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Gut bacteria modulate the response to immune checkpoint blockade (ICB) treatment in cancer, but the
effect of diet and supplements on this interaction is not well studied. We assessed fecal microbiota
profiles, dietary habits, and commercially available probiotic supplement use in melanoma patients and
performed parallel preclinical studies. Higher dietary fiber was associated with significantly improved
progression-free survival in 128 patients on ICB, with the most pronounced benefit observed in patients
with sufficient dietary fiber intake and no probiotic use. Findings were recapitulated in preclinical models,
which demonstrated impaired treatment response to anti–programmed cell death 1 (anti–PD-1)–based
therapy in mice receiving a low-fiber diet or probiotics, with a lower frequency of interferon-g–positive
cytotoxic T cells in the tumor microenvironment. Together, these data have clinical implications for patients
receiving ICB for cancer.

T
reatmentwith immune checkpoint block-
ade (ICB) has revolutionized cancer ther-
apy (1), and the influence of the gut
microbiome on therapeutic response has
now been demonstrated in numerous hu-

man cohorts and in preclinical models (2–7).
The human gut microbiome is itself shaped
by a wide variety of environmental exposures,
including diet (8, 9) andmedication use (10–13),
with host genetics accounting for <10% of varia-
tion (14). However, whether factors such as
dietary fiber intake and the use of commercially
available probiotics affect immunotherapy re-
sponses in cancer patients remains unclear.
To help address this, we profiled the gut

(fecal) microbiome and assessed clinicopatho-
logic features and outcomes in a large cohort
of melanoma patients (n = 438; Fig. 1A and
fig. S1). The majority of these patients were
receiving systemic therapy for metastatic
melanoma (n = 321), and responses to treat-
ment were assessed with radiographic imaging
in those with evaluable treatment responses
(n = 293), classifying patients as either re-
sponders [(R) complete or partial response or
stable disease ≥6 months; n = 193] or non-

responders [(NR) stable disease <6months or
progressive disease; n = 100] using Response
Evaluation Criteria in Solid Tumors (RECIST 1.1)
(15). The majority of patients were treated with
ICB (87%),most commonly anti–programmed
cell death 1 (anti–PD-1) therapy (Fig. 1A, fig. S1,
and table S1). Patients initiating therapy with
ICB were asked to co-enroll onto a lifestyle
survey protocol, which included baseline as-
sessments of dietary habits and use of probiotic
supplements within the past month (n = 158;
Fig. 1A, fig. S1, and table S1) (16, 17).
We first assessed the relative abundance of

gut microbial taxa associated with response to
anti–PD-1 immunotherapy in our prior pub-
lished study (4) within a larger cohort of newly
accrued anti–PD-1–treated patients (n = 132
total; n = 87 R and n = 45 NR), excluding pa-
tients from the previously published cohort.
On the basis of our prior study, we hypothe-
sized that bacteria from the Ruminococcaceae
family and Faecalibacterium genus would be
associatedwith response to therapy.We tested
this by specifically querying the abundance of
these taxa in responders versus nonresponders
to anti–PD-1, again observing enrichment of both

taxa (Fig. 1B) as well as of Faecalibacterium
prausnitzii in the metagenomic subset (n =
111 total; n = 71 R and n = 40 NR; fig. S2A) in
anti–PD-1 responders. We did not observe
significant differences in the alpha and beta
diversity of the gut microbiota in responders
versus nonresponders (fig. S2, E and F), in
contrast to our prior study. This discrepancy
may reflect associations driven by a small
number of patients in the prior study with
improved power and reduced error in the
larger cohort (fig. S3 and tables S2 to S4), and
it underscores the lack of concordance across
numerous studies that implicate gut bacteria
in response to cancer immunotherapy (18).
Next, we assessed the composition of the gut

