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Anti–programmed cell death protein 1 (PD-1) therapy provides long-term clinical benefits to patients with
advanced melanoma. The composition of the gut microbiota correlates with anti–PD-1 efficacy in preclinical
models and cancer patients. To investigate whether resistance to anti–PD-1 can be overcome by changing
the gut microbiota, this clinical trial evaluated the safety and efficacy of responder-derived fecal microbiota
transplantation (FMT) together with anti–PD-1 in patients with PD-1–refractory melanoma. This combination
was well tolerated, provided clinical benefit in 6 of 15 patients, and induced rapid and durable microbiota
perturbation. Responders exhibited increased abundance of taxa that were previously shown to be associated
with response to anti–PD-1, increased CD8+ T cell activation, and decreased frequency of interleukin-8–
expressing myeloid cells. Responders had distinct proteomic and metabolomic signatures, and transkingdom
network analyses confirmed that the gut microbiome regulated these changes. Collectively, our findings show
that FMT and anti–PD-1 changed the gut microbiome and reprogrammed the tumor microenvironment to
overcome resistance to anti–PD-1 in a subset of PD-1 advanced melanoma.

I
mmune checkpoint blockade with mono-
clonal antibodies (mAbs) targeting pro-
grammedcell deathprotein 1 (PD-1) provides
long-term clinical benefits to nearly 40%of
patients with advanced melanoma (1–5).

In addition to tumor-intrinsicmechanisms sup-
porting resistance toanti–PD-1mAbs (anti–PD-1),
the gut microbiome is a major tumor-extrinsic
regulator of responses to anti–PD-1 (6–9). In
mice, composition of the gut microbiomemod-
ulates therapeutic activity of anti–PD-1 and
anti–programmed death-ligand 1 (PD-L1), and
administration of certain gut commensals or
fecal microbiota transplantation (FMT) pro-
motes anti–PD-1 efficacy inmelanoma-bearing
mice (10–12). Althoughmultiple studies have
reported that a favorable gut microbiome is
associatedwith response to anti–PD-1 in cancer
patients, its precise composition is not yet fully
understood (10–12). Specifically in melanoma,
key bacterial species belonging to various phyla,
including Actinobacteria (Bifidobacteriaceae
spp. and Coriobacteriaceae spp.) and Firmicutes
(Ruminococcaceae spp. and Lachnospiraceae
spp.), are associated with favorable response

to mAbs targeting PD-1 in cancer patients, al-
though limited concordance among the iden-
tified species has been reported in different
studies (10–14). Whether microbiome-based
therapy can overcome resistance to anti–PD-1
in patients with advanced melanoma has not
been evaluated. To address this question, we
designed a single-arm clinical trial to evaluate
the safety and efficacy of FMT obtained from
individual long-term responder (R)melanoma
patients together with anti–PD-1 in PD-1–
refractory metastatic melanoma patients
(NCT03341143; fig. S1).

A subset of PD-1–refractory melanoma
patients respond to fecal microbiota
transplant and anti–PD-1 therapy

Sixteen melanoma patients were enrolled be-
tween June 2018 and January 2020 (table S1),
and the results presented here reflect a data
cutoff of 1 September 2020. All melanoma
patients were primary refractory to anti–PD-1
therapy, defined as patients who had no prior
response to anti–PD-1 alone or in combination
with anticytotoxic T lymphocyte–associated

protein 4 or investigational agents (table S1)
and had confirmed primary progressive dis-
ease (PD), as assessed by an independent
radiologist using response evaluation criteria
in solid tumors (RECIST v1.1) (15, 16). Among
PD-1–refractory patients included in the trial,
only one had a best response of short-term
stable disease (SD) before radiographically
confirmed PD. All enrolled patients and can-
didate donors underwent serial stool sampling
and extensive infectious studies to eliminate
the possibility of transmitting infectious agents
(fig. S2). Seven donors, including four with
complete response (CR) and three with partial
response (PR), with median progression-free
survival (PFS) of 56 months (range: 45 to
70 months) were used to treat 16 patients
(table S2). Blood and stool specimens were
obtained serially and screened for 32 viral,
bacterial, fungal, and protozoan agents be-
fore FMT (fig. S2). A single donor–derived FMT
was administered along with pembrolizumab
(fig. S1), followed by additional pembrolizumab
therapy every 3 weeks until disease progres-
sion or intolerable toxicity. Radiographic as-
sessments were conducted every 12 weeks
(four cycles), and response was classified by
using RECIST v1.1. Of the 16 patients enrolled,
15 received FMT and pembrolizumab and had
at least one restaging computed tomography
(CT) scan and thus were deemed evaluable
for response. One patient who had a rapid
clinical decline after FMT that was deemed
secondary to rapid disease progression was
evaluable for safety but not response. Objec-
tive responses (ORs) were noted in 3 (PT-18-
0032, CR; PT-18-0007 and PT-19-0024, PR) out
of 15 patients [OR rate (ORR): 20%], whereas
3 (PT-18-0018, PT-19-0002, and PT-19-0010)
out of 15 patients (20%) had durable SD last-
ing >12 months (Fig. 1, A and B). Representa-
tive radiographic examples from all three R
patients with ORR are provided (Fig. 1C and
figs. S3 and S4). Median PFS and overall sur-
vival (OS) in all patients were 3.0 and 7.0months,
respectively, at a median follow-up of 7 months.
In six patients with disease control (i.e., OR
and SD), median PFS and OS were 14.0 and
14.0 months, respectively (Fig. 1B). Among these
patients, one patient (PT-18-0007) exhibited
ongoing PR after >2 years and is currently
on surveillance, whereas four patients (PT-
18-0018, PT-19-0002, PT-19-0010, and PT-
19-0024) remain on treatment. One patient
(PT-18-0032) with radiographic CR under-
went an elective surgical procedure for spinal
stenosis but suffered a spinal infarct unrelated
to therapy and subsequently passed away. Our
study shows that FMT together with anti–
PD-1 overcame resistance to anti–PD-1 in a
subset of PD-1–refractory melanoma patients.
Although these preliminary findings warrant
further evaluation in a larger randomized
clinical trial, the observed ORR was superior
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to ORRs reported in melanoma patients pri-
mary refractory to anti–PD-1 therapy treated
beyond progression (17). Treatment-related
adverse events (AEs) were minimal (table S3).
Although all patients experienced at least one

AE, these were mostly low grade (grade 1,
72.9%; grade 2, 20.0%). Endocrinologic AEs,
mostly hypothyroidism, occurred in 17.6% of
patients and were easily managed with hor-
mone replacement. Grade 3 AEs occurred in

three patients: two instances of fatigue, in
which underlying endocrinological issues
were excluded and resolved, and one case
of peripheral motor neuropathy (PT-19-0024)
that required hospitalization, intravenous
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Fig. 1. Radiographic
responses from a phase 2
study of anti–PD-1
responder–derived FMT
and pembrolizumab in
PD-1–refractory melanoma.
Melanoma patients who
had primary refractory
disease to anti–PD-1 ther-
apy received FMT derived
from individual melanoma
patients with durable OR to
anti–PD-1 therapy. FMT was
administered colonoscopi-
cally on day 0 along with
pembrolizumab (200 mg).
Pembrolizumab was
repeated every 3 weeks.
Restaging scans were per-
formed at weeks 9 to
12 and repeated every 9 to
12 weeks while in the study.
Patients remained in the
study until intolerable toxic-
ity, RECIST v1.1–confirmed
disease progression, or
completion of 35 cycles
of pembrolizumab. (A and
B) Treatment exposure and
response duration by
RECIST v1.1 (investigator
assessed; n = 15). (A) FMT
donor and best response to
prior line(s) of anti–PD-(L)1
therapy singly or in
combination are shown for
each FMT-recipient patient.
The length of each bar
corresponds to the duration
of time that patients
received treatment (in
weeks). Response status is
color coded (R, blue; NR,
red). Response symbols
represent status at first
restaging scan (9 to
12 weeks) and at most
recent review. Patients with
ongoing response in the
study are depicted with
horizontal arrows. (B)
Radiographic change of
tumor burden from baseline
(investigator assessed per
RECIST v1.1; n = 15). One
patient (PT-18-0018) had initial disease stability with subsequent progression after antibiotic therapy and was offered a retransplant with the same donor, with
subsequent disease stabilization. (C) Representative CT scans from one responding patient. CT scans from patient PT-19-0024 at four separate time points depict
initial tumor growth after FMT followed by eventual PR. L, left; LN, lymph node.

RESEARCH | RESEARCH ARTICLE

2



immunoglobulin, and corticosteroids and re-
solved with no further sequelae upon reinsti-
tution of pembrolizumab.

Fecal microbiota transplant induces persistent
perturbation of recipients’ gut microbiome

To evaluate the effects of FMT on gut micro-
biota composition in recipients and the rela-
tionship with clinical response, defined as OR
or SD >12 months after FMT and anti–PD-1
on the basis of RECIST 1.1 criteria, we per-
formed shotgun metagenomic sequencing of
223 fecal samples obtained from recipients
(n = 15) and donors (n = 7). For each recip-
ient, we sequenced one pre-FMT sample
(obtained 7 to 21 days before FMT) and all
available post-FMT samples (obtained weekly
for 12 weeks and then every 3 weeks for as
long as the patient remained on trial) (Fig. 2A).
For each corresponding FMT, we sequenced
the distinctive donor-specific “FMT infusate”
obtained from specific FMT donors (table S2
and fig. S5A). Uniform manifold approxima-
tion and projection (UMAP) analyses depicted
distinct gut microbiota composition in recip-
ients (Fig. 2A) and donors (fig. S5A). No sig-
nificant difference in response after FMT was
observed in patients that received infusates
from donors that had either a CR or PR to
anti–PD-1 (fig. S5B). The microbiota in CR
donors exhibited higher alpha diversity than
in PR donors, but no significant differences
were observed between donors and recipi-
ents before FMT (fig. S5C). In recipients, gut
microbiota composition changed after a single
FMT in Rs and nonresponders (NRs) (Fig. 2A),
an alteration that persisted unless a significant
perturbation occurred (e.g., antibiotic use in
PT-18-0032 before day 22 and PT-18-0018
before day 84). Of note, all separately collected
infusates produced from individual donors were
highly similar to each other (fig. S5, A and D).
To evaluate intrapatient variability in both do-
nors and recipients, we computed sample var-
iance across all time points and all taxa in all
available samples from recipients and donors
(only those with at least three samples) (Fig.
2B). Variance was significantly greater in all
recipients after FMT compared with that in
donors (Fig. 2B), although Rs had a trend toward
greater variance compared with NRs (fig. S6).
We quantified differences and rate of change
in microbiome communities in recipients using
multidimensional Euclidean distance. Specif-
ically, the speed of traversion, as inferred from
the Euclidean distance traversed per day,
trended higher in Rs than NRs (Fig. 2C).
Although this parameter did not reach statis-
tical significance (likely because of the limited
sample size), the Euclidean distance still not-
ably separated patients who achieved disease
control from those who did not.
To investigate the degree of donormicrobial

implantation and its relationship to response

in patients over time, we evaluated the acquired
similarity of the recipient microbiota to the
donormicrobiota bymeasuring the Euclidian
distance between donormicrobial composition
and every available time point of the corre-
sponding recipients, starting from the pre-
treatment sample (Fig. 2D). We observed that
the gut microbiota composition shifted sig-
nificantly toward donor microbiota in Rs but
not in NRs (Fig. 2D and fig. S7, left). FMT
implantation was clearly heterogeneous in
the NR group (n = 9), in which about half of
the recipients had samples that were similar
and the other half had samples that were
dissimilar to corresponding donors (Fig. 2D,
top). By contrast, the gut microbiota in Rs
(n = 6) uniformly shifted toward donor sam-
ples (Fig. 2D, bottom). We also evaluated the
humoral immune response to donor bacteria
using recipient serum and donor feces and
observed that FMT administration induced
donor bacteria–specific immunoglobulin
G (IgG) to a greater extent inRs comparedwith
NRs (Fig. 2E and fig. S8), suggesting that
successful implantation and mucosal trans-
location of the transplanted bacteria, known to
induce an IgG response against commensal
bacteria, may preferentially occur in Rs (18).
The use of systemic antibiotics was pro-

hibited on study; however, PT-18-0018 devel-
oped a soft-tissue infection that required
antibiotics (fig. S9). During this period, pem-
brolizumab was withheld, although stool
samples and imagingwere obtained at protocol-
specified intervals. Initial microbiome after
FMT shifted toward the donor’s microbiome
with SD. After antibiotics, metagenomic data
revealed pronounced changes inmicrobial com-
munity composition (loss of Faecalibacterium
prausnitzii,Alistipes spp., andRuminococcaceae
spp.), which correlatedwith clinical progression.
A second transplant from the same donor was
performed nearly 1 year after initial FMT and
resulted in rapid gut colonization associated
with ongoing SD (fig. S9). Overall, although
successful colonization after FMT did not al-
ways resensitize PD-1–refractory melanoma
patients to anti–PD-1, clinical response was
associated with FMT implantation and donor
microbiota–specific IgG response. Furthermore,
the changes of microbiome composition after
FMT were rapidly disturbed by use of anti-
biotics, which depleted beneficial taxa (i.e.,
F. prausnitzii,Alistipes spp., andRuminococcaceae
spp.), in accordance with previously reported
deleterious effects of antibiotic use with regards
to anti–PD-1 in cancer patients (12, 19).
To analyze the bacterial species most com-

monly associated with clinical benefit to FMT,
we first performed statistical analyses between
pre- and post-FMT samples in Rs, followed
by a meta-analysis using Fisher’s method to
identify common features among all samples
(Fig. 2G and fig. S10). Several bacterial species

associated with clinical response have been
previously reported (Bifidobacterium longum,
Colinsella aerofaciens, and F. prausnitzii)
(10, 11). Most of the significantly enriched
taxa in Rs belonged to the phyla Firmicutes
(Lachnospiraceae and Ruminococcaceae fam-
ilies) and Actinobacteria (Bifidobacteriaceae
and Coriobacteriaceae families), whereasmost
of the bacteria decreased in Rs belonged to
phylum Bacteroidetes.

