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Microbiome modulation uncouples efficacy
and toxicity induced by immune checkpoint
blockade in mouse multiple myeloma
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Smoldering multiple myeloma (SMM), which is in principle curable, may
develop into life-threatening MM. Intestinal microbiota and gut-born T helper-
17 (Th17) lymphocytes may contribute to this development, but the mechan-
isms are unclear. Here we demonstrate that administering the human com-
mensal Prevotella melaninogenica to transgenic Vk*MYC mice that exhibit
SMM:-like phenotypes delays the evolution to full-blown MM. Mechanistically,
P. melaninogenica increases the production of short-chain fatty acids (SCFA),
thereby preventing the skewing of dendritic cells towards a pro-Th17 pheno-
type and subsequently accumulation of Thi7 cells in the bone marrow of
treated mice. P. melaninogenica or butyrate synergizes with anti-PD-L1 or anti-
TIGIT to suppress myeloma progression by restraining Th17 cell expansion
while inducing effector CD8" T cells. P. melaninogenica also attenuates IL-17-
mediated skin lesions that mimic anti-PD-L1-induced adverse events. Our
results thus suggest that gut microbiota modulation or SCFAs administration
may represent treatment options for patients affected by plasma cell
dyscrasias.

Multiple myeloma (MM) is a treatable but incurable B-cell neoplasm
characterized by the accumulation of clonal plasma cells within the
bone marrow (BM), anemia, hypercalcemia, renal insufficiency, and
bone lesions. MM accounts for 1% of all cancers and approximately
10-15% of all hematological malignancies'. Asymptomatic smoldering
MM (SMM), which occurs in approximately 0.5% of the population
above 40 years and is in principle curable, may anticipate MM, Likely
because SMM is a heterogeneous disease and its pathobiology is
poorly understood, treatment is restricted to a few high-risk patients,

whereas active surveillance is recommended to all the others’. Con-
sidering that SMM has an overall risk of progression to MM at 10% per
year?, active surveillance leaves many SMM patients in anxiety and
frustration.

The intestinal microbiota may represent one tumor cell-extrinsic
mechanism driving SMM-to-MM transition®. In transgenic VK*MYC
mice developing de novo MM*, the human, Gram-negative commensal
Prevotella heparinolytica promoted the differentiation of gut-born
Th17 cells that migrated to the BM, where they favored neoplastic
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plasma cell expansion, and evolution from an asymptomatic disease
mimicking SMM (i.e., Early MM; ref. 5) to symptomatic MM (Late-MM;
ref. 6). Conversely, P. melaninogenica, which correlates with better
prognosis in humans affected by autoimmune diseases’, restrained
Th17 cell expansion and prolonged animal survival. Mechanistically, IL-
17 induced STAT3 phosphorylation in neoplastic plasma cells and
activated eosinophils. Blocking the IL-17 pathway delayed disease
progression in VK*MYC mice®. Similarly, in MM patients affected by
SMM, higher levels of BM IL-17 predicted faster disease progression®.
Altogether, these premises suggest that microbiota modulation would
represent a safe SMM treatment.

The intestinal microbiome has also gained momentum in the
context of cancer immunotherapy, and, because the gut microbiota
can empower immune checkpoint blockade (ICB)® clinical trials of oral
supplementation with probiotics in combination to ICB are ongoing
(NCT03358511, NCTO03829111, NCT05032014, NCT05094167,
NCT05865730).

T cells in MM patients express PD-1 and are functionally exhaus-
ted/senescent’, and PD-1-expressing T cells are enriched in the BM of
SMM patients who progressed to active MM™. ICB targeting PD-1/PD-L1
have been tested in MM, also supported by the evidence that PD-L1 is
selectively expressed on neoplastic plasma cells". PD-L1 may also act
on plasma cells as an oncogenic protein, and its expression correlates
with disease progression and relapse'?. However, all trials combining
anti-PD-1/PD-L1 antibodies, dexamethasone and immune modulatory
drugs in MM were halted by the US FDA because of an unfavorable
benefit-risk profile and life-threatening immune-related adverse events
(IrAEs)".

Since specific microbiota signatures have been associated with
IrAEs™", which are often induced by IL-17-producing cells”, we hypo-
thesized that administering probiotics could be a valid strategy to limit
these adverse events while simultaneously improving anti-tumor
immunity.

We challenged this hypothesis in Vk*MYC mice and show that
modulation of the gut microbiota is a disease-modifying treatment
per se. In addition, when given in combination with anti-PD-L1 or anti-
TIGIT antibodies, P. melaninogenica substantially modifies the trajec-
tory of SMM-to-MM progression. More importantly, it also limits ICB-
related skin toxicity. Our findings justify testing probiotics, both alone
and with ICB, to maximize their antitumor effects in plasma cell dys-
crasias and other cancers where Th17 cells are a driving force.