microbiome in responders and nonresponders
in the full cohort of late-stage melanoma pa-
tients with evaluable responses to any systemic
therapy (n = 293 total; n = 193 R and n = 100
NR; Fig. 1C), as well as in all patients treated
with anti–PD-1 monotherapy (fig. S2), includ-
ing patients from both the newly accrued and
the previously published cohorts. Across the
full cohort, we observed a significantly higher
abundance of Ruminococcaceae in the gut
microbiota of responders versus nonrespond-
ers treated with anti–PD-1 or other systemic
therapies that remained consistent after ad-
justment for potential confounders [age, sex,
body mass index (BMI), prior treatment, and
antibiotic use] (Fig. 1C, fig. S2, and tables S5 to
S9). However, we did not observe significant
differences in the overall composition of the gut
microbiota in responders versus nonresponders
in this larger cohort of patients on systemic ther-
apy (fig. S2 and table S9), nor was there strong
concordance with response-associated taxa from
the prior study—beyond Ruminococcaceae—
in the newly accrued cohort (figs. S3 and S4
and tables S3 and S10). We also assessed the
abundance of our previously reported response-
associated taxa in published datasets from two
recently completed clinical trials demonstrating
potential efficacy of the use of fecal microbiota
transplant (FMT) + anti–PD-1 in immunotherapy-
refractorymelanoma patients (19, 20), noting that
many of our response-associated taxa appeared
to be enriched in the post-FMT specimens from
patientswho responded to this treatment (Fig. 1,
D and E, and fig. S5).
Given that cancer patients are increasingly

interested in using probiotic supplements to
augment gut health, we assessed the use of
commercially available probiotics within our
cohort and observed that 31% (49 of 158) of
late-stage melanoma patients initiating ICB
reported that they had taken a probiotic
supplement within the past month. Patients
who reported taking a probiotic supplement
preceding the start of treatment with ICB
had a lower BMI, were less likely to take
statins, and reported slightly higher intake
of vegetables and legumes than patients who
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did not take probiotic supplements (table S1).
The proportion of patients reporting anti-
biotic use within the past month was mark-
edly similar in those who did (29%) versus did
not (28%) report probiotic use. Steroid or
proton-pump inhibitor use was also not asso-
ciated with probiotic use (table S1). We then
assessed whether probiotic use was associated
with differential outcomes in patients treated
with ICB and observed no statistically signif-
icant differences in progression-free survival
(PFS) (n = 158; Fig. 2A; median PFS 17 versus
23 months; Table 1) or odds of response in pa-
tients who reported taking probiotics (59% R)
versus those who did not (68% R) (Table 1 and
tables S1, S11, and S12). The modest associ-
ations of probiotic use and outcomes in this
cohort were not surprising to us because lim-
itations existed regarding the overall cohort
size, as well as substantial heterogeneity in
the specific probiotic supplement(s) reportedly
used by patients. Although we did not observe
statistically significant differences in outcomes
or in microbiota features (fig. S6 and table S9)
in patients on ICB by probiotic use, the overall
trends observed were intriguing—particularly
given the relatively high proportion of patients
reporting probiotic supplementation in this
cohort. Thus, we sought to examine the ef-
fects of probiotic use on response to ICB in
preclinical models.
To do this, germ-freemice first received FMT

using donor stool from a complete responder
(CR) patient to anti–PD-1 blockade. After this,
mice were orally gavaged with one of two com-
mercially purchasedprobiotics (Bifidobacterium
longum– or Lactobacillus rhamnosusGG–based)
versus sterile water control. Viability and com-

position of the bacterial strains in the probiotic
were confirmed by culture and sequencing (fig.
S7). Mice were then challenged with murine
melanoma tumors and treated with anti–PD-1
ligand 1 (anti–PD-L1) therapy (because treat-
ment with this antibody is more effective in
this particular murine tumor model than anti–
PD-1) (Fig. 2B). In these studies, mice receiving
probiotics demonstrated impaired antitumor
response to treatment with anti–PD-L1 and
had significantly larger tumors comparedwith
control mice (Fig. 2C), with findings that were
recapitulated in an additional murine tumor
model (fig. S8). Notably, similar findings were
also observed in non–germ-free and specific
pathogen–free (SPF) mice implanted withmela-
noma tumors (fig. S8) that harbor a microbiota
from birth to which they are well coadapted.
We next compared the gut microbiota of

mice receiving probiotics versus sterile water
control, and we observed differences in gut
microbiota diversity in the mice receiving
probiotics compared with control (Fig. 2, D and
E, and fig. S9). Analysis of tumor-infiltrating
immune subsets from anti–PD-L1–treated mice
revealed a significantly reduced frequency of
interferon-g (IFN-g) positive CD8+ T cells in
tumors of probiotic-treated mice versus con-
trols (Fig. 2F). A trend toward fewer IFN-g
CD4+ T helper 1 (TH1) cells in tumors from
mice receiving probiotics versus control was
also observed, although this did not reach
statistical significance (Fig. 2G). Unsupervised
analyses of the flow cytometry data corroborated
the findings in immune subsets between pro-
biotic treatment versus control, demonstrating a
reduced frequency of cytotoxic T cells in the
tumor microenvironment of probiotic-treated