Fecal microbiota transplant and anti–PD-1
modulate immune responses peripherally
and intratumorally

To evaluate the immunological effects of FMT
and anti–PD-1 in treated patients, we per-
formed multiparameter flow cytometry and
single-cell RNA sequencing (scRNA-seq) anal-
ysis from peripheral blood mononuclear cells
(PBMCs) and tumor samples, respectively, col-
lected before and after treatment. Unsupervised
single-cell analysis on spectral flow cytometry of
PBMCs was performed at three consecutive
time points before and after treatment (Fig. 3, A
and B, and fig. S11, A and B) (20, 21). Compared
with NRs, Rs displayed higher percentages of
CD56+CD8+ T cells after treatment (day 42),
which represent a subset of activated CD8+

T cells with higher cytolytic functions (Fig. 3B)
(22–24). CD8+CD56+ T cells expressed high
levels of TIGIT, CD57, 2B4, OX40, ICOS, 4-1BB,
CD16, NKp46, NKp30, granzyme B, perforin,
and CD103 compared with total CD8+ T cells
(fig. S11C). These findings are in line with pre-
vious reports in cancer patients responding to
immunotherapy, including radioimmunother-
apy (25) or PD-1 blockade (26). In Rs, CD8+

T cells up-regulated TIGIT (day 21) as well as
T-bet and LAG-3 (day 42) and down-regulated
CD27 (day 21) compared with NRs at these
time points (Fig. 3C). Rs exhibited lower per-
centages of naïve CD8+ T cells (day 21) and
higher percentages of terminally differentiated
effector memory CCR7−CD45RA+ (TEMRA)
cells (day 42) compared with NRs (Fig. 3D).
These observations suggest that circulating
CD8+ T cells are more activated and differ-
entiated in Rs, as previously shown in cancer
patients who respond to PD-1 blockade (27, 28).
Mucosal-associated invariant T (MAIT) cells,
which respond to bacterial antigens and in-
flammatory cytokines, expressed more gran-
zyme B (day 42) and less CD27 (day 42) in Rs
compared with NRs, suggesting a more dif-
ferentiated phenotype (Fig. 3E). We observed
no significant differences in the frequencies
of circulating myeloid cell subsets before and
after treatment (fig. S11, D and E). Our data
show that FMT together with anti–PD-1 ex-
panded activated CD56+CD8+ T cells and in-
creased activation of CD8+ T and MAIT cells
in PBMCs of Rs.
CD45+ cells were sorted from single-cell

suspension obtained from tumor biopsies
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Fig. 2. Microbiome analyses before and
after FMT in melanoma patients.
(A) Dimensionality reduction using
t-distributed UMAP (t-UMAP) plot of
microbial taxa abundances by last known
taxon of FMT recipients at different time
points. Each color corresponds to a
different FMT-treated patient. Pre-FMT
stool samples are depicted as squares and
post-FMT stool samples as triangles.
Ellipses encapsulate each recipient’s
pre- and post-FMT samples, and the size
of the ellipse spans two standard devia-
tions from the centroid. Rs and NRs are
distinguished by solid and dashed lines,
respectively. PT-19-0026 (PD) is not
depicted because the patient had a
single post-FMT sample. (B) Intrapatient
variance of stool samples from donors and
recipients after standardization and
dimensionality reduction. Donors (n = 3)
and recipients (n = 15) who contributed
at least three fecal samples are depicted.
Data were standardized, PCA was
performed, PC loading was computed,
and variances of patients for every
PC loading were calculated as the squared
standard deviation divided by the mean
and were multiplied by the PC variance
contribution. Resultant values were added
together to produce a combined variance
number, which was compared between
donors (n = 3) and recipients (n = 15)
by using the nonparametric t test.
AU, arbitrary units. (C) Rate of taxonomic
change of stool samples sequentially
obtained from treated patients. The rate of
taxonomic change for each sample
sequentially obtained from each patient
was calculated by using speed of traver-
sion (Euclidean distances traversed per
day), which was calculated by dividing
total Euclidean distance traveled by days.
Euclidean distance was calculated by using
log-transformed normalized taxonomic
data from shotgun sequencing between Rs
(n = 6) and NRs (n = 9) by using the
nonparametric t test. (D) Plot of Euclidean
distance over time from patients’ gut
microbiota to corresponding FMT donor’s
microbiota. To assess the efficiency of
FMT engraftment, Euclidean fitted curves
were generated by using points on the graph in both NRs (red, above) and Rs
(blue, below). A positive percentage of each curve indicates similarity to the
corresponding donor, whereas a negative percentage indicates changes in the
recipient microbiota even further from the donor microbiota. Graphs were normalized
by truncating at 60 days in both Rs and NRs. The chi-square test was
calculated by using an even distribution as null hypothesis. (E) Recipient IgG
response against donor microbiota induced by FMT. Donor fecal bacteria were
incubated with recipient sera at 1:200 dilutions, washed and stained with
phycoerythrin-labeled antihuman IgG, and fixed and analyzed on a flow cytometer.
Change in IgG positivity of donor fecal bacteria for each FMT recipient was calculated
in relation to the first FMT recipient serum sample available compared with the

subsequent two time points up to 50 days later. Percent IgG-positive donor fecal
bacteria was assessed, and area under the curve (AUC) for percent IgG-positive
donor bacteria was calculated, adjusting all recipient time points relative to the
baseline time point set to zero. Difference in reactivity between sera from Rs and NRs
was evaluated by Student’s t test. (F) Cladogram visualization of phylogenetic
distribution of differentially abundant taxa before and after FMT in responding
patients. Fisher’s method for meta-analyses was used to validate statistical
significance and calculate effect size of the differential abundances of taxa in Rs
(fig. S10). Differentially abundant taxa are color coded on the basis of relative abundance
in post- compared with pretransplant samples (green, higher; yellow, unchanged; red,
lower). The most significantly associated taxa are highlighted at the family level.
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Fig. 3. Single-cell analy-
ses of circulating and
tumor-infiltrating
immune cells. (A) Un-
supervised multiparameter
flow cytometry analysis of
circulating immune cells.
UMAP visualization of
100,000 live single cells
from Rs and NRs at three
time points—pretreatment
(D0), day 21 (D21), and
D42—from 30-parameter
flow panel analysis (n = 14)
after merging clusters on
the basis of expression of
CD3, CD4, CD8, CD19, CD14,
CD56, Tgd1, and Tgd2.
Myeloid cells were identified
as lineage-negative cell
clusters on the basis
of presence or absence of
CD14+ cells. (B) Frequency
of CD56+CD8+ clustered
T cells in PBMCs of patients.
Whisker boxes show fre-
quencies of CD56+CD8+

clustered T cells in PBMCs
between Rs and NRs at D0,
D21, and D42. We observed
a significant increase of
CD56+CD8+ T cells in Rs at
D42 using the unpaired
t test. *p < 0.05. (C and
D) Phenotypic analysis of
circulating CD8+ T cells.
Whisker boxes show
markers that are signifi-
cantly differentially
expressed (normalized
mean fluorescence inten-
sity) in CD8+ T cells (C) and
CCR7+CD45RA+-naïve,
TEMRA, CCR7+CD45RA−

effector memory (EM), and
CCR7−CD45RA− central
memory (CM) cells (D)
between Rs (n = 5 to 6) and
NRs (n = 5 to 7) at the three
time points. Analysis was
performed on live single CD3+

and TCRgd− T cells. In Rs,
we observed up-regulation
of TIGIT, Lag-3, and T-bet after treatment and down-regulation of CD27 in CD8+

T cells using the unpaired t test. *p < 0.05. (E) Phenotypic analysis of circulating
MAIT cells. Whisker boxes comparing MAIT cells between Rs (n = 5 to 6) and NRs
(n = 5 to 7) at the three time points. Analysis was performed on live single CD3+ and
TCRgd− T cells. In Rs, MAIT cells up-regulated granzyme B expression and down-
regulated CD27 after treatment using the unpaired t test. *p < 0.05. (F) scRNA-seq
analysis of tumor-infiltrating immune cells. UMAP projection of 64,000 CD45+

cells that were clustered and manually identified on the basis of their expression
profile. NK, natural killer; pDC, plasmacytoid dendritic cell; T FH, T follicular helper;
T FOS, T cells expressing FOS; Tregs, T regulatory cells. (G) Whisker boxes showing

the abundance of myeloid cells and CD4+ Tregs in CD45+ tumor-infiltrating cells. We
observed decreased abundance of myeloid cells and CD4+ Tregs in Rs compared
with NRs using the unpaired t test. *p < 0.05. (H) Cell-associated expression
of two markers (CXCL8 and SPP1) in UMAP projection. These markers are
predominantly expressed in suppressive myeloid cells. (I) Volcano plots showing
the differences in phenotype of CD8+ T cells and myeloid cells between Rs and
NRs after FMT. Rs show a CD8+ T phenotype with increased activation markers
(GZMK, class II HLA genes, CD74), whereas NRs show a myeloid phenotype with an
increased suppressive signature (CXCL8 and SPP1) at day 56 after treatment.
Adjusted p values were obtained by Wilcoxon rank sum test.
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Fig. 4. Serum proteo-
mics, metabolomics,
and lipidomics signa-
tures before and after
FMT. (A) PCA and
heatmap of serum
cytokines of Rs and
NRs before and after
FMT. Data show that Rs
after treatment
(orange) separate from
Rs before treatment
(green), along with NRs
before (red) and after
(blue) treatment, as
assessed by two-way
analysis of variance
(ANOVA; *p < 0.05).
(B) PCA and heatmap
of serum metabolites of
Rs and NRs before and
after FMT. Data show
that Rs after treatment
(orange) separate from
Rs before treatment
(green), along with NRs
before (red) and after
treatment (blue), as
assessed by using two-
way ANOVA (q < 0.05).
(C) PCA and heatmap
of serum lipidomics of
Rs and NRs before and
after FMT. Serum
lipidomic analyses show
that Rs after treatment
(orange) distinctly
clustered separately
from Rs before treat-
ment (green), along
with NRs before
(red) and after (blue)
treatment, as assessed
by using two-way
ANOVA (q < 0.05).
(D) Transkingdom
network analysis of
multi-omic data. Data
for microbial (octa-
gons), metabolites
(squares), cytokines
(triangles), and multi-
parameter flow cytom-
etry (hearts) were
analyzed to identify
highly differentially abundant elements between Rs and NRs to FMT and
pembrolizumab. To identify nodes (i.e., any of these four types of elements)
and their groups with potential contribution to a regulatory activity, a
“transkingdom” network integrating -omics data was constructed by using
their correlations within the different groups (Rs or NRs, before or after FMT
and pembrolizumab). Network interrogation revealed that “microbiome” and
“metabolite” as well as “microbiome” and “cytokine” subnetworks were the
most interconnected. We identified a dense subnetwork (module) containing

the highest number of nodes from different -omics data (nodes highlighted
in yellow, positively correlated edges in red, and negatively correlated edges
in blue). (E) Subnetwork identified in (D). Network analyses established
that CXCL8 (IL-8), IL-10, and CCL3 (MIP-1a) were positively correlated with
organisms enriched in NRs before treatment (Bacteroides uniformis,
Bacteroides nordii, Phascolarctobacterium faecium, etc.) and negatively
correlated with organisms enriched in Rs after treatment (e.g., Ruminococcus
flavefaciens and F. prausnitzii).
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used for scRNA-seq analysis (10X Genomics
Chromium). In total, 64,340 cells from 17 tu-
mor samples were collected before (four Rs
and five NRs) and after treatment (two Rs
and six NRs). After normalization and batch-
effect removal (29), cells were clustered into
26 groups. Each cluster was manually labeled
by gene expression profile (table S4) to iden-
tify 10 distinct cell types (Fig. 3F).We observed
a high frequency of myeloid cells (p = 0.026)
and CD4+ regulatory T cells (P = 0.02) among
CD45+ cells in NRs compared with Rs after
treatment, whereas the other clusters did not
exhibit significant changes (Fig. 3G and fig.
S12). Myeloid cells expressed high levels of
CXCL8 [interleukin-8 (IL-8)] and SPP1 (osteo-
pontin), which increased after FMT in NRs
compared with Rs, suggesting a myeloid gene
signature previously associated with tumor
progression (Fig. 3, H and I) (30, 31). CD8+

T cells up-regulated human leucocyte anti-
gen (HLA) class II genes CD74 andGZMK in Rs
compared with NRs after treatment, support-
ing increased T cell activation at tumor sites
(Fig. 3I, left). Together, our findings demon-
strate that FMT and anti–PD-1 counteract
myeloid-induced immunosuppression to aug-
ment CD8+ T cell activation in the tumor
microenvironment of Rs. Insufficient tumor
tissue was available to evaluate the role of
tumormutation burden, PD-L1 expression, and
interferon-g (IFN-g) gene expression signature
in predicting clinical outcome.