Results

P. melaninogenica delays progression from Early- to Late-MM
To investigate the effect of P. melaninogenica on SMM-to-MM pro-
gression, we set up a preclinical trial enrolling individual Vk*MYC mice
when they reached the phase of asymptomatic Early-MM [i.e., mea-
surable M-spike <6% which corresponds to gamma/albumin ratios
ranging between 0.15 and 0.4 (Supplementary Fig. 1a; ref. 5). Median
age at inclusion 40 weeks]. This model is relevant because Early-MM
mice, if left untreated, invariably evolve to symptomatic Late-MM, thus
mimicking, also for age, those 10% SMM patients that each year pro-
gress to MM?. Mice were screened and randomly assigned to either
treatment, as for clinical trials involving humans. Male and female mice
were randomly included in the study to investigate potential sex-
related bias. Ten months were required to enroll all the mice, and the
entire experiment lasted 26 months (Supplementary Data 1). This
extended time frame ensured sufficient genetic variability from sec-
ondary mutations', enhanced reproducibility, and allowed for the
identification of potential outliers end errors. At enrollment, all mice
displayed similar levels of M-spike (i.e., gamma globulins/albumin
ratio; Supplementary Fig. 1b) and normal hemoglobin levels (Fig.
Supplementary Fig. 1c). To favor acceptance of the commensal, mice
received broad spectrum antibiotics in the week before being ran-
domly assigned to either receive P. melaninogenica or vehicle (PBS;

Fig. 1a). Mice reached Late-MM when their M-spike was 26% (i.e.,
gamma/albumin ratio ranging between 0.35 and 0.75; Supplementary
Fig. 1a; ref. 5). Hemoglobin drop was also taken as indication of Late-
MM’ (Fig. 1b and c). At week 10, M-spike levels in P. melaninogenica-
treated mice were halved compared to PBS-treated mice (Fig. 1d). By
week 14, 50% of mice in the P. melaninogenica-treated group evolved
to Late-MM compared to 90% in the PBS group, and overall progres-
sion to advanced MM was delayed by P. melaninogenica (Fig. 1e). Thus,
modulating the gut microbiota was sufficient to delay disease evolu-
tion in Early-MM mice.

Because the gut microbiota also contributes to ICB efficacy® and
neoplastic plasma cells both in humans” and in Early-MM mice express
PD-L1 (Fig. 1f), we treated Early-MM mice with anti-PD-L1 antibodies
alone or in combination with P. melaninogenica. Early-MM mice trea-
ted with anti-PD-L1 experienced delayed progression to Late-MM
(Fig. 1d, e). Addition of P. melaninogenica to anti-PD-L1 further delayed
disease evolution (Fig. 1d, e) and, when all Vk*MYC mice in the control
group had evolved to Late-MM, more than 60% of the mice receiving
the combined treatment were still in the Early-MM phase (Fig. 1e). At
the end of the observation period, 20% of mice in the combination
group had not evolved to MM (Fig. 1e). We did not notice any sub-
stantial difference in response to P. melaninogenica, anti-PD-L1 or their
combination between male and female mice (Supplementary
Fig. 1d-g). In addition, most of the mice receiving the combined
treatment experienced limited hemoglobin drop (Fig. 1b), as con-
firmed by the comparison of the area under the curve (AUC) between
this and the PBS group (Fig. 1c). Thus, P. melaninogenica and ICB
synergize in delaying evolution to incurable MM.

To perform a controlled study on genetically homogeneous
tumors, mice exposed to P. melaninogenica were challenged with
VKk12598 cells (t-VKMYC; Fig. 1g). This model mimics bortezomib-
resistant MM and has been used to successfully predict therapeutic
efficacy in humans'®. P. melaninogenica given as a single treatment
limited disease appearance (Supplementary Fg. 1h) and anemia
(Fig. 1h) and prolonged survival of t-VKMYC mice (Fig. 1i). Our
experimental setup required broad-spectrum antibiotics before P.
melaninogenica supplementation because the beneficial effect of P.
melaninogenica was lost in mice not receiving antibiotics (Supple-
mentary Fig. 1i, j). Treatment with anti-PD-L1 antibodies (Fig. 1g-i and
Supplementary Fig. 1h) but not control IgG (Supplementary Fig. 1k)
exerted effects overlapping P. melaninogenica. Importantly, the com-
bination of P. melaninogenica and anti-PD-L1 provided additional sur-
vival advantage (Fig. 1i) and further contained anemia (Fig. 1h).
t-VKMYC mice treated with the Gram-positive skin commensal, Sta-
phylococcus epidermidis, developed MM with kinetics similar to
vehicle-treated mice. Furthermore, gavage with S. epidermidis did not
alter the disease course when combined with ICB (Supplementary
Fig. 11). Thus, only P. melaninogenica and ICB synergize in limiting
disease aggressiveness in t-VKMYC mice.