mice (Fig. 2H). These data are in line with
previously published studies that have dem-
onstrated increased tumorigenesis in murine
models of colorectal carcinoma in probiotic-
treated mice (21), although other studies have
shown a beneficial effect of other probiotic
formulations and rationally designed bacterial
consortia in preclinical models and patient
cohorts (22–24). Together, these studies sup-
port the need for more careful investigations
of the effects of current commercially avail-
able probiotic formulations on immunity and
cancer immunotherapy response.
Given that many of the response-associated

bacteria identified in our cohort have known
roles in starch degradation and fiber fermen-
tation (25–29), we next sought to assess the
effect of dietary fiber intake on response to
ICB. We asked patients who were initiating
treatment with ICB to complete the National
Cancer Institute Dietary Screener Questionnaire
(NCI-DSQ) (17), and responses were scored to
derive dietary fiber intake from 26 queried
food items. Dietary fiber intake was assessed
per 5-g/day incremental increase and further
categorized according to the distribution of
reported intake within our cohort with low
or insufficient fiber intake corresponding
to <20 g/day and sufficiently high fiber in-
take at or above 20 g/day, a threshold met by
~30% (37 of 128) of ICB patients (Fig. 3A and
fig. S10A). As expected, dietary fiber intake
was highly correlated with fruit, vegetable,
legume, and whole grain intake and, to a lesser
extent, with calcium intake (fig. S10B and
table S1). Patients with insufficient dietary
fiber intake were more likely to be obese—
a factor that we and others have previously
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Fig. 1. Profiles of gut microbiota in patients with melanoma and associa-
tions with outcomes on therapy. (A) Schema of study design. (B) Box plots
comparing the relative abundance of anti–PD-1 response–associated taxa from

Gopalakrishnan et al. (4) with a newly recruited cohort (n = 132) of anti–PD-1–
treated patients (P = 0.036 and P = 0.018, respectively, for Ruminococcaceae
and Faecalibacterium by Wilcoxon rank sum test). Patients included in the prior
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found to be paradoxically associated with
improved response to ICB (30, 31)—and were
also more likely to take antihypertensive medi-
cations (table S1).
Patients who reported sufficient dietary fiber

intake (n = 37 of 128) demonstrated improved
PFS over those with insufficient dietary fiber
intake (medianPFSnot reachedversus 13months;
Fig. 3A and Table 1). After adjustment for clin-
ical factors, every 5-g increase in daily dietary
fiber intake corresponded with a 30% lower
risk of progression or death (Table 1). Similar
associations were observed when assessing
dietary fiber intake in relation to the odds of
response to ICB (Table 1). The observed pro-
tective effect of dietary fiber intake in rela-
tion to PFS and response remained consistent
among the subset of patients treated with
anti–PD-1 monotherapy, with the exclusion
of patients reporting recent antibiotic use
given the known impact of these on ICB re-
sponse (32) (tables S11 and S12). We did not
observe substantial differences in the com-
position of the gut microbiota in those who
reported sufficient versus insufficient fiber
intake as assessed by 16S and metagenomic
sequencing (fig. S11 and table S9); however,
this is not unexpected given the known chal-
lenges of isolating associations of specific
dietary components from other factors known
to affect the gut microbiota in observational
human cohorts (33, 34).
After this, we further evaluated whether

dietary fiber intake and probiotic use may
jointly affect clinical outcomes in patients
treated with ICB, given the potential associ-
ations between these factors. In this cohort,
patients with sufficient dietary fiber intake
were somewhat more likely to take probiotics
than those reporting insufficient dietary fiber
intake (35 versus 27%; table S1). We assessed
potential additive effects across a combined
variable comparing four groups of patients—
including those reporting insufficient dietary
fiber intake with no probiotic use (53%), those
reporting insufficient dietary fiber intake with
probiotic use (19%), those reporting sufficient
dietary fiber intake with no probiotic use (18%),
and those reporting sufficient dietary fiber

intake with probiotic use (10%) (n = 123 pa-
tients total; Fig. 3B). Differences in outcomes
were noted across the groups (Fig. 3B), with
significantly longer PFS observed in patients
reporting sufficient dietary fiber intake and
no probiotic use compared with all other groups
(median PFS not reached versus 13 months;
Fig. 3B and Table 1). Similar positive associa-
tions were observed for ICB response in pa-
tients reporting sufficient dietary fiber intake
and no probiotic use compared with all other
groups (n = 123; 82 versus 59% responders;
Table 1 and tables S11 and S12). Microbial
alpha diversity and Ruminococcaceae family
and Faecalibacterium genus abundances were
also numerically higher in patients with suf-
ficient dietary fiber intake and no probiotic
use, although only 18% of patients met these
criteria and results did not reach statistical
significance (fig. S12).
Intrigued by these findings, we next exam-