Fecal microbiota transplant alters serum
metabolome and cytokines in responders

To assess the impact of FMT on systemic pa-
rameters of the host and its relationship with
response to therapy,we performedmulti-omics
analysis of serum samples, including analyses
of serum cytokines and chemokines, as well as
serum metabolomics and lipidomics analyses.
Although Rs and NRs exhibited similar com-
position of serum cytokines and chemokines,
Luminex multiparameter proteomics profiling
showed a prominent shift in levels of circulat-
ing cytokines and chemokines in Rs, whereas
NRs had little or no change [Fig. 4A, principal
components analysis (PCA)]. Multiple circulat-
ing cytokines and chemokines decreased after
FMT in Rs, including CCL2 (MCP1), CXCL8
(IL-8), and IL-18 that have been associatedwith
negative outcomes to anti–PD-1 (32, 33), and
IL-12p70 and IFN-g (Fig. 4A, heatmap). These
latter two cytokines are usually associatedwith
antitumor effector T cell responses. However,
chronic activation of the IL-12–IFN-g axis, as
may occur in refractory patients treated with
anti–PD-1, could induce a multigenic resist-
ance program in tumor cells and could disrupt
T cell response, differentiation, and exhaus-
tion through production of nitric oxide and
down-regulation of TCF1 (34–36). The cyto-
kines and chemokines that were most prom-

inently up-regulated are associated with
follicular helper T and B cell signatures found
in tertiary lymphoid structures, such as IL-21
and CXCL13 (BCP1). We also observed up-
regulation of type II cytokines such as IL-5,
IL-13, and IL-10; the tumor necrosis factor
(TNF) family of cytokines such as TNF and
TRAIL; and cytokines promoting monocyte
cell migration (CX3CL1) and dendritic cell
expansion (FLT3L). Altogether, our find-
ings show that Rs down-regulated multiple
circulating cytokines and chemokines asso-
ciated with resistance to anti–PD-1 while up-
regulating circulating biomarkers that are
associated with favorable clinical outcome.
In particular, Rs exhibited decreased circulat-
ing IL-8 and decreased frequencies of IL-8–
producing myeloid cells in tumors. IL-8 is an
immunosuppressive cytokine secreted by intra-
tumoral and circulatingmyeloid cells, levels of
which correlate adverse prognosis to anti–PD-1 in
multiple cancers, including melanoma (30, 37).
FMT and anti–PD-1 resulted in significant

changes in the serum metabolomic profile of
both Rs and NRs (Fig. 4B and fig. S13), al-
though the most pronounced metabolomic
shifts occurred in Rs (Fig. 4B, PCA plot). The
most significant and pronounced changes after
FMT affectedmetabolites that are usually asso-
ciated with gut microbiota (38). Serum bile
acids were increased after FMT with more
efficient transformation of primary to second-
ary bile acids in Rs versus NRs (fig. S14). In
addition, the levels of bacterial catabolism
products of aromatic compounds through
benzoate degradation were higher in Rs than
in NRs. Some of these compounds, including
hippurate, p-cresol sulfate, and hydrocinna-
mate, have been described as biomarkers of
microbiome diversity and correlated with the
presence of taxa associated with response to
anti–PD-1 (figs. S13 and S14) (39). Whereas
pre-FMT samples from Rs and NRs had very
similar lipidomic profiles, significant changes
were observed in post-FMT samples from Rs
but not NRs (Fig. 4C and fig. S15), including
higher levels of triacylglycerols and lower levels
of monoacylglycerols and diacylglycerols, pos-
sibly reflectingmicrobiome-controlled differ-
ences in lipid absorption (40).

The gut microbiome regulates the biological
signatures observed in responders

To identify causal relationships between host
andmicrobes independent of a particular group
or patient, we created a statistical model of
robust interactions between the different
players—“transkingdom network” analyses—
using different types of -omics data (41, 42).
The transkingdom network consisted of 371
nodes and 819 edges, in which nodes repre-
sented individual elements of -omics datasets
(metagenomic, metabolomic, lipidomic, flow
cytometric, and proteomic) and edges repre-

sented positive and negative correlations be-
tween those elements (Fig. 4D). Most of the
interomic edges belonged to the microbial
metagenome dataset, which had a large num-
ber of positive (red) and negative (blue) network
connections with the metabolomic and pro-
teomic datasets. Microbial nodes were more
densely connected to other -omics datasets
than any other node, suggesting their central
role in governing interomic changes after FMT
and anti–PD-1. Some nodes in the transkingdom
network analysis were highly interconnected,
forming subnetworks. These subnetworks were
identified by using the MCODE plugin of Cyto-
scape (43), and one subnetwork connected all
four -omics datasets (Fig. 4E). In particular, we
observed that gut bacterial commensals that
were previously shown to increase (F. prausnitzii
and Akkermansia muciniphila) and decrease
(Bacteroides genus) responses to anti–PD-1 (10)
were negatively and positively correlated with
CXCL8 (IL-8), respectively.

Conclusion

Our findings show that a single FMT admin-
istered colonoscopically together with PD-1
blockade successfully colonized the gut of Rs
and reprogrammed the tumor microenviron-
ment to overcome primary resistance to anti–
PD-1 in a subset of patients with advanced
melanoma. FMT shifted microbiome compo-
sition toward taxa favoring anti–PD-1 efficacy
to induce clinical responses to anti–PD-1 in
PD-1–refractory melanoma patients, who had
an immunological ability to respond to the
treatment but exhibited an unfavorablemicro-
biota composition. Conversely, PD-1–refractory
patients may not respond to FMT for various
reasons, including (i) an inability to respond to
the tumor regardless of microbiota composi-
tion because of the patient’s immunodeficient
status or lack of tumor immunogenicity, (ii) an
absence of taxa needed for anti–PD-1 therapy
effectiveness in the FMT, or (iii) failure of the
FMT to successfully implant into the recipient
and induce perturbations of host microbiota
favoring anti–PD-1. Our findings warrant fur-
ther investigation in larger clinical trials to
better identifymicrobial, circulating, and intra-
tumoral biomarkers to select patients most
likely to benefit from microbiome-based ther-
apy of melanoma. We expect that such studies
will lead to the identification of a bacterial
consortium capable of converting a subset of
melanoma patients primary refractory to anti–
PD-1 therapy into R patients.
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Materials and Methods 

Clinical Trial Design: Summary, Recipient Eligibility Criteria, Donor Selection Criteria, Donor/Recipient 
Seromatching, and Study Conduct 

Summary: This was a phase II Simon’s two-stage single-center study of concurrent fecal microbiota 
transplantation (FMT) with pembrolizumab in patients with programmed cell death protein 1 (PD-1)-refractory 
melanoma. The primary objective was to investigate whether a combination of single PD-1 responder (R)-derived 
FMT with pembrolizumab can convert PD-1 non-responders (NRs) to Rs. Secondary and exploratory objectives 
were to determine the effect of FMT administration on the composition and function of T cells and innate/adaptive 
immune system subsets and the gut microbiota, respectively.  

Recipient Eligibility Criteria: Recipient eligibility was based upon prior exposure to PD-1 inhibitor therapy and 
response at first (or subsequent) restaging scan(s). Patients must have received a minimum of two cycles of anti-
PD-1 to be considered eligible. Patients who received either nivolumab or pembrolizumab as a single agent or in 
combination with other standard or investigational agent(s) were eligible. PD-1-refractory disease was defined as 
progressive disease (PD) at first (or subsequent) radiographic evaluation while receiving PD-1 inhibitor treatment 
as assessed by response evaluation criteria in solid tumors (RECIST) v1.1 (15). Patients with stable disease (SD) 
as their best response were eligible, but patients with complete response (CR) or partial response (PR) as their 
best response were ineligible (16). Other eligibility criteria included absence of active central nervous system 
(CNS) disease, presence of disease amenable to biopsy, and lack of contraindication to FMT.  

Donor Selection Criteria: Candidate donors were patients with advanced unresectable stage IIIB–D or metastatic 
melanoma treated with anti-PD-1 (nivolumab or pembrolizumab) with ongoing durable PR or CR. Median 
duration of follow up was Rs Rs). Other eligibility criteria 
included willingness to complete a donor-specific questionnaire and undergo donor-specific serologic testing to 
evaluate infectious agents. Donor-specific exclusion criteria included history of antibiotic treatment during the 1 
month preceding donation; history of intrinsic gastrointestinal illnesses including inflammatory bowel disease, 
irritable bowel syndrome, chronic diarrheal disorder (celiac disease), active primary gastrointestinal 
malignancies, or major gastrointestinal surgical procedures; history of symptomatic autoimmune illness; history 
of documented chronic pain syndromes (fibromyalgia, chronic fatigue) or neurologic, neurodevelopmental 
disorders; and history of metabolic syndrome, obesity (body mass index > 35), or moderate-to-severe malnutrition 
(as assessed clinically). Only patients deemed suitable by a screening questionnaire and serological/stool/nasal 
swab tests were deemed suitable to donate stool samples to create FMTs. While on study, candidate FMT donors 
underwent systematic retesting before FMT sampling to minimize the possibility of transmitting infectious agents 
(Fig. S2). 
Donor/Recipient Seromatching and Study Conduct: Potential recipients underwent a screening evaluation 
consisting of imaging (including CNS if clinically suspected), tumor biopsy, and serological/stool studies to 
confirm suitability for FMT administration. Donors or recipients who tested positive for infections with latent 
potential (human immunodeficiency virus, hepatitis B/C, human T-cell lymphotropic virus type 1 [HTLV-1], 
HTLV- -drug resistant organisms such as vancomycin-
resistant Enterococcus, carbapenem-resistant Enterobacteriaceae, and extended spectrum beta-lactamase were 
ineligible. Candidate recipients and donors were sero-matched for cytomegalovirus, Epstein-Barr virus, herpes 
simplex virus ohn Cunningham virus, human herpesvirus 6, and methicillin-resistant Staphylococcus aureus. 

Eligible patients received FMT endoscopically with one cycle of pembrolizumab (±3 days) followed by three 
additional –4), depending on which restaging computed tomography (CT) 
scans were performed. Patients with SD and/or responding disease continued to receive pembrolizumab on study 
until disease progression or intolerable toxicity for up to  
Response was first assessed after four cycles o based on RECIST 
1.1 (15). Because tumor pseudo-progression is a well-recognized consequence of PD-1-based immunotherapies 
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and use of FMT as a therapeutic agent in cancer is highly novel, PD was confirmed if observed on two consecutive 
assessments of response at least 4 weeks apart, during which time pembrolizumab was continued. 

DNA Extraction and Shotgun Metagenomic Sequencing and Analysis 

Total metagenomic DNA was extracted from stool samples using the MO BIO PowerSoil DNA Isolation Kit 
(MO BIO Laboratories, Carlsbad, CA, USA) and Epmotion 5075 liquid handling robot (Eppendorf). The DNA 
library was prepared using the Nextera DNA Flex Library Prep Kit, quantified using Qbit, and sequenced on the 
NovaSeq System (Illumina, Inc, San Diego, CA, USA ×150 base pair (bp) paired-end protocol. 

For each shotgun metagenomic sample, after quality trimming and adapter clipping with Trimmomatic 0.36 (44), 
raw reads were aligned against the human genome to fi  (45). Leftover 
(non-  (46). Resulting assembly contigs <500 bp were 

-human bp used for assembly into contigs 
± ±  

Contigs were classified taxonomically by k-mer analysis using K  (47), -Gb K
database built with draft and complete genomes of all bacteria, archaea, fungi, viruses, and protozoa available in 
the in addition to human and mouse genomes. Contigs were annotated ab initio 
with Prokka v1.14.6 (48). Then reads used for assembly were aligned back to the assembly contigs to gauge 
sequencing depth of each contig. Unassembled reads were retrieved and classified one by one using K
the same database. Taxonomic classifications were expressed as the last known taxon (LKT), which is the lowest 
unambiguous classification known for the query sequence, using Kraken’s confidence scoring threshold of 5e-06 
(using the –confidence parameter).  

In each sample, relative abundance for each LKT was calculated by dividing the number of bp covering all contigs 
and unassembled reads classified as that LKT by the total number of host-filtered bp used for assembly in that 
sample. This ratio was multiplied by 106 to yield relative abundance in parts per million (PPM). 

For beta analysis, ordination plots were done using t-distributed stochastic neighbor embedding (t-SNE) 
implemented via the uwot package in R (https://github.com/jlmelville/uwot) and the 
were drawn using the ComplexHeatmap package for R (49). 