P. melaninogenica curbs Thi17 cells and unleashes ICB-induced
T cells

Because IL-17 has been associated with faster SMM-to-MM progres-
sion, and in VK*MYC mice, treatment with P. melaninogenica restrains
Thi7 cell expansion and prolongs animal survival®, we quantified IL-17-
producing cells in the intestine, spleen (SPL) and BM of treated
VK*MYC mice (Supplementary Data 2). Organs were collected when
mice reached Late-MM (i.e., M-spike > 6%), except for one mouse in the
P. melaninogenica + anti-PD-L1 group that was euthanized at the end of
the observation period. Except for the latter mouse in the combined
treatment group (black dot; supplementary Fig. Im), most of the mice
were euthanized at similar levels of M-spike (Supplementary Fig. 1m),
which is indicative of BM infiltration by neoplastic plasma cells’.
Despite comparable tumor burden and CD4" T cells in Peyer’s patches
(PPs), BM and spleen of mice receiving either treatment
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Fig. 1| Combination of probiotic P. melaninogenica and anti-PD-L1 in Early-MM
mice delays progression to Late-MM and prolongs survival in bortezomib-resistant
MM. a Treatment schedule for experiments b-e: Each single Vk*MYC mouse was
enrolled at Early-MM onset and treated individually, mimicking a human clinical
trial. After one week of antibiotics (ABX) mice were randomly assigned to the
following treatments: Vehicle (PBS) + Isotype control (IgG): PBS + anti-(a)PD-L1;
P.m.+1gG; P.m.+ oPD-L1. Both male and female mice were included in each
experimental group. M-spike levels and hemoglobin (Hgb) were measured in the
peripheral blood (Bleeding) to determine Late-MM progression. b, ¢ Hemoglobin
quantification (b) and area under the curve (c) of mice at enrollment and at the time
of Late-MM progression. PBS +1gG n=7; P.m.+1gG n=7; PBS+aPD-L1 n=7;

P.m.+ oaPD-L1 n = 6. Each dot represents one mouse. Data are presented as

mean = SD. Statistical analysis by One-Way ANOVA. d Delta increase of y/albumin
ratio for each mouse 10 weeks after enrollment. PBS +1gG n=8; Pm.+1gGn=7;
PBS + aPD-L1 n = 8; P.m.+ aPD-L1 n= 8. Each dot represents one mouse. Data are

Days since tumor cell injection

presented as mean + SD. Statistical analysis by One-Way ANOVA. e Percentage of
Early-MM VK*MYC mice progressing to Late-MM overtime. One-way ANOVA.

PBS +1gG n=8; P.m.+1gG n=7; PBS+oaPD-L1n=8; Pm.+ aPD-L1 n=8.
fRepresentative flow cytometry plots of PD-L1 expression gated on BM plasma cells
(identified as B220'CD138" cells in CD45" cells) from WT, Early-MM, Late-MM mice.
g Treatment schedule for female C57BL/6 mice injected with Vk12598 MM cells (t-
VKMYC) conditioned with P.m. or vehicle (PBS) and receiving aPD-L1 or IgG.
M-spike levels and anemia were measured weekly in the peripheral blood.

h Hemoglobin quantification from mice treated as in g, four weeks after tumor
injection. PBS+IgG n=11, Pm.+IgG n=7, PBS+ aPD-L1 n=11, Pm.+ oaPD-L1 n=11.
Data are presented as mean + SD. Each dot represents one mouse. One-Way
ANOVA. i Overall survival of female t-VkMYC mice described in g. PBS +1gG n=11,
P.m.+IgGn=7,PBS +aPD-L1n =11, P.m.+ aPD-L1n = 11. Log-rank (Mantel-Cox) test.
Data in panels (h and i) are pooled from three independent experiments. Source
data are provided as a Source Data file.