ined whether dietary fiber modulation could
enhance therapeutic response to ICB in pre-
clinical melanoma models. In these studies,
conventionally housed C57BL/6 SPFmice were
providedwith a standard fiber-richwhole grain
diet (17.6% fiber) versus a fiber-poor diet (2%
fiber) (29), challenged with murine melanoma
tumors (35), and treated with anti–PD-1 ther-
apy versus isotype control (Fig. 3C). Mice re-
ceiving a fiber-rich diet demonstrated delayed
tumor outgrowth compared with mice who
received a fiber-poor diet when treated with
anti–PD-1 (Fig. 3D). These findings were re-
capitulated in additional tumormodels (figs.
S13 and S14). By contrast, there was no effect
of fiber-rich versus fiber-poor diet on the
response to anti–PD-1 therapy in germ-free
mice, which supports the hypothesis that the
effect of this dietary intervention on treat-
ment efficacy is microbiota dependent (fig.
S13). Profiling of the gutmicrobiome revealed
significant differences in the community struc-
ture of mice fed fiber-rich versus fiber-poor
diets (Fig. 3E) and taxonomic differences be-
tween the groups (fig. S15).
Stool metabolomic profiling also revealed

significantly higher levels of the short chain
fatty acid (SCFA) propionate in mice receiv-

ing a fiber-rich diet, although no significant
differences were noted in SCFA levels as a
whole (fig. S16). Immune profiling by flow
cytometry of tumors in treated mice revealed
a significantly higher frequency of CD4+ T cells
overall (and those expressing PD-1) in the
tumors of mice on high- versus low-fiber
diets (fig. S17, A and B). We next conducted
RNA sequencing of CD45+ tumor-infiltrating
lymphocytes (TILs) and observed significantly
higher expression of genes related to T cell
activation and interferon response in mice
receiving a high- versus low-fiber diet in the
setting of treatment with anti–PD-1 (Fig. 3,
F and G, and tables S13 and S14). Further,
network analysis of murine data suggested
that the fiber-fermenting Ruminococcaceae
family of bacteria may contribute to the effects
of fiber on antitumor immunity by affecting
pathways of T cell activation as well as the
accumulation of T cells in the tumor, including
inducible T cell co-stimulator (ICOS)–expressing
CD8+ and CD4+ T cells (fig. S17, C to H).
Together, these data have important impli-

cations. We show that dietary fiber and pro-
biotic use, factors known to affect the gut
microbiome, are associated with differential
outcomes to ICB. Although causality cannot
be addressed from the observational human
cohort, where unmeasured confounders may
exist, our preclinical models support the hy-
pothesis that dietary fiber and probiotics mod-
ulate the microbiome and that antitumor
immunity is impaired in mice receiving a low-
fiber diet and in those receiving probiotics—
with suppression of intratumoral IFN-g T cell
responses in both cases.
Numerous challenges exist to decipher how

best to leverage the microbiome to optimize
patient outcomes, starting with what to target—
selected features or community function—and
whether this can be safely achieved through
supplementation or more comprehensive die-
tary approaches. Several prior studies have
shown that controlled increases in dietary fiber
intake can modulate the gut microbiome but
also that interindividual variation in the gut
microbiome drives differential effects of spe-
cific fibers (and prebiotics) on host metabolism
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study were excluded from this analysis. (C) Volcano plot depicting pairwise
comparisons of relative abundances of bacterial taxa. The y axis displays the
−log10 false discovery rate (FDR)–corrected P value (dashed line, q < 0.1), and
the x axis shows the log2 fold change comparing 193 R and 100 NR patients with
systemic therapy across the full cohort, including patients from the prior study
(by Wilcoxon rank sum test with FDR correction per level). (D) Heatmap of
scaled relative abundances [parts per million (PPM)] of bacteria belonging to
order Clostridiales and family Ruminococcaceae in pre- and post-FMT samples of
anti–PD-1 refractory metastatic melanoma FMT recipients who responded to
FMT + anti–PD-1 in Davar et al. (20) [National Center for Biotechnology
Information (NCBI) accession no. PRJNA672867]. Number of days from FMT are
depicted on the top of each heatmap column, with post-FMT values being the
geometric mean days of all post-FMT time points for that patient. The geometric