All codes used for shotgun sequencing analysis can be found within the in-house JAMS_BW package, version 
1.5.5, publicly available on GitHub (https://github.com/johnmcculloch/JAMS_BW). 

Meta-analysis of microbiome associated with the response was done as follows. Individual Rs were first analyzed 
using the non-parametric t-test. Then p-values and ratios were combined using Fisher’s method and R package 
meta (https://github.com/guido-s/meta). Resultant data were visualized using the cladogram feature from package 
LEfSe (50). 

Assessing Reactivity of Recipient Sera to Donor Fecal Bacteria by IgG Flow Cytometry 

Evaluation of IgG Response in Recipient Sera to Donor Fecal Bacteria: Donor fecal bacteria were separated from 
particulates by centrifugation at 50g for 1 minute. Fecal bacterial suspensions were normalized to equivalent 

ne 
serum albumin for 30 minutes. Suspensions were washed and stained with anti-IgG (PE, Miltenyi clone Is11-

- 0C. 
paraformaldehyde for 15 minutes, and analyzed on a Becton Dickinson 

Fortessa flow cytometer. 

IgG Flow Cytometry Data Analysis: Change in IgG positivity of donor fecal bacteria for each FMT recipient was 
calculated in relation to the first FMT recipient serum sample available (baseline) compared to the subsequent 
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two time points up to 50 days later. Analysis was limited to the subsequent two time points post-baseline because 
later time points were not equally available for all subjects due to mortality. Percent IgG-positive donor fecal 
bacteria were assessed by setting IgG-positive gates for negative control (no serum) donor bacterial suspension 

-under-the-curve (AUC, R package ‘DescTools’) for the change in percent IgG-
positive donor bacteria was calculated adjusting all recipient time points relative to the baseline time point by 
subtraction, with the baseline IgG-positive proportion being thus set to zero. Student’s T-test was performed to 
test differences in IgG positivity of donor fecal bacteria over time as quantified by AUC. 

Multiparameter Flow Cytometry and Unsupervised Analysis of Peripheral Blood Mononuclear Cells 

Cryopreserved peripheral blood mononuclear cells (PBMCs) from patients undergoing combined anti-PD-1 and 
FMT treatment at three time points (days , , and resuspended in complete 
Iscove’s Dulbecco’s Modified Eagle Medium penicillin and s -
g , -essential amino acids). Cells were equally divided into five staining panels 
(depicted below). Cells in each panel were labeled for viability with Zombie NIR (BioLegend, San Diego, CA, 
USA) (15 -color panels of anti-human monoclonal antibodies against 

 min, 4°C) and intracellular markers (30 min, 4°C). Cells were permeabilized in 
s, Franklin 

Lakes, NJ, USA), per the manufacturer’s protocol. Each panel included a set of markers of interest and a common 
core of lineage markers. The antibodies used are outlined in the table below and include -5 

s s
SuperBright436 (Thermo Fisher Scientific, Waltham, MA, USA -DR and Helios Pacific Blue, 
CD40L and TCRv - -
Tim-3 BV605, Lag-3, CD103 and NKp30 BV650, Tim-

-bet Legend), PD-  and 4-1BB 
PerCPeFluor710 (BioL -1, BTLA, CD160 PE (BioLegend), CD155, CTLA-4 and 
TCRv - Legend), HLA-DR, 4- -Cy5 (BD Biosciences), CD68 
and TCR 1 PE-Cy7 (BioLegend), VISTA, CRTAM, granzyme A -13 APC (Thermo Fisher Scientific), 
CD38 APC/Cy5.5 (Thermo Fisher Scientific), CD11c, g s), 

perforin and CD57 APC/Fire750 (BioLegend). Spectral flow 
cytometry was carried out on a Cytek Aurora flow cytometer (Cytek Biosciences, Fremont, CA, USA). 
Supervised analysis was performed with FlowJo (BD Biosciences) for fine adjustments of channel spillovers and 
live cell subset extraction for unsupervised analysis. Unsupervised analysis was performed using the R 
Programming Language v3.6.0 with the CATALYST package v1.8.7, using a modified version of a previously 
published procedure (20, 21). Briefly, marker expression was transformed using arcsinh with a cofactor of 150. 
Samples were z-scored per batch to remove batch effects. Events that were more than five standard deviations 
away from the mean were removed. Events from all samples were clustered per panel and manually labeled based 
upon their mean fluorescence intensity (MFI) of lineage and differentiation markers. Clusters with the same label 
were combined. Visualization was performed using Uniform Manifold Approximation and Projection (UMAP) 
reduction. The frequency of cells for each sample was calculated by dividing the number of cells in a cluster by 
the total number of cells for that sample. To evaluate differences in cell frequency, unpaired t-tests were 
performed between the abundance of Rs and NRs for each cell type. For each cluster, unpaired t-tests were 
performed between the median expression of Rs and NRs.  
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Antibodies Used for Multiparameter Spectral Flow Cytometry 
Fluorochrome Panel 1 Panel 2 Panel 3 Panel 4 Panel 5 

 CD1a -5 -5 -5 -5 

 CD16 CD16 CD16 CD16 CD16 

BUV563      

BUV661 CD56 CD56 CD56 CD56 CD56 

BUV737   CD8  CD8  CD8  CD8 

BUV805 CD14   CD14 CD14 

 CD86 TIGIT TIGIT TIGIT TIGIT 

Super Bright 436 IgD  ICOS  ICOS 

Pacific blue  HLA-DR Helios HLA-DR  

BV480 CD40     

BV510 ICOS-L CD45RA  NKp46  

BV570 CD33     

BV605 BDCA-  TIM-3 TIM-3 TIM-3 TIM-3 

BV650 Lag-3 Lag-3 CD103 NKp30 CD103 

BV711 TIM-3 CCR8 CD101   

BV750 CD11b CD4 CD4 CD4 CD4 

BV785 CD141 PD-1 PD-1 PD-1 PD-1 

FITC CD80 Ki67 Ki67 Ki67 Ki67 

 CD3 CD3 CD3 CD3 CD3 

PercP-Cy 5.5 CD15  T-bet  CD160 

PercP-EFluor710 PD-L1  Eomes PD-L1  

PE   TCF-1 BTLA CD161 

PE-  PVR CTLA-4 TCRva7 Blimp-1 BTLA 

PE-Cy5 HLA-DR 4-1BB CD161  4-1BB

PE-Cy7 CD68 TCRgd1 TCRgd1 TCRgd1 TCRgd1 

APC VISTA CRTAM GRZ-A -13 Granzyme A 

APC-Cy5.5 CD38 CD38 CD38 CD38 CD38 

AlexaFluor700 CD11c PVRIG GRZB  Granzyme B 

Zombie NIR Viability Viability Viability Viability Viability 

APC-Fire750 CD83 CCR7 Perforin CD57 Perforin 

Single-cell RNA Sequencing of Tumor Samples 

Fluorescence-activated cell sorting-isolated CD45+ 
Genomics’ Chromium platform for droplet-based single-cell RNA sequencing (scRNA-seq). Eleven samples 
were collected at day 0, nine samples were collected around day 56, and one sample was collected at . 
Gene expression libraries were generated using the Chromium Single Cell 5’ Library Construction Kit (v1.0 
chemistry, PN-1000006) following the CG000086 user guide. Each library was sequenced on the Illumina 
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NovaSeq 6000 System with a PE150 configuration to a target depth of 50 k read pairs per cell. Sequenced gene 
expression libraries were aligned to the GRCh38- -  Ranger 
count v4.0.0 with default settings. Cell count matrices were loaded into R and processed using the standard 

 (29). Feature counts were normalized using NormalizeData with default settings. This 
function divides the feature counts of each cell by the total counts for that cell, multiplied by 10,000, followed by 
taking the natural log. Then T and B cell V, D, J, and C genes were removed to prevent clustering by clonotype. 
Any gene with the following prefixes were removed: TRA(VDJC)-, TRB(VDJC)-, TRD(VDJC)-, TRG(VDJC)-
, IGH(VDJC)-, IGL(VDJC)-, IGK(VDJC)-. Cells were removed in which the percentage of reads that aligned to 
the mitochondrial genome was greater than 
feature counts less than greater than 3000 were excluded. Any sample that had fewer than 300 cells after 
the previous quality control step was removed. Variable gene features were identified using FindVariableFeatures 
with default settings. Batch effects were removed using FindIntegrationAnchors and IntegrateData with default 
settings. Integrated expression data were scaled and centered using ScaleData with default settings. Clustering 
was performed using FindNeighbors and FindClusters using default settings. Each cluster was identified based 
upon gene expression. To facilitate this process, differential gene expression between each cluster and all other 

clusters that were identified as melanoma 
contamination (SPP1high, APODhigh) and one cluster that was likely dead or dying cells were removed. Clusters 
identified as the same cell type were merged. The top 50 genes for each cell type after this process are shown in 
Table S4. At this point, samples that contained fewer than 300 cells were removed because of potential bias they 
could introduce in abundance calculations. A UMAP projection was calculated using RunPCA and RunUMAP. 
Abundance for each sample was calculated by dividing the number of cells of a particular cell type by the total 
number of cells for that sample. Unpaired t-tests between Rs and NRs were performed for each cell type before 
and after (day 56) treatment. Uncorrected p-values were reported due to the low number of samples. Phenotype 
differences between Rs and NRs were calculated by only selecting cells from samples collected post-treatment 
(day 56) and running FindMarkers on each cell type between cells from Rs and NRs.  

Cytokine/Chemokine Multiplex Analysis 

Serum samples were analyzed by Eve Technologies (Calgary, Canada) using the Human Cytokine 
Array/Chemokine Array 65-Plex Panel (HD65) [EGF, Eotaxin, FGF- -3 Ligand, Fractalkine, G-CSF, GM-
CSF, GRO, IFN- - -10, IL- - -13, IL-15, IL-17A, IL-18, IL-1RA, IL- -
IL- -3, IL-4, IL-5, IL-6, IL-7, IL-8, IL- -10, MCP-1, MCP- - - -
AA, PDGF- LT , VEGF-A, sCD40L, Eotaxin- - -1, MCP-4, I-
IL-16, TARC, 6CKine, Eotaxin-3, LIF, TPO, SCF, TSLP, IL-33, IL- - - -1, 
ENA-78, MIP-1d, IL- ]. Data obtained were -transformed and quantile-normalized, and statistical tests 
were performed [principal component analysis (PCA), analysis of variance (ANOVA), t-test]. Data were analyzed 
and visualized using Partek Genomic suite 6.0 (Partek Inc., St. Louis, MO, USA).  

Metabolome and Lipidome Analysis 

Samples were analyzed by Metabolon, Inc. (Durham, NC, USA). Serum samples were analyzed using liquid 
chromatography-tandem mass spectrometry and gas chromatography-mass spectrometry. Peaks were identified 
using Metabolon’s proprietary chemical reference library. Resultant chemicals were mapped to known classes of 
biological molecules and metabolic pathways using the Kyoto Encyclopedia of Genes and Genomes database. 
Both lipidomic and metabolomic datasets were -transformed and quantile-normalized, and statistical tests 
were performed (PCA, ANOVA, t-test). Data were analyzed and visualized using Partek Genomic suite 6.0 
(Partek Inc.). 
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Statistical Analyses 

Time to progression for recipients was defined as the interval (in months) from day 0 (FMT administration) to 
the date of radiographic progression. Patients who did not progress were censored at their date of last contact. 
Overall survival for recipients was defined as the interval (in months) from day 0 (FMT administration) to the 
date of death. Patients who were alive as of September 1, Time 
to progression for FMT donors was defined as the interval (in months) from date of PD-1 therapy initiation to 
date of last contact.  

Transkingdom Network Analysis of Multiomic Data 

Network Reconstruction: To create a statistical model of robust interactions between the different players, we 
created a transkingdom network independent of a particular group or patient (41). First, we identified elements 
(serum cytokines, serum metabolites, multi-parameter flow cytometry, and stool bacteria) that differentially 
changed upon FMT treatment in Rs compared with NRs. Next, Spearman rank correlation was calculated between 
all pairs of elements. To keep robust relationships, interactions not involving bacteria were selected if they had 
the same sign of correlation in: (i) NRs pre-FMT, (ii) Rs pre-FMT, (iii) NRs post-FMT, and (iv) Rs post-FMT. 
For within- and inter- omic interactions involving bacteria, only the post-FMT groups (iii and iv) were used to 
check for consistent signs of correlation. Additionally, pairs were included in the network if they satisfied 
principles of causality (i.e., satisfied fold-change relationship between the two partners in Rs vs. NRs post-FMT) 
(42) -value cutoff for meta-analysis of correlations based on Fisher’s z transformation of
correlations ( -7 false discovery rate (FDR) was used for edges

parameters or inter- -value
cutoff.

