
. =
g § i " L
L] ° [
§l 1 ® n L o
&
R#1 RI3 R¥4 R#5 R#6  RI7 BB R RHI0
u P it ® Post
E
Tumor CD8+ Infiltration Pre-treatment
G
Treatment effect on intra-tumoral CD8+ T cell infiltration
g A per patient analysis
= . p=006 o
81
% L !
E L ]
281
2 L ]
& .
L ] L | L ]
L |
-] n & ! ° :
R#1 R#3 R#4 R#S RE6  RE7T R RE9 RHD

First release: 10 December 2020

B Pre-treatment @ Post-treatment

dod

$58001d PRSI

WWW.Sciencemaq.org

Gut CD68+ Infiltration post-freatment

Treatment effect on tumor gene-sets

GO_INTERFERON_GAMMA_MEDIATED_SIGNALING_
PATHWAY FDR=1.65¢"

pr—
[E—

N
]

Pre-treatment tumors

™

Post-treatment tumors

| |

f—

(|

GO_DENDRITIC_CELL_MIGRATION
FDR=1.89e*

air
e
o

3 8
7 ]

an
oo
“an

Gene Rank score

Tumor CD8+ Infiltration post-treatment

Donor#1-group Donor#2-group

CD274 (PD1-L1)
PDCD1LG2 (PD1-L2)
PDCD1 (PD1)

D01

CTLA4

LAG3

HAVCR2 (TIM3)

SELL (LYAM1, CD62L)

R#1 R#3 R#5 RH#7 R#9 R#4 R#6 RHB RH10

IC!

21z
a0

Represented_Process
Antigen Presenting Cells
Effector! Cylotoxic
Exhustion/Suppression

(Page numbers not final at time of first release) 13

0202 ‘Tz Jaquiadaq uo /1o’ Bewasualas aaualos)/:dny woly papeojumoq


http://www.sciencemag.org/
http://science.sciencemag.org/

Fig. 3. The effect of FMT and re-induction of immunotherapy on immune activity in the gut and in
the tumor microenvironment of metastatic melanoma recipient patients. (A) Immunohistochemical
(IHC) staining of CD68, representing antigen presenting cells (APC), conducted on pre-treatment
sigmoid colon biopsies of Recipient #7. (B) IHC staining of CD68* cells conducted on the post-
treatment (day 31) sigmoid colon biopsy of Recipient #7, demonstrating a clear increase in CD68* cells
infiltration in the gut lamina propria. This infiltration was especially prominent in the sub-epithelial area,
which is physically closer to the gut. (C) Animage analysis algorithm was used to quantify the number
of CD68* APC within the gut lamina propria of each recipient patient. A post-treatment increment in
CD68* cell infiltration was demonstrated in most recipients (p=0.05). (D) A barcode plot of gene set
enrichment among tumor samples. Each bar represented a single gene out of the entire gene set. The
plot demonstrated the up-regulation of APC and T cell related gene sets among post-treatment tumor
samples. The full list of enriched gene sets is detailed in table S12. (E) IHC staining of CD8, representing
cytotoxic T cells, conducted on pre-treatment tumor metastasis (subcutaneous, left leg) of Recipient
#3. (F) IHC staining of CD8* T cells conducted on post-treatment biopsy from another subcutaneous
metastasis in the left leg of Recipient #3, demonstrating a clear increase in intra-tumoral CD8* T cell
infiltration and immune-induced tumor necrosis (marked by asterisks). (G) An image analysis
algorithm was used to quantify the number of CD8* stained T cells within viable tumor tissue for each
remote tumor metastasis biopsy. Post-treatment tumor biopsies were preferably taken from the same
metastasis used for the pre-treatment biopsy, or from another metastasis at the same organ. Five
recipient patients had increased their intra-tumoral CD&8* T cell infiltration in post-treatment biopsies
(p=0.06). * - Recipient #5 achieved a near-pathological complete response (<1% viable tumor), and
hence their post-treatment CD8* infiltration could not be accurately assessed. (H) Heatmap of tumor
immune gene expression. The heatmap illustrated expression dynamics before and after treatment
across three representative immune processes — anti-tumoral effector activity,
suppression/exhaustion activity, and antigen presenting cells activity/abundance. Note that only
members of Donor #1-group demonstrated a post-treatment up-regulation of effector T cell response.
Recipient #10 demonstrated a post-treatment up-regulation of the immune checkpoints IDO-1 and
TIGIT without an effector response. Scale represents the Z-score of gene counts.
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Table 1. Clinical characteristics of patients receiving Fecal microbiota transplantation (FMT) and re-induction of
anti-PD-1 treatment. The time from previous anti-PD-1 treatment dose to the first trial dose was calculated from the
most recent anti-PD-1 treatment dose to the day of the first anti-PD-1 treatment on the clinical trial. The percentage of
viable tumor was calculated as the percentage of viable tumor out of the entire tumor tissue which was examined in a
hematoxylin and eosin (H&E) slide of the tumor biopsy (see materials and methods). Clinical responses were based on
the immune Response Evaluation Criteria in Solid Tumors (iRECIST) (7). Response category “None” represented iRE-
CIST-confirmed progressive disease. Recipient #2 did not consent to undergo repeated tumor and gut biopsies, and
hence the percentage of viable tumor was presented as “Not available (N/A)". Additional clinical data per donor and
recipient can be found in the supplementary materials (tables S1 and S2, respectively). PD-1 — Programmed cell Death
-1, D — Dabrafenib; T — Trametinib; Nivo — Nivolumab; Pembro —Pembrolizumab; Ipi- Ipilimumab; T-VEC - Talimogene
laherparepvec; TIL — Adoptive cell therapy composed of tumor infiltrating lymphocytes.

FMT Recipient Previous Best Time from Percentage of viable tumor Clinical
donor- treatment response previous anti- during the current trial response in
group lines (in during all PD-1dose to the current
chronological previous anti- first trial dose Pre- Post- trial
order) PD-1lines (days) treatment treatment
D+T; Nivo;
1 DiTre- None 57 100 95 None
induction;
Ipi+Nivo
3 Pembro None 66 100 30 Complete
DO”;{ 5 Ipi+Nivo Partial 119 100 <1 Partial
7 Pembro; D+T Complete 204 80 30 Partial
Nivo
(adjuvant); Ipi;
9 Carboplatin + None 209 80 90 None
Paclitaxel
Pembro; Ipi;
2 Pembro re- Stable 114 N/A N/A None
: . disease
induction
4 N'VO None 112 85 90 None
(adjuvant)
Ipi; Pembro;
D+T; Nivo, T-
Donor VEC + Nivo;
#2 6 TIL; D+ T re- Partial 322 100 85 None
induction;
Palbociclib;
Carboplatin +
Pacliataxel
8 Ipi+Nivo Mixed 42 90 100 None
10 Ipi+Nivo ds.tab'e 57 100 90 None
isease
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