(Supplementary Fig. 2a-d), Th17 cells were less represented in the PPs
(Fig. 2a, b and Supplementary Fig. 2e) and in the BM of P. melanino-
genica-treated mice (Fig. 2c, d and Supplementary Fig. 2f), while in the
spleen of the same animals, we measured a trend towards Thi17 cell
reduction (Supplementary Fig. 2g and h). Strikingly, this was also true
for mice exposed to the combined treatment (Fig. 2a-d and Supple-
mentary Fig. 2e-h). Similar results were obtained in t-VKMYC mice
exposed to single or combined treatments (Supplementary Fig. 2i-m).

t-VKMYC mice were euthanized at similar M-spike levels between week
3 and 6 after tumor cell injection (Supplementary Fig. 2n, o). Hence, P.
melaninogenica contains disease-induced expansion of Th17 cells even
under ICB treatment. Consistently with disease aggressiveness in
t-VKMYC mice (Supplementary Fig. 1), S. epidermidis did not alter the
proportion of Th17 cells in the PPs (Supplementary Fig. 2I) and in the
BM (Supplementary Fig. 2m) supporting the specificity of P. melani-
nogenica immunomodulation.
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Fig. 2 | P. melaninogenica limits Th17 cell expansion fully unleashing the
cytotoxic response elicited by anti-PD-L1. a, b Representative flow cytometry
plots (a) and quantification (b) of IL-17 producing cells gated in CD3*CD4" T cells
(Th17 cells) in the PPs of animals described in Fig. 1a-e. c, d. Representative flow
cytometry plots (c) and quantification (d) of Th17 cells in the BM of the same
animals. e, f Representative flow cytometry plots (e) and quantification (f) of IFNy
production gated in CD3*CD8' T cells in the PPs of animals described in Fig. 1a-e. g,
h. Representative flow cytometry plots (g) and quantification (h) for IFNy
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production gated in CD3'CD8" T cells in the BM of the same animals. Representa-
tive gating strategy is reported in Supplementary Fig. 2. Panels b, f: PBS+IgG n=6;
P.m.+1gG n=7; PBS + aPD-L1 n =5; P.m.+aPD-L1 n = 6; Panels d, h: PBS+IgG n=7;
P.m.+1gG n=7; PBS + aPD-L1 n =5; P.m.+aPD-L1 n = 6. Each dot represents one
mouse. Black dot indicates Early-MM mouse euthanized at the end of observational
period. Data are presented as mean + SD. Statistical analysis by One-Way ANOVA.
Source data are provided as a Source Data file.

ICB is expected to rejuvenate CD8-mediated anti-tumor immunity’.
Indeed, while CD8" T cells in the PPs were not affected by treatments
(Fig. 2e, f), much more IFNy-producing CD8" T cells infiltrated the BM
and the spleen of mice treated with ICB (Fig. 2g, h and Supplementary
Fig. 3a—c) and in the BM tended to express lower levels of PD-1 molecule
compared to IgG treatment (Supplementary Fig. 3d-f). A trend towards
expansion of IFNy-producing CD8 T cells in the PPs of mice treated with
ICB and P. melaninogenica (Fig. 2e, f) was not confirmed by absolute
numbers (Supplementary Fig. 3g). The potent CD8-mediated immune
response induced by ICB in the BM was maintained in mice also treated
with P. melaninogenica (Fig. 2e, h), showing that the effect of P. mela-
ninogenica substantially and persistently extends beyond the intestinal
tract to the BM, where it reduces the expansion of pathogenic Thi7 cells
without dampening the antitumor response elicited by anti-PD-L1.
Similarly, anti-PD-L1-induced expansion of IFNy* CD8 T cells in the BM
and SPL of t-VKMYC mice was not reduced by the addition of P. mela-
ninogenica (Supplementary Fig. 3h-j). Also, treatment with S. epidermi-
dis combined with anti-PD-L1 did not provide further immunological
advantage to anti-PD-L1-treated mice (Supplementary Fig. 3k-m).

P. melaninogenica restrains IL-17-mediated skin toxicity
Severe IrAEs in patients receiving ICB in combination with immunomo-
dulatory drugs" precluded further clinical investigation. The microbiota