Detecting Gene Expression Subnetworks: to visualize the networks (43). To 

(51) plug-in for Cytoscape to identify clusters (subnetworks). The largest subnetwork containing nodes from all
four different omics data was selected for further investigation.
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Figure S1. 
Clinical Trial Schema of a Phase II Study of Anti-PD-1 Responder-Derived FMT and 
Pembrolizumab in PD-1-Refractory Melanoma. Eligible subjects were melanoma patients 
primary refractory to anti-PD-1 therapy -PD(L)1 therapy 

s as assessed by RECIST v1.1. 
Disease progression was confirmed on at least one imaging study before enrollment by an 
independent radiologist. Other eligibility criteria were no CNS disease, biopsy-amenable disease, 
and stable organ function. Following screening, which included extensive serological testing 
(stool, blood) for potentially transmissible infectious agents, and tumor biopsy, patients received 
a FMT derived from individual melanoma patients with long lasting objective response to anti-
PD1 therapy. FMT administered colonoscopically on day 0 along with pembrolizumab (  mg). 
Pembrolizumab was repeated every 3 weeks. Tumors were rebiopsied at weeks 9–
and stool were resampled periodically. Restaging scans were performed at weeks 9–
repeated every 9– until intolerable toxicity, 
RECIST v1.1 confirmed disease progression, or completion of 35 cycles of pembrolizumab. 
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PD-1 R FMT Donor Selection Criteria

• Metastatic melanoma

• PD-1–treated

• Durable remission ≥12 (if CR) or >24 (if PR) months

Not a candidate

for FMT donation

N

fo

Seropositive for Serious Infections

• HIV, hep B, hep C, HTLV-1, HTLV-2,

strongyloides, syphilis (blood)

• Multi-drug resistant organisms (MDRO)

(VRE, CRE, ESBL)

• SARS-CoV-2

Seropositive for Latent Infections

• CMV, EBV, HSV-1/HSV-2, JC virus, HHV-6

• MRSA (nasal swab)

Potentially a candidate

for FMT donation

(if donor/recipient have

matching serostatus)

Potentially a candidate

for FMT donation

(if repeat studies

are negative)

Poten

for

(

Other (indeterminate)

• Bacteria (campylobacter, c.difficile, e.coli H7,

salmonella, shigella, vibrio, yersinia)

• Viruses (rotavirus, adenovirus, norovirus)

• Fungi/parasites (giardia, cryptosporidium,

ova/parasites)

Figure S2. 
Testing Methodology Used to Evaluate Recipient and Donor Suitability. 
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PT-18-0007

Pre-Treatment

L Hilar/Mediastinal LN
(36x21 mm)

R LL Mass
(15x13 mm)

L LL Mass
(10x11 mm)

After 4 Cycles, SD (–18% Reduction)

L Hilar/Mediastinal LN
(21x17 mm)

R LL Mass
(15x10 mm)

L LL Mass
(8x8 mm)

After 34 Cycles, PR (58% Reduction)

L Hilar/Mediastinal LN
(7x7 mm)

R LL Mass
(4x4 mm)

L LL Mass
(Resolved)

Figure S3. 
Representative CT Scan Images From Patient PT-18-0007 Treated on Phase II Study of 
Anti-PD-1 Responder-Derived FMT and Pembrolizumab in PD-1-Refractory Melanoma. 
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PT-18-0032

Pre-Treatment

After 1 Cycle, CR (100% Reduction)

R Liver Lesion (15x13 mm) R LL Mass (13x8 mm)

R LL Mass (Resolved) R Liver Lesion (Resolved)

Figure S4. 
Representative CT Scan Images From Patient PT-18-0032 Treated on Phase II Study of 
Anti-PD-1 Responder-Derived FMT and Pembrolizumab in PD-1-Refractory 
Melanoma. 
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MT Donor ID

FMT Donor 

Radiographic 

Response Status 
(RECIST v1.1)

R NR Total

PT-18-0002 CR 1 1 2
PT-18-0005 CR 1 1 2
PT-18-0006 CR 1 0 1
PT-18-0008 PR 1 3 4
PT-18-0014 PR 2 2 4
PT-18-0031 PR 0 1 1
PT-19-0011 CR 0 1 1
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Davar et al. Figure S5

Figure S5. 

Metagenomic Analyses of Fecal Microbiota from FMT onors (n=7) Compared to 
pre-FMT Recipients.  

Dimensionality eduction sing t- istributed niform anifold pproximation and
ojection (t-UMAP) plot of microbial taxa abundances by LKT of FMT  at

different time points. Each color corresponds to a different FMT .

FMT onor ecipient ombinations. The anti-PD-1 response status of the donors (CR or
PR) and the clinical response in the recipients are reported. The status of the FMT donor (CR or
PR) did not significantly affect the probability of clinical response in the recipients [  (n=15) =

; p=0. ].

Alpha- iversity (Inverse Simpson Index) of the ecal icrobiota of FMT onors (CR or
PR) and recipients  before FMT (Rs and NRs).

Taxonomic omposition istribution istograms at amily evel for ifferent ecal
icrobiota amples btained from  the 7 onors and one ample ach (n=15) of ecipients

pre-FMT.
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Davar et al. Figure S

Figure S6: 
Intra-Patient Variability of Stool Samples from Donors and Recipients Following 
Standardization and Dimensionality Reduction. 

performed, PC loading was computed, and variances of patients for every PC loading were 
calculated as the SD /mean and multiplied by the PC variance contribution. Resultant values were 
added together to produce a combined variance number, which was compared between donors and 
recipients using the non-parametric t-test. 
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   k  Bacteria
   s  Bacteroides dorei

o Bacteroidales
   s  Parabacteroides Unclassified

   s  Bacteroides uniformis
   s  Faecalibacterium prausnitzii

   s  Ruminococcaceae bacterium
   s  Bacteroides fragilis

   f  Lachnospiraceae
   s  Alistipes senegalensis

   s  Clostridium Unclassified
   s  Firmicutes bacterium

   s  Alistipes shahii
   s  Alistipes communis

   s  Odoribacter splanchnicus
   s  Alistipes finegoldii
   s  Bacteroides caccae

   s  Eubacterium rectale
   f  Rikenellaceae

   s  Gemmiger formicilis
   s  Alistipes onderdonkii

   g  Alistipes
   s  Alistipes Unclassified

   s  Alistipes indistinctus
   s  Parabacteroides distasonis

   s  Flavonifractor plautii
   s  Blautia Unclassified

o Clostridiales
   s  Ruminococcus Unclassified

   g  Ruminococcus

   s  Alistipes senegalensis

   s  Ruminococcus torques

   s  Clostridium leptum

   s  Eubacterium siraeum

   s  Dialister invisus

   f  Ruminococcaceae
   s  Clostridium Unclassified

   s  Enterocloster clostridioformis
   s  Dialister invisus

   g  Clostridium
   f  Clostridiaceae

   s  Enterocloster bolteae
   p  Firmicutes

   f  Lachnospiraceae
   s  Lachnospiraceae bacterium

   s  Clostridium leptum
   s  Parasutterella excrementihominis

   s  Flavonifractor plautii
   s  Alistipes senegalensis

   s  Clostridiales bacterium
   f  Oscillospiraceae

   g  Bacteroides
   s  Bacteroides Unclassified

   s  Bacteroides ovatus
   s  Bacteroides xylanisolvens

   k  Bacteria
   s  Bacteroides finegoldii

o  Burkholderiales
   s  Bacteroides fragilis
   s  Eubacterium rectale

o  Bacteroidales
   s  Bacteroides vulgatus

   s  Bacteroides dorei
   s  Bacteroides thetaiotaomicron

   s  Alistipes finegoldii
   s  Alistipes shahii

   s  Odoribacter splanchnicus
   s  Alistipes Unclassified

   s  Alistipes dispar
   s  Bacteroides uniformis

   s  Faecalibacterium prausnitzii
   s  Alistipes putredinis
   s  Alistipes communis

   s  Akkermansia muciniphila
   s  Parabacteroides merdae

   s  Parabacteroides distasonis
   s  Bacteroides cellulosilyticus

   s  Bacteroides caccae
   g  Alistipes

   s  Bacteroides intestinalis
   f  Enterobacteriaceae

   s  Bilophila wadsworthia
   g  Acidaminococcus

   s  Escherichia coli
   s  Pseudomonas aeruginosa

   s  Ruminococcus gnavus

   s  Eubacterium siraeum

   s  Bacteroidaceae bacterium

   s  Firmicutes bacterium

   s  Bilophila wadsworthia

   s  Bacteroides plebeius

   f  Rikenellaceae
   s  Bacteroides salyersiae

   g  Alistipes
   s  Odoribacter splanchnicus

   s  Bacteroides cellulosilyticus
   s  Lachnospiraceae bacterium

   s  Bacteroides stercoris
   g  Faecalibacterium

   s  Alistipes putredinis
   s  Parabacteroides distasonis

   g  Parabacteroides
   s  Bacteroides nordii

   s  Ruminococcus torques
   k  Bacteria

   s  Ruminococcus gnavus
   s  Dorea longicatena

   f  Lachnospiraceae
   f  Ruminococcaceae

   g  Ruminococcus
   s  Flavonifractor plautii

   s  Ruminococcus Unclassified
   s  Gemmiger formicilis
   s  Alistipes onderdonkii
   s  Alistipes Unclassified

   s  Alistipes finegoldii
   s  Clostridium Unclassified

   s  Clostridiales bacterium
   s  Ruminococcaceae bacterium

   g  Clostridium
   s  Ruminococcus lactaris

   s  CrAssphage ZA
   s  Faecalibacterium prausnitzii

   s  Eubacterium rectale
   p  Firmicutes
o  Clostridiales

   f  Oscillospiraceae
   f  Clostridiaceae

   g  Bacteroides
o  Bacteroidales

   s  Bacteroides fragilis
   s  Bacteroides vulgatus

   s  Bacteroides xylanisolvens
   s  Bacteroides thetaiotaomicron

   s  Bacteroides Unclassified
   s  Phascolarctobacterium faecium

   s  Bacteroides caccae
   s  Bacteroides ovatus

   s  Parabacteroides merdae
   s  Bacteroides faecis

   s  Bacteroides uniformis

   s  Roseburia hominis

   s  Clostridia bacterium

   g  Acidaminococcus
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o  Bacteroidales
   s  Bacteroides xylanisolvens

   s  Bacteroides ovatus
   s  Eubacterium rectale

   k  Bacteria
   s  Bacteroides uniformis

   s  Alistipes finegoldii
   s  Alistipes putredinis

   s  Bacteroides thetaiotaomicron
   s  Bacteroides Unclassified

   g  Bacteroides
   s  Bacteroides vulgatus
   s  Bacteroides stercoris

   s  Bacteroides caccae
   s  Faecalibacterium Unclassified

   g  Faecalibacterium
   s  Ruminococcus gnavus

   s  Blautia Unclassified
   s  Bacteroides cellulosilyticus

   s  Roseburia faecis
   f  Lachnospiraceae

   g  Ruminococcus
   f  Clostridiaceae

   s  Ruminococcus Unclassified
   f  Ruminococcaceae

   s  Clostridium Unclassified
   s  Clostridiales bacterium

o  Clostridiales
   s  Roseburia hominis

   s  Roseburia intestinalis
   s  Lachnospiraceae bacterium

   s  Firmicutes bacterium
   s  Clostridiaceae bacterium

   f  Rikenellaceae
   s  Ruminococcaceae bacterium

   s  Coprococcus comes
   s  Eubacteriaceae bacterium

   p  Firmicutes
   f  Eubacteriaceae

   s  Flavonifractor plautii
   s  Gemmiger formicilis

   s  Oscillibacter Unclassified
   s  CrAssphage ZA

   s  Parabacteroides distasonis
   s  Prevotella copri

   s  Parabacteroides merdae
   s  Ruminococcus flavefaciens

   s  Eubacterium siraeum
   s  Eubacterium ventriosum

   s  Faecalibacterium prausnitzii

   s  Acidaminococcus intestini

   s  Acidaminococcus Unclassified

   p  Firmicutes
   f  Lachnospiraceae

o  Clostridiales
   s  Gemmiger formicilis

   f  Oscillospiraceae
   g  Streptococcus
   f  Rikenellaceae

   g  Alistipes
   s  Roseburia intestinalis

   f  Clostridiaceae
   s  Clostridiaceae bacterium

   s  Alistipes putredinis
   s  Alistipes shahii

   s  Barnesiella intestinihominis
   s  Bacteroidaceae bacterium

   s  Bacteroides cellulosilyticus
   s  Eubacterium rectale

   s  Dorea longicatena
   s  Clostridiales bacterium

   s  Lachnospiraceae bacterium
   s  Clostridium Unclassified

   g  Faecalibacterium
   s  Faecalibacterium prausnitzii

   s  Roseburia hominis
   s  Firmicutes bacterium

   f  Ruminococcaceae
   g  Ruminococcus

   s  Akkermansia muciniphila
   s  Ruminococcus Unclassified

   s  Alistipes Unclassified
   s  Alistipes onderdonkii
   s  Alistipes communis
   s  Alistipes finegoldii