mean of relative abundances of post-FMT samples from each patient were
calculated as the single post-FMT mean relative abundance. The exception is
patient PT−18−0018, who received two FMTs (denoted by an asterisk). The first
post-FMT column for this patient reflects the geometric mean of samples leading
up to the second FMT event. (E) Heatmap of scaled relative abundances of
bacteria belonging to order Clostridiales and family Ruminococcaceae in pre- and
post-FMT samples of anti–PD-1 refractory metastatic melanoma FMT recipients
who responded to FMT + anti–PD-1 in Baruch et al. (19) (NCBI accession no.
PRJNA678737). Number of days from FMT are depicted on the top of each
heatmap column, with post-FMT values being the geometric mean days of all post-
FMT time points for that patient. The geometric mean of relative abundances
of post-FMT samples from each patient were calculated as the single post-FMT
mean relative abundance.
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Fig. 2. Effect of probiotic supplement use in patients and in preclinical
models of melanoma immunotherapy. (A) Kaplan-Meier plot comparing
progression-free survival intervals by probiotic use among patients who received
ICB (n = 158; P = 0.29 by log-rank test). (B) Experimental design of studies in
germ-free (GF) mice that received FMT from a complete responder (CR) donor

combined with probiotic 1, probiotic 2, or sterile water control before tumor
injection [2.5 × 105 to 8 × 105 BRAFV600E/PTEN−/− (BP) tumor cells] and
treatment with anti–PD-L1. Time is in days relative to tumor injection [day 0
(D0)]. PO, per orem; s.c, subcutaneous; IP, intraperitoneal. (C) Mouse tumor
growth curves comparing volume of tumors in mice who received probiotics or
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(36–40). Ongoing dietary intervention studies
in the setting of ICB are critical for establishing
whether a targeted and achievable diet change
at the initiation of ICB can safely and effectively
improve outcomes (NCT04645680). Although
our findings suggest that undirected use of
commercially available probiotics may be harm-
ful in the setting of ICB, further study of
rationally designed and targeted probiotics
or bacterial consortia is warranted on the
basis of promising early data of this approach
(22–24).
Some analyses in the current cohort were

not adequately powered to assess the full ef-
fect of these factors, and further validation is
needed in independent cohorts with more in-
depth and detailed assessment of dietary intake
and the use of specific probiotic supplements,
along with further mechanistic studies in pre-
clinical models. Nonetheless, these notable (and
perhaps unexpected) findings from studies in

this observational patient cohort are corrobo-
rated by parallel studies in preclinical models
with preliminary mechanistic insights. In light
of these collective results, dietary habits and
probiotic supplement use should be consi-
dered in patients receiving ICB and in efforts
to modulate the gut microbiota. These factors
should be more thoughtfully evaluated in
strategies to improve cancer outcomes.
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sterile water control (n = 4 to 5 per group); probiotic 1 versus probiotic 2 versus
sterile water control. Data are means ± SEM tumor volume. All P values are
from a likelihood ratio test in a linear mixed model (P = 0.04 Bifidobacterium
longum 35624–based probiotic 1 versus control; P = 0.01 Lactobacillus
rhamnosus GG–based probiotic 2 versus control). *P < 0.05. (D) Box plots
comparing alpha diversity of the gut microbiome, as measured by the inverse
Simpson index in mice treated with control, probiotic 1 (Bifidobacterium longum
35624–based), or probiotic 2 (Lactobacillus rhamnosus GG–based) (pairwise
P values compared with control were calculated by Wilcoxon rank sum test).
Fecal samples were collected for microbiome analysis (via metagenomic
sequencing) from tumor-bearing mice before the anti–PD-L1 therapy (n = 7 to
8 per group), mimicking baseline sample collection from patients. (E) Ordination
plot by t-distributed uniform manifold approximation and projection (t-UMAP)
by Bray-Curtis distance, demonstrating compositional differences of the gut

microbiome in mice treated with sterile water control, probiotic 1 (Bifidobacterium
longum 35624–based), or probiotic 2 (Lactobacillus rhamnosus GG–based)
[permutational multivariate analysis of variance (PERMANOVA) P = 0.036].
(F and G) Pairwise comparisons of sterile water control versus probiotic
1 (Bifidobacterium longum 35624–based) or control versus probiotic 2
(Lactobacillus rhamnosus GG–based) groups (n = 6 per group) via supervised
analysis with manual gating for either frequency of IFN-g+ CD8+ T cells in
tumors (percent total tumor CD8+ T cells) (P = 0.03, P = 0.03) (F) or
frequency of IFN-g+ CD4+ T cells in tumors (percent total tumor CD4+ T cells)
(P = 0.26, P = 0.10) (G). (H) Unsupervised analysis of flow cytometry data
showing density t-distributed stochastic neighbor embedding (t-SNE) plot of
tumor-infiltrating immune cells overlaid with color-coded clusters, with an
equal number of CD45+ infiltrating leukocytes for each treatment group
(control, probiotic 1, and probiotic 2).