affects IrAEs, especially in the gastrointestinal tract and the skin®” and IL-
17 blocking antibodies can treat ICB-induced psoriasis®. Having pro-
vided evidence that P. melaninogenica contains Th17 cell expansion even
under ICB, we asked if it also restrains IL-17 and IL-17-producing cells that
ignite dermatological toxicity”. Because anti-PD-L1 alone does not
induce skin toxicity in our models, we applied imiquimod to anti-PD-L1-
treated mice to model ICB-induced psoriasis-like lesions (Supplemen-
tary data 3). Imiquimod-induced skin reaction is mediated by IL-17" and
the inhibition of PD-1signaling in mice enhances IL-17-mediated psoriatic
dermatitis®. Similarly, ICB aggravated imiquimod-induced psoriasis-like
lesions (Supplementary Fig. 4a) and increased the immune cell infiltrate
(mIHC; Supplementary Fig. 4b-e). Mice receiving P. melaninogenica in
addition to imiquimod/anti-PD-L1 treatment showed moderated skin
pathology (Fig. 3a) with significantly reduced hyperkeratosis (Fig. 3b),
and a trend toward reduced severity grade of acanthosis (Fig. 3c) and
inflammatory infiltration (Fig. 3d). Treatment with P. heparinolytica did
not significantly impact the severity of skin lesions induced by imiqui-
mod/anti-PD-L1 treatment (Fig. 3b-d). mIHC (Fig. 3e-i) showed sig-
nificantly reduced gut-born (i.e., a4p7°) cells in the skin of Imiquimod/
anti-PD-L1-treated mice receiving P. melaninogenica compared to vehi-
cle- or P. heparinolytica-treated mice (Fig. 3f), suggesting restrained
migration of immune cells from the gut into the skin of P. melanino-
genica-treaded mice. Total CD11c" cells (Fig. 3g), and a4B7°CD11c" cells
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or not of indicated microbiota modulation with Vehicle n=10, Pm. n=10, or P.h.
n =8 mice/group. Scoring performed on 2 H&E stained slides of skin for each
mouse. Statistical analysis by Fisher’s test. e Representative multiplex IHC images
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(Fig. 3h), were also less represented and more distant from CD4" T cells
in P. melaninogenica-treated mice (Fig. 3i), suggesting that P. melani-
nogenica also impacts antigen presenting cell (APC) migration and
function. While anti-PD-L1 administration did not modulate the fre-
quency of IL-17* cells infiltrating the skin of imiquimod-treated mice
(Supplementary Fig. 4f) and the addition of P. melaninogenica only
marginally reduced such infiltrate (Supplementary Fig. 4g), Th17 cells
accumulated in skin-draining lymph nodes of treated mice (Supple-
mentary Fig. 4h and i) and were only restrained by P. melaninogenica
(Fig. 3j, k). IFNy-producing cells remained unaltered (Fig. 3I). Thus, P.
melaninogenica helps control or reduce skin toxicity by inhibiting the IL-
17 pathway.

We also assessed the efficacy of P. melaninogenica in restraining
IrAEs in the t-VkKMYC model (Supplementary data 4). To better syn-
chronize the evaluation of the skin, mice were euthanized five weeks
after tumor injection and seven days after imiquimod application
(Supplementary Fig. 4j). In this study, M-spike levels at sacrifice are
detailed in Supplementary Fig. 4k. The data shows that P. melanino-
genica treatment tended to reduce cutaneous inflammation and
immune cell infiltration in the skin-draining lymph nodes (Supple-
mentary Fig. 4l and m). Thus, P. melaninogenica uncouples the efficacy
and toxicity of ICB.

P. melaninogenica modulates DC function to curb Thi7 cells
Having found reduced a4f37" in the skin of mice treated with P. mela-
ninogenica (Fig. 3h), we asked if a437* cells were also less represented in
the BM of t-VKMYC mice treated with this commensal. In tumor-bearing
mice, irrespective of the treatment, up to 10% CD45" BM cells expressed
the gut-homing marker a4f7 (Supplementary Fig. 5a, b). This fraction
dropped to approximately 5% in the absence of a quantifiable M-spike
(Supplementary Fig. 5b). We also found a comparable frequency of
o437 cells in the intestinal-draining lymph nodes (mLN) and the spleen
of the same animals (Supplementary Fig. Sc, d), suggesting that BM
accumulation of gut-derived immune cells is driven by inflammatory
cues induced by the tumor. Because different subsets of mononuclear
phagocytes (CD11b" and/or CDI11c" cells) accounted for most gut-derived
immune cells in the BM of t-VKMYC mice (Supplementary Fig. 5e) and
microbiota conditioning by P. melaninogenica associated with reduced
skin and iLN-infiltrating CDI11c* cells (Fig. 3g, h and supplementary
Fig. 41), we focused on dendritic cells (DCs). We compared the activity of
the two Prevotella species on DCs because in vivo they exert distinct
effects on Thi7 cell induction (Fig. 3j, k and ref. 6). Upon treatment of
t-VKMYC mice with either one of the two Prevotella strains (Supple-
mentary Fig. 6a), less Thi17 cells (Fig. 4a) and less DCs producing IL-6 and
IL-1B (Fig. 4b