   s  Hungatella hathewayi
   s  Bacteroides fragilis

   s  CrAssphage ZA
   s  Parabacteroides merdae

   s  Odoribacter splanchnicus
   k  Bacteria

   g  Bacteroides
o  Bacteroidales

   s  Roseburia inulinivorans
   s  Bacteroides massiliensis

   s  Bacteroides ovatus
   s  Bacteroides Unclassified

   s  Bacteroides xylanisolvens
   s  Bacteroides thetaiotaomicron

   s  Bacteroides vulgatus
   s  Bacteroides uniformis
   s  Bacteroides salyersiae

   s  Alistipes shahii

   s  Bacteroidaceae bacterium

   s  Ruminococcus gnavus

   s  Lachnospira pectinoschiza

   s  Coprococcus comes

   g  Blautia

   s  Blautia Unclassified

   g  Alistipes
   s  Gemmiger formicilis

   s  Faecalibacterium prausnitzii
o  Clostridiales
   p  Firmicutes

   f  Rikenellaceae
g  Faecalibacterium

   f  Lachnospiraceae
   s  Ruminococcus Unclassified

   g  Ruminococcus
   s  Lachnospiraceae bacterium
   s  Barnesiella intestinihominis

   s  Bacteroidaceae bacterium
   s  Alistipes shahii

   s  Odoribacter splanchnicus
   s  Alistipes putredinis
   s  Alistipes communis

   s  Prevotella copri
   s  Phascolarctobacterium faecium

   s  Alistipes indistinctus
   s  Ruminococcaceae bacterium

   s  Cyclospora cayetanensis
   f  Ruminococcaceae

   s  Clostridium Unclassified
   s  Oscillibacter Unclassified

   s  Clostridiales bacterium
   s  CrAssphage ZA

   s  Bacteroides cellulosilyticus
   s  Bacteroides salyersiae

   s  Bacteroides thetaiotaomicron
   s  Bacteroides ovatus

   s  Bacteroides xylanisolvens
   s  Bacteroides uniformis

   s  Alistipes finegoldii
   s  Bacteroides Unclassified

   s  Bacteroides fragilis
   s  Ruminococcus torques

   k  Bacteria
   s  Alistipes onderdonkii
   s  Alistipes Unclassified

   s  Bacteroides vulgatus
   g  Bacteroides

   s  Bacteroides coprocola
   s  Parabacteroides merdae

   s  Eubacterium rectale
   s  Bacteroides finegoldii

   s  Bacteroides stercoris
   s  Ruminococcus bromii

   s  Paraprevotella clara
o  Bacteroidales

   s  Roseburia Unclassified

   g  Klebsiella

   s  Gemmiger formicilis

   s  Eubacterium ventriosum

   g  Clostridium

   s  Anaerotruncus massiliensis

   s  Barnesiella intestinihominis

       Phascolarctobacterium succinatutens

   s  Phascolarctobacterium faecium

   s  Butyricicoccus Unclassified

   s  Lachnospira eligens

   s  Alistipes communis

   s  Coprococcus comes

   g  Collinsella

   s  Collinsella aerofaciens

   s  Roseburia inulinivorans

   s  Fusicatenibacter saccharivorans

   s  Dorea longicatena

   s  Alistipes indistinctus

   s  Roseburia intestinalis

   s  Bilophila wadsworthia

   s  Clostridium phoceensis

   s  Ruminococcus flavefaciens
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   s  Alistipes shahii
o  Clostridiales

   s  Lachnospiraceae bacterium
   s  Prevotella copri

   s  Faecalibacterium prausnitzii
   p  Firmicutes

   f  Ruminococcaceae
   s  Ruminococcaceae bacterium

   s  Parabacteroides merdae
   s  Phascolarctobacterium faecium

   f  Enterobacteriaceae
   s  Oscillibacter Unclassified

   s  Escherichia coli
   s  CrAssphage ZA

   s  Clostridiales bacterium
   s  Ruthenibacterium lactatiformans

   s  Subdoligranulum Unclassified
   g  Alistipes

   f  Rikenellaceae
   s  Barnesiella intestinihominis

   s  Bacteroidaceae bacterium
   s  Alistipes putredinis

   s  Bacteroides cellulosilyticus
   s  Ruminococcus Unclassified

   s  Parabacteroides johnsonii
   s  Alistipes communis

   s  Odoribacter splanchnicus
   s  Alistipes Unclassified

   s  Alistipes finegoldii
   s  Akkermansia muciniphila

   s  Clostridium Unclassified
   s  Bacteroides uniformis

   s  Bacteroides ovatus
   g  Bacteroides

   s  Bacteroides dorei
   s  Enterocloster clostridioformis

   s  Bacteroides xylanisolvens
   s  Bacteroides Unclassified

o  Bacteroidales
   s  Bacteroides fragilis

   s  Cyclospora cayetanensis
   k  Bacteria

   s  Eubacterium rectale
   s  Clostridiaceae bacterium

   s  Bacteroides vulgatus
   s  Bacteroides caccae

   s  Alistipes onderdonkii
   s  Parabacteroides distasonis

   f  Lachnospiraceae
   g  Parabacteroides

   s  Bacteroides xylanisolvens
   s  Dialister invisus

   g  Bacteroides
   s  Burkholderiales bacterium

   s  Parasutterella excrementihominis
   s  Bacteroides intestinalis

   s  Bacteroides Unclassified
   s  Alistipes senegalensis

   s  Enterocloster clostridioformis
   s  Bacteroides ovatus

   s  Bilophila wadsworthia
   s  Clostridium leptum

   g  Oscillibacter
   s  Clostridiales bacterium

   s  Oscillibacter Unclassified
   k  Bacteria

o  Bacteroidales
   s  Bacteroides uniformis

   s  Bacteroides vulgatus
   s  Bacteroides stercoris

   s  Bacteroides finegoldii
o  Burkholderiales

   s  Fusobacterium ulcerans
   s  Roseburia inulinivorans

   f  Lachnospiraceae
   s  Anaerostipes hadrus
   s  Eubacterium rectale

   f  Coriobacteriaceae
   s  Bacteroides mediterraneensis

   s  Bilophila Unclassified
   s  Blautia Unclassified

   s  Dorea longicatena
   s  Collinsella aerofaciens

   s  Coprococcus comes
   s  CrAssphage ZA

   s  Bacteroides cellulosilyticus
   f  Oscillospiraceae

   s  Ruminococcus gnavus
   s  Escherichia coli

   f  Enterobacteriaceae
   f  Ruminococcaceae

   s  Ruthenibacterium lactatiformans
   s  Subdoligranulum Unclassified

   s  Anaeromassilibacillus Unclassified
   s  Ruminococcus Unclassified

   s  Clostridium Unclassified
   s  Lachnospiraceae bacterium

   s  Faecalibacterium prausnitzii
   s  Ruminococcus torques

   s  Akkermansia muciniphila

   s  Bacteroidaceae bacterium

   s  Enterocloster clostridioformis

   f  Clostridiaceae

   s  Alistipes senegalensis

   g  Bacteroides
   g  Faecalibacterium

   s  Parabacteroides merdae
   s  Bacteroidaceae bacterium

   s  Roseburia inulinivorans
   s  Eubacterium ventriosum

   s  Roseburia intestinalis
   s  Bacteroides ovatus

   s  Eubacterium rectale
   s  Lachnospira eligens
   s  Alistipes putredinis

   s  Bacteroides stercoris
   s  Bacteroides uniformis

   s  Bacteroides Unclassified
   s  Odoribacter splanchnicus

   g  Alistipes
   s  Clostridiales bacterium

   g  Parabacteroides
   s  Bacteroides vulgatus

   k  Bacteria
o  Bacteroidales

   s  Clostridium Unclassified
   s  Faecalibacterium prausnitzii

   s  Ruminococcaceae bacterium
   s  Ruminococcus Unclassified

   g  Ruminococcus
   f  Ruminococcaceae

   s  Lachnospiraceae bacterium
   s  Cyclospora cayetanensis

   s  Flavonifractor plautii
   f  Lachnospiraceae

   f  Clostridiaceae
   s  Firmicutes bacterium

   g  Clostridium
   s  Paraprevotella xylaniphila

   s  Barnesiella intestinihominis
   s  Butyricimonas virosa

   g  Butyricimonas
   s  Prevotella copri

   f  Prevotellaceae
   g  Prevotella

   s  Prevotella Unclassified
   s  Duodenibacillus massiliensis

   s  Brachyspira aalborgi
Phascolarctobact. succinatutens

   s  Eubacterium Unclassified
   s  Holdemanella biformis

   s  Faecalibacterium Unclassified
o  Clostridiales
   p  Firmicutes

   s  Akkermansia muciniphila

   s  Dialister invisus

      Parasutterella excrementihominis

   s  Parabacteroides johnsonii

   s  Alistipes onderdonkii

   g  Escherichia

   s  Bacteroides nordii

   s  Blautia hansenii

   s  Bacteroides salyersiae
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Figure S7. 

Visualization of Metagenomic Data of Gut Microbiome from Patients. Each recipient patient 
data are depicted in a separate panel (A–O), starting with Rs (PT-18-0032, PT-18-0007, PT-19-
0024, PT-18-0018, PT-19-0002, PT-19-0010) and followed by NRs (PT-18-0033, PT-18-0034, 
PT-19-0001, PT-19-0006, PT-19-0007, PT-19-0009, PT-19-0013, PT-19-0023, PT-19-0026). 
Results indicate that FMT/pembrolizumab demonstrated substantial colonization by donor 
microbiota, predominantly in Rs. 

For each recipient patient (A-O): 

Left: t-UMAP visualization of relative abundances of LKTs of samples involved in all FMT events 
depicting all samples (light grey triangles), recipient-specific samples (black triangles), pre-
treatment sample (green triangle), and donor sample (red circle). Numbers denote the number of 
days since FMT. Each recipient has only one green triangle, with the exception of PT-18-0018 
who received two FMT infusions (two green triangles indicate the two last samples before each 
FMT treatment). 

Center: Relative abundance heatmap of the top 50 most variant LKT across samples. Numbers 
over each column denote the number of days since FMT. LKTs whose relative abundance was <50 
PPM and taxon genome completeness was <5% in at least 5% of samples were discarded. 

Right: Engraftment of the LKT present in the donor infusate but not detectable in pre-FMT 
recipient samples. Relative abundance heatmap of LKTs that were <100 PPM in the pre-FMT 
recipient sample and >100 PPM in the donor sample. Scaled relative abundances of these LKTs 
are shown across the samples. Numbers over each column denote the number of days since the 
FMT. 
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Figure S8. 
Recipient Serum IgG Response against Donor Microbiota Following FMT. Donor 

-
labelled anti-human IgG, fixed and analyzed on a flow cytometer. Change in IgG positivity 
of donor fecal bacteria for each FMT recipient was calculated in relation to the first FMT 
recipient serum sample available compared to the subsequent two time points up to 50 days later.
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Figure S9.
Visualization of Metagenomic Data of Gut Microbiome from Patient  PT-18-0018.  Patient 
PT-18-0018 eleven weeks after FMT developed a soft tissue infection requiring intravenous and 
subsequent oral antibiotics. A second transplant from the same donor was performed nearly 1 year 
after initial FMT. A) t-UMAP visualization of fecal microbiota composition of sequential samples 
from patient PT-18-0018 and, depicted with a red square, the two infusates from donor 
PT-18-  used for the first (blue border) and second (yellow border) FMT. B) Taxonomic 
composition distribution histograms at family level for the sequential fecal microbiota samples 
obtained from patient PT-18-0018. C) Treatment schedule, tumor growth and Euclidean distance 
over time from patients’ gut microbiota to the corresponding FMT donor’s microbiota. 
Positive percentage indicates similarity to the corresponding donor while negative percentage 
indicate  changes in the recipient microbiota even further from the donor microbiota. 
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Prevotella copri              
Roseburia intestinal