Table 1. Associations of baseline probiotic supplement use and dietary fiber intake in late-stage melanoma patients treated with ICB and followed
for tumor response and progression-free survival. Dashes indicate not applicable. HR, hazard ratio; CI, confidence interval; OR, odds ratio; N/R, not
reached; ref, referent group.

Comparison n
Progression-free survival Odds of response to ICB

Events Median months HR* 95% CI P value† Responder n (%) OR* 95% CI P value†

Probiotic supplement use
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Total 158 85 – – – – 65% – – –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

No 109 56 23 1.00 ref – 74 (68%) 1.00 ref –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Yes 49 29 17 1.30 0.82, 2.07 0.27 29 (59%) 0.79 0.37, 1.66 0.52
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Dietary fiber intake
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Total 128 73 – – – – 65% – – –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Per 5 g/day increase – – – 0.71 0.52, 0.98 0.04 – 1.70 0.97, 3.00 0.06
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Insufficient 91 57 13 1.00 ref – 55 (60%) 1.00 ref –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Sufficient 37 16 N/R 0.59 0.33, 1.04 0.07 28 (76%) 2.20 0.86, 5.61 0.10
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Dietary fiber intake + probiotic supplement use
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Total 123 72 – – – – 63% – – –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Sufficient fiber + no probiotics 22 8 N/R 0.44 0.21, 0.92 0.03 18 (82%) 2.94 0.87, 9.94 0.08
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Other‡ 101 64 13 1.00 ref – 60 (59%) 1.00 ref –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

*HR and 95% CI estimated using Cox proportional hazards regression. OR and 95% CI estimated using logistic regression. All models include multivariable adjustment for subtype, stage, lactate
dehydrogenase level, and BMI. †P value by Wald test. ‡Other category includes patients who either reported insufficient fiber intake or probiotic use.
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Fig. 3. Effect of dietary fiber intake in patients and in preclinical models
of melanoma immunotherapy. (A) Kaplan-Meier plot comparing progression-
free survival intervals by dietary fiber intake among patients who received
ICB (n = 128; P = 0.047 by log-rank test). (B) Kaplan-Meier plot comparing
progression-free survival intervals by combined dietary fiber and probiotic
status among patients who received ICB (n = 123; overall P across four
groups = 0.11; P for sufficient dietary fiber intake + no probiotics use versus
else = 0.015; both by log-rank test). (C) Experimental design of studies in
C57BL/6 SPF mice that received either a high-fiber or low-fiber diet at
inoculation of M3 (HCmel1274) melanoma cells (1 × 106 tumor cells) and
were then treated with anti–PD-1 or isotype control. Time is in days relative
to tumor injection. (D) M3 melanoma growth kinetics of control (high-fiber)
diet (circles) or low-fiber (fiber-free) diet (squares) treated four times with
intraperitoneal injection of anti–PD-1 antibody (dark green) or of isotype

control (Iso Ctrl) (light green). Data are means ± SEM of tumor volume from
one representative experiment (n = 5 per group). All P values are from a
likelihood ratio test in a linear mixed model (isotype control and high fiber,
P = 0.69; anti–PD-1 and high fiber, P = 0.02; anti–PD-1 and low fiber versus
isotype control and low fiber, P = 0.08). *P < 0.05. (E) t-UMAP plot
comparing the gut microbiome (via shotgun metagenomic sequencing of
fecal samples) of mice by treatment and diet group from two experiments
(n = 4 to 5 per group) using Bray-Curtis distances (PERMANOVA P < 0.0001)
at experimental day 16. (F) Heatmap of gene expression of flow-sorted
CD45+ tumor-infiltrating immunocytes in mice fed high- versus low-fiber diets
and treated with anti–PD-1 or isotype control. (G) Gene set enrichment
analysis depicting pathways enriched in high-fiber diet mice treated with
anti–PD-1 versus isotype control which were not differentially expressed by
treatment in low-fiber diet mice.
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