Lachnospira enlivens
Blautia wexlerae

Alistipes indistinct
Prevotella Unclassified

 3.9E-14    4.7E-13
1.7E-06    2.0E-05

     1.9E-0.6   2.4E-0.5
    0.005        0.058
    0.005          0.06
   0.035          0.43

NRs pre-FMT vs NRs post-FMT

19-0023
19-0007

18-0033
18-0034

19-0006
19-0013

19-0001
19-0009

s. Bifidobacterium_longum 2.40E-13 4.30E-11
g. Bifidobacterium 6.10E-11 1.10E-08

s. Coprococcus_eutactus 8.40E-10 1.50E-07
s. Anaerobutyricum_hallii 6.70E-09 1.20E-06

s. Anaerostipes_hadrus 7.40E-09 1.30E-06
s. Collinsella_Unclassified 9.60E-09 1.80E-06

s. Butyrivibrio_crossotus 9.90E-09 1.80E-06
c. Coriobacteriia 1.00E-08 1.80E-06
g. Coprobacillus 1.30E-08 2.40E-06

s. Ruminococcus_Unclassified 2.30E-08 4.30E-06
s. Faecalibacterium_prausnitzii 5.20E-08 9.40E-06

g. Collinsella 5.20E-08 9.40E-06
s. Coriobacteriaceae_bacterium 5.20E-08 9.60E-06

s. Coprococcus_comes 1.10E-07 2.10E-05
s. Erysipelotrichaceae_bacterium 5.50E-07 1.00E-04

f. Coriobacteriaceae 8.10E-07 1.50E-04
s. Collinsella_tanakaei 1.20E-06 2.10E-04

s. Ruminococcus_lactaris 1.70E-06 3.00E-04
k. Fungi 2.00E-06 3.60E-04

s. Christensenella_minuta 2.20E-06 3.90E-04
s. Roseburia_inulinivorans 2.80E-06 5.00E-04

s. Dialister_invisus 2.80E-06 5.00E-04
s. Butyrivibrio_Unclassified 2.90E-06 5.20E-04

f. Lachnospiraceae 3.10E-06 5.70E-04
s. Collinsella_aerofaciens 3.20E-06 5.90E-04

s. Neglecta_timonensis 3.50E-06 6.40E-04
s. Fusicatenibacter_saccharivorans 3.70E-06 6.70E-04

s. Dorea_Unclassified 4.30E-06 7.80E-04
s. Blautia_Unclassified 8.20E-06 1.50E-03

s. Ruminococcaceae_bacterium 1.20E-05 2.20E-03
s. Eubacterium_ventriosum 1.40E-05 2.50E-03
s. Flintibacter_Unclassified 1.40E-05 2.50E-03

s. Coprobacillus_cateniformis 1.60E-05 2.80E-03
g. Acidaminococcus 2.20E-05 4.00E-03

s. Subdoligranulum_variabile 2.80E-05 5.10E-03
g. Paenibacillus 3.00E-05 5.50E-03

s. Clostridium_viride 3.30E-05 5.90E-03
s. Oxalobacter_formigenes 3.50E-05 6.30E-03

s. Hungatella_hathewayi 4.70E-05 8.50E-03
g. Blautia 4.70E-05 8.60E-03

s. Alistipes_senegalensis 4.70E-05 8.60E-03
s. Intestinimonas_timonensis 6.60E-05 1.20E-02

s. Clostridium_sporosphaeroides 6.60E-05 1.20E-02
f. Eubacteriaceae 7.10E-05 1.30E-02

s. Rhizobiales_bacterium 7.70E-05 1.40E-02
f. Rikenellaceae 9.70E-05 1.80E-02

s. Sharpea_azabuensis 1.10E-04 2.00E-02
s. Ruminococcus_champanellensis 1.30E-04 2.30E-02

s. Coprococcus_catus 1.30E-04 2.40E-02
s. Lachnoanaerobaculum_Unclassified 1.50E-04 2.60E-02

s. Emergencia_timonensis 1.50E-04 2.70E-02
s. Blautia_wexlerae 1.70E-04 3.20E-02

s. Collinsella_intestinalis 2.00E-04 3.70E-02
s. Bifidobacterium_pseudocatenulatum 2.20E-04 3.90E-02

s. Paraburkholderia_Unclassified 2.20E-04 4.00E-02
s. Clostridium_hylemonae 2.30E-04 4.20E-02

s. Chryseobacterium_Unclassified 2.60E-04 4.80E-02
s. Lacrimispora_saccharolytica 3.10E-04 5.60E-02

s. Echinosphaeria_canescens 3.50E-04 6.40E-02
s. Cuneatibacter_caecimuris 3.50E-04 6.40E-02

s. Roseburia_hominis 4.20E-04 7.60E-02
g. Ruminococcus 5.00E-04 9.10E-02

s. Bacteroides_helcogenes 6.00E-04 1.10E-01
s. Anaerotruncus_colihominis 6.40E-04 1.20E-01

s. Geoglossum_glabrum 6.40E-04 1.20E-01
s. Clostridioides_difficile 6.80E-04 1.20E-01

s. Eubacteriaceae_bacterium 6.90E-04 1.30E-01
s. Enterocloster_clostridioformis 7.60E-04 1.40E-01

s. Bacteriophage_Unclassified 7.90E-04 1.40E-01
s. Clostridium_symbiosum 8.30E-04 1.50E-01

s. Dorea_longicatena 8.70E-04 1.60E-01
g. Escherichia 8.70E-04 1.60E-01

g. Methanobrevibacter 9.00E-04 1.60E-01
g. Streptomyces 9.10E-04 1.70E-01

s. Butyricicoccus_pullicaecorum 9.30E-04 1.70E-01
o. Coriobacteriales 9.80E-04 1.80E-01

s. Eubacterium_cellulosolvens 9.90E-04 1.80E-01
s. Papillibacter_cinnamivorans 1.10E-03 2.00E-01

s. Roseburia_intestinalis 1.10E-03 2.00E-01
s. Faecalibacterium_Unclassified 1.20E-03 2.10E-01

p. Actinobacteria 1.30E-03 2.30E-01
s. Prevotella_Unclassified 1.30E-03 2.40E-01

s. Adlercreutzia_equolifaciens 1.60E-03 2.90E-01
p. Firmicutes 1.70E-03 3.00E-01

c. Actinobacteria 1.90E-03 3.40E-01
s. Eubacterium_rectale 1.90E-03 3.50E-01

g. Dorea 2.20E-03 3.90E-01
g. Eubacterium 2.20E-03 4.00E-01

s. Chaetosphaerella_phaeostroma 2.40E-03 4.40E-01
s. Lachnospira_eligens 2.50E-03 4.60E-01

s. Clostridiales_bacterium 2.60E-03 4.70E-01
g. Phascolarctobacterium 2.80E-03 5.10E-01

s. Catonella_morbi 2.90E-03 5.20E-01
s. Alistipes_finegoldii 3.10E-03 5.60E-01
g. Faecalibacterium 3.60E-03 6.50E-01

s. Coprobacillus_Unclassified 3.80E-03 6.90E-01
s. Pseudobutyrivibrio_Unclassified 3.80E-03 7.00E-01

s. Alistipes_megaguti 4.50E-03 8.20E-01
f. Eggerthellaceae 4.90E-03 9.00E-01

s. Acetivibrio_ethanolgignens 5.40E-03 9.90E-01
s. Asaccharobacter_celatus 5.90E-03 1.00E+00

g. Pseudoflavonifractor 6.20E-03 1.00E+00
s. Aminipila_Unclassified 6.40E-03 1.00E+00

s. Intestinimonas_massiliensis 6.70E-03 1.00E+00
f. Rhodobacteraceae 6.90E-03 1.00E+00

s. Lachnospiraceae_bacterium 7.10E-03 1.00E+00
s. Ruminococcus_albus 7.60E-03 1.00E+00
s. Alistipes_indistinctus 9.30E-03 1.00E+00

s. Victivallales_bacterium 9.40E-03 1.00E+00
s. Coprococcus_Unclassified 9.60E-03 1.00E+00

g. Rothia 1.10E-02 1.00E+00
s. Paenibacillus_Unclassified 1.20E-02 1.00E+00
s. Anaerotruncus_massiliensis 1.40E-02 1.00E+00

s. Clostridium_innocuum 1.50E-02 1.00E+00
g. Hungatella 1.50E-02 1.00E+00

s. Enterocloster_lavalensis 1.70E-02 1.00E+00
s. Collinsella_bouchesdurhonensis 1.80E-02 1.00E+00

s. Porphyromonas_asaccharolytica 2.00E-02 1.00E+00
s. Sellimonas_intestinalis 2.20E-02 1.00E+00

s. Roseburia_Unclassified 2.30E-02 1.00E+00
s. Roseburia_faecis 2.40E-02 1.00E+00

s. Clostridium_Unclassified 2.50E-02 1.00E+00
s. Angelakisella_massiliensis 2.50E-02 1.00E+00

s. Johnsonella_ignava 2.90E-02 1.00E+00
s. Eubacterium_ramulus 2.90E-02 1.00E+00

g. Pseudomonas 3.00E-02 1.00E+00
s. Firmicutes_bacterium 3.20E-02 1.00E+00
s. Fusarium_oxysporum 3.30E-02 1.00E+00

s. Tyzzerella_nexilis 3.60E-02 1.00E+00
s. Eubacterium_siraeum 3.60E-02 1.00E+00

s. Ruminococcus_gnavus 3.70E-02 1.00E+00
s. Candidatus_Borkfalkia 3.90E-02 1.00E+00

s. Clostridiaceae_bacterium 4.10E-02 1.00E+00
s. Adlercreutzia_Unclassified 4.30E-02 1.00E+00
s. Massilistercora_timonensis 4.40E-02 1.00E+00

s. Olsenella_provencensis 4.40E-02 1.00E+00
s. Bifidobacterium_bifidum 4.90E-02 1.00E+00

s. Faecalicatena_contorta 1.10E-04 1.90E-02
s. Butyrivibrio_fibrisolvens 3.60E-04 6.50E-02

s. Streptococcus_vestibularis 1.00E-03 1.80E-01
f. Erysipelotrichaceae 1.10E-03 1.90E-01

g. Turicibacter 4.40E-03 7.90E-01
s. Clostridium_scindens 9.20E-03 1.00E+00

s. Prevotella_disiens 4.60E-06 8.40E-04
s. Duodenibacillus_massiliensis 9.80E-05 1.80E-02

s. Clostridium_perfringens 4.70E-04 8.60E-02
s. Bacteroides_fragilis 7.50E-04 1.40E-01

s. Bacteroides_heparinolyticus 9.20E-04 1.70E-01
c. Negativicutes 1.00E-03 1.90E-01

s. Bacteroides_thetaiotaomicron 3.10E-03 5.60E-01
s. Bacteroides_luti 4.90E-03 8.80E-01

s. Bacteroides_xylanisolvens 6.30E-03 1.00E+00
f. Christensenellaceae 7.70E-03 1.00E+00

p-value Adj p-value
Rs pre-FMT vs Rs post-FMT

19-0024 18-0032 18-0018 18-0007 19-0010 19-0002

Davar et al. Figure S10
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Figure S10. 
Heatmap of Differentially Abundant Taxa Between Pre- and Post-FMT/Pembrolizumab 
Samples from Rs. Changes of microbiome in Rs and NRs patients were individually evaluated 
and summary statistics for all samples was calculated using Fisher’s method for meta-analyses to 
estimate statistical significance. Taxa with p < 0.05 is shown, Both, p-values and Bonferroni-
adjusted p-values are shown next to the taxa. The heatmaps show differentially abundant taxa that 
were first sorted based on sign of its change (positive or negative) and then ranked by significance 
and ratio values, with highest significant taxa being on top of its corresponding list. 

25
33



Ex
pr

es
si

on CD16TIGIT CD57 2B4 OX40 ICOS 4-1BB CD8+ T cells

CD56+CD8+ T cells

NKp46 NKp30 GRZ-B Perforin CD103 CD27 BTLA

C

A

B

UMAP1

U
M

AP
2

CD4
CD8

CD56+ T cells
Tregs

MAIT cells

D0 D21 D42 D0 D21 D42 D0 D21 D42 D0 D21 D42D0 D21 D42

NR
R

%
 P

BM
C

s

D0 D21 D42

CD4+ T cells CD8+ T cells Myeloid cells NK cells TCR cellsB cells

D
CD14-HLADRlowC

UMAP1

U
M

AP
2

CD14-CD16hi

CD14hiCD16+

pDCs
mDCs
Monocytes

E

D0 D21 D42

CD14-CD16hi

D0 D21 D42

CD14-HLADRlow

%
 m

ye
lo

id
 c

el
ls

CD14hiCD16+

D0 D21 D42

pDCsmDCsMonocytes

D0 D21 D42 D0 D21 D42 D0 D21 D42

NR
R

26
34



Figure S11. 
Unsupervised Spectral Flow Cytometry Analysis and Identification of a Highly Activated 
CD56+CD8+ T Cell Subset in the PBMCs of PD-1 Refractory Patients. (A) Whisker boxes 
showing the frequencies of immune cells in PBMCs between Rs and NRs on day 1 (D1), D , 
and D
Tgd1, -negative cell clusters with or without 
CD14+ cells. (B) UMAP visualization of 10,000 events from the TCRgd-CD3+ T-cell cluster 
showing CD8+ T cells, CD4+ + - + + MAIT cells, and 
CD3+ + T cells. (C) Comparison of expression (normalized MFI) of the indicated makers by 
CD8+ +CD8+ T-cell clusters pre-treatment from four different flow panels (n=10–14). 
P-values were obtained by parametric or non-parametric paired t-tests according to gaussian or
non-
UMAP visualization of 10,000 events from the myeloid cell subsets showing CD14-

CD11c+HLADR+ + +HLA-DR+ pDCs, CD14+ hi cells, CD14- +

cells, and CD33lowCD14-HLADRlow myeloid cells. (E) Whisker boxes showing percentages of
myeloid cell subsets between Rs and NRs for three time points in the myeloid population. (D and
E)) C +, CD19+, and CD33- + cells were excluded from the analysis.
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Figure S12. 
Abundance of ScRNA-seq Clusters in CD45+ Tumor-Infiltrating Cells. Whisker boxes 
showing the abundance of each cluster before and after (day ) treatment in Rs and NRs. 
Abundance was calculated by dividing the number of cells in a sample by the total number of 
cells in that sample. *p  0.05. 
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Davar et al. Figure S13
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Figure S13. 
Relationship Between Serum Metabolites and Outcome in Response to 
FMT. Volcano plots of inverse log10 p-values and log2 fold change of serum metabolites for 
A) all patients at pre- and post- FMT time points and B) Rs post-FMT vs all others. Metabolites
increased post-transplant in Rs are displayed on the right side of the plots, and those that
decreased are shown on the left. Labels of several example metabolites with most significant
fold changes and p-values are shown.
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Figure S14. 
Visualization of the Selected Significant Metabolic Families in the Serum of Rs and NRs 
pre- and post-FMT. All detected primary (upper panel) and secondary (middle panel) bile 
acids, as well as metabolic compounds from benzoate metabolism (lower panel) regardless of 
significance are plotted as a heatmap. Two-way ANOVA was used to calculate significance and 
the adjusted p-value results were denoted for q<0.001 as ***, q<0.01 as ** and q<0.05 as *.  

32
40



-
og

10
 p

-v
al

ue

1.0 4.0 16 64 256 

Log2  Fold Change

10 -1

10 -3

10 -5

10 -7

10 -9

Davar et al. Figure S15

Figure S15
Relationship Between Serum Lipids and Outcome in Response to FMT/
Pembrolizumab. Lipidomic dataset analysis. Volcano plot of l ratios and p-value of 
comparison of Rs FMT and NRs FMT. 
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Characteristic Value 
Median age, years (range) 61 (35–85) 
Sex 

Male
Female

11 (73.3%) 
4 (26.7%) 

Caucasian ethnicity 15 (100.0%) 
Median BMI (range)# 27.7 (21.9-55.3) 
Neutrophil to lymphocyte ratio (NLR)# 

Pre-treatment, median (range)
Post-treatment, median (range)

3.4 (1.4-6.3) 
3.9 (1.9-17.3) 

ECOG performance status 
0
1

12 (80.0%) 
3 (20.0%) 

Primary site 
Cutaneous
Mucosal
Unknown primary

13 (86.7%) 
1 (6.7%) 
2 (13.3%) 

Extent of disease 
Cutaneous, subcutaneous and/or lymph node metastases
Lung metastases
Visceral metastases (excluding CNS)
Visceral metastases (including treated CNS disease)

6 (40.0%) 
2 (13.3%) 
5 (33.3%) 
2 (13.3%) 

LDH level, (IU/L) 
Normal
1–2x ULN (171)
>2x ULN

1 (6.7%) 
11 (73.3%) 
3 (20.0%) 

Mutation status 
BRAF
NRAS
WT

4 (26.7%) 
3 (20.0%) 
8 (53.3%) 

Number of prior therapies for metastatic disease 
Median
1
2

2 
8 (53.3%) 
4 (26.7%) 
3 (20.0%) 

*Sixteen patients were enrolled, of whom 15 were evaluable (defined as having started therapy and
One patient (PT-18-0017) who experienced rapid clinical decline shortly

after one cycle of therapy secondary to disease progression was not included in efficacy and
microbiome analyses but was evaluable for safety.
#Testing the effects of BMI, NLR on microbial composition and clinical response revealed no
significant effect upon either compositional similarity or diversity in recipients using logistic and
linear regression.

Table S1. 
Baseline Patient Demographics and Clinical Characteristics (n=15*) 
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17-034
Donor ID Sex 

Age 
(at 

LFU) 

Stage 
(before 

anti-
PD-1) 

Number of 
Systemic 
Therapies 

Before 
Anti-PD-1 

Best 
Response 
to Anti-
PD-1* 

Current 
Response to 
Anti-PD-1* 

PFS 
(months) Current Status 

PT-18-0002 M 75 IV-A 1 CR CR 60 On surveillance 

PT-18-0005 F 66 IV-C 1 CR CR 62 On surveillance 

PT-18-0006 F 66 IV-C 0 CR CR 56 On surveillance 

PT-18-0008 M 74 IV-A 0 PR PR 56 On surveillance 

PT-18-0014 M 62 IV-A 0 PR PR 45 On surveillance 

PT-18-0031 F 71 IV-B 0 PR PR 70 On surveillance 

PT-19-0011 M 77 IV-D 0 CR CR 43 On surveillance 

PT-18-0002 M 75 IV-A 1 CR CR 60 On surveillance 

*Response was assessed using RECIST v1.1 by an independent blinded radiologist

Table S2. 
Baseline Patient Demographics and Clinical Characteristics of FMT Donors 
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Table S3. 
Summary of Adverse Events in the FMT/Pembrolizumab Clinical Trial (n=16) 

Grade 1 (N, %) Grade 2 (N, %) Grade 3 (N, %) Grade 4/5 (N, %) 
Constitutional 
Fever 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
Fatigue 6 (9.7) 5 (29.4) 2 (33.3%) 0 (0.0) 
Anorexia 2 (3.2) 1 (5.9) 0 (0.0) 0 (0.0) 
Weight loss 2 (3.2) 1 (5.9) 0 (0.0) 0 (0.0) 
Hematologic 
Anemia 0 (0.0) 1 (5.9) 0 (0.0) 0 (0.0) 
Lymphocyte count decrease 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
Platelet count decrease 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
Endocrine 
Adrenal insufficiency 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 
Hypothyroidism 3 (4.8) 3 (17.6) 0 (0.0) 0 (0.0) 
Dermatologic 
Rash 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
Vitiligo 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
Pruritus 1 (1.6) 1 (5.9) 0 (0.0) 0 (0.0) 
Renal and Electrolyte 
Creatinine increase 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
BUN increase 3 (4.8) 0 (0.0) 0 (0.0) 0 (0.0) 
Hypokalemia 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
Hyponatremia 10 (16.1) 0 (0.0) 1 (16.7) 0 (0.0) 
Hypophosphatemia 2 (3.2) 1 (5.9) 0 (0.0) 0 (0.0) 
Hyperphosphatemia 2 (3.2) 0 (0.0) 0 (0.0) 0 (0.0) 
Gastrointestinal 
Bloating 14 (22.6) 2 (11.8) 0 (0.0) 0 (0.0) 
Nausea and vomiting 1 (1.6) 1 (5.9) 0 (0.0) 0 (0.0) 
Aspartate aminotransferase 
increase 

2 (3.2) 0 (0.0) 0 (0.0) 0 (0.0) 

Alanine aminotransferase 
increase 

2 (3.2) 0 (0.0) 0 (0.0) 0 (0.0) 

Alkaline phosphatase increase 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
Total bilirubin increase 1 (1.6) 0 (0.0) 0 (0.0) 0 (0.0) 
Albumin decrease 2 (3.2) 0 (0.0) 0 (0.0) 0 (0.0) 
Diarrhea (non-colitis) 1 (1.6) 1 (5.9) 0 (0.0) 0 (0.0) 
Neurologic 
Fatigue 0 (0.0) 0 (0.0) 2 (33.3) 0 (0.0) 
Peripheral motor neuropathy 0 (0.0) 0 (0.0) 1 (16.7) 0 (0.0) 
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CD4 T CD8 T CD4 T Regs CD4 T FH T FOS NK B Myeloid pDC Mast Cells 
IL7R CCL5 FOXP3 CXCL13 EGR1 GNLY CD79A CST3 PTGDS TPSAB1 
CCR7 CD8A BATF NMB GADD45B FGFBP2 IGKC LYZ PLD4 TPSB2 
ANXA1 GZMK CARD16 NR3C1 JUN SPON2 MS4A1 IFI30 SOX4 CPA3 
S1PR1 LAG3 TIGIT TOX2 TNF PRF1 HLA-DRA S100A8 LILRA4 HPGD 
KLF2 CD8B IL32 IGFBP4 FOS GZMB CD83 SPP1 IRF7 CLU 
LEF1 GZMA TNFRSF4 ITM2A CITED2 KLRF1 HLA-DQB1 TIMP1 TCF4 HPGDS 
TCF7 GZMH TNFRSF18 CD200 HSPA1B KLRD1 CD74 CXCL8 IRF8 CD9 
LTB NKG7 IL2RA MAGEH1 IER2 FCGR3A HLA-DRB5 APOE GPR183 GATA2 
FLT3LG CST7 TBC1D4 DUSP4 FOSB NKG7 HLA-DQA1 C1QC SERPINF1 VWA5A 
GIMAP7 DUSP2 CTLA4 TNFRSF4 UBE2S FCER1G HLA-DPA1 C1QB ITM2C PRG2 
MAL CCL4 ARID5B FKBP5 DUSP1 KLRB1 MEF2C S100A9 IL3RA TPSD1 
AQP3 PTMS CXCR6 PDCD1 ID2 CTSW IGHM C1QA NPC2 LTC4S 
NOSIP KLRK1 LINC01943 TSHZ2 H2AFX HOPX FCER2 TYROBP GZMB SLC18A2 
LDHB RGS1 ICOS GK SNHG12 CLIC3 HLA-DRB1 FTL CCDC50 HDC 
CD55 COTL1 RTKN2 RNF19A NR4A1 XCL2 CD19 FCER1G CST3 CTSG 
RPL32 CRTAM GLRX CORO1B DNAJB1 EFHD2 CD79B AIF1 APP KIT 
RPS12 FABP5 PBXIP1 LIMS1 IER3 CCL4 HLA-DPB1 PLAUR SPIB BACE2 
TPT1 PDCD1 LAYN TOX NEU1 TRDC HERPUD1 CTSL IRF4 RHEX 
ARRDC2 ITM2A LTB PASK IER5 ADGRG1 VPREB3 IFITM3 JCHAIN AL157895.1 
FXYD5 APOBEC3G STAM CD4 SERTAD1 CX3CR1 ID3 CD68 SEC61B IL1RL1 
RPL5 IFNG PIM2 SH2D1A RSRP1 SH2D1B SMIM14 PSAP UGCG SIGLEC6 
SELL CD27 IKZF2 MAF SRSF7 XCL1 NR4A1 CD14 TSPAN13 RAB32 
SATB1 TNFSF9 CORO1B ZNRF1 JUNB CD247 HLA-DMA CTSB SCT PTGS1 
RPS3A LYST RGS1 SPOCK2 PPP1R15A S1PR5 CD37 CCL2 PLAC8 RHOBTB3 
RPS13 GZMB TNFRSF1B PHACTR2 UBB AREG BASP1 C15orf48 CLIC3 CNRIP1 
EEF1A1 CD3D AC017002.3 FAAH2 H3F3B CST7 SPIB FCN1 MPEG1 MAOB 
KLF3 DUSP5 S100A4 ICOS ZFP36L1 CCL3 HVCN1 SERPINA1 GRN GCSAML 
CAMK4 PLAAT4 GBP5 SRGN HSPA1A IL2RB LY9 CXCL2 SMPD3 STXBP6 
RPL3 CD2 UGP2 TNIK SAP18 KLRC1 ARHGAP24 SPI1 TPM2 GMPR 
GAS5 CYTOR CYTOR ARID5B TUBA1B MATK RALGPS2 G0S2 TCL1A NTRK1 
RPL34 CTSW DUSP4 COTL1 HSPA8 PLAC8 NCF1 HLA-DRA CYB561A3 TIMP3 
EEF1B2 CXCR6 IL12RB2 LAT FUS MAFF CD40 SOD2 LRRC26 SLC45A3 
RPS6 PRF1 DNPH1 FYN EIF4A3 CMC1 CXCR5 IER3 TRAF4 RGS13 
RPL13 HCST CD2 SESN3 HIST2H2AA4 GZMH LY86 CXCL3 CD74 HS3ST1 
RPS14 TENT5C GK HNRNPLL HEXIM1 IFITM2 SNX2 NPC2 DERL3 PMP22 
RPL14 CMC1 SPOCK2 TNFRSF18 EIF4A2 TTC38 CD22 IFI27 FCER1G FCER1G 
RPL36 CLEC2B DUSP16 IL6ST CD69 CEBPD LYN LST1 MZB1 TMEM176B 
SARAF IL32 NCF4 TCF7 MARCKSL1 FGR EZR HLA-DRB1 CLEC4C ALOX5 
RPL4 CD3E HLA-A TBC1D4 MYLIP FOSL2 SYNGR2 S100A11 EGLN3 CST3 
GIMAP5 RUNX3 B2M FYB1 DNAJA1 MAP3K8 BLK SAT1 LDLRAD4 RAB27B 
GPR183 TIGIT HTATIP2 BATF SRSF2 TBX21 FCRLA CCL3 TYROBP IFITM3 
RPL11 CXCR3 CASP1 CTLA4 TUBB2A PTGDR ADAM28 GRN LILRB4 ACSL4 
RPS3 IDH2 RPS27L LINC00963 BRD2 CD300A LINC00926 IL1RN RNASE6 STX3 
EEF1G PTPRCAP CTSC CNIH1 TUBA1A ITGB2 CD24 CTSD RASD1 BTK 
RPLP0 GZMM FAS SARAF TXNIP PLEK SWAP70 MS4A6A PTCRA ABCC4 
RPS8 RAB27A GBP2 SOD1 SNHG5 ABHD17A HSP90AB1 HLA-DPA1 KRT5 GLUL 
RPL9 SH2D1A MAF PLIN2 PNP KLRK1 FCRL1 MAFB C12orf75 HES1 
RPL36A SRRT SOD1 TGIF1 HSP90AA1 GZMA HLA-DMB HLA-DPB1 GAS6 SLC44A1 
RPL22 FYN TMEM173 SLA SNHG1 GZMM AFF3 BCL2A1 DNASE1L3 SOX4 

Table S4. 
Top 50 Differentially Expressed Genes in Combined Clusters in scRNA-seq Analyses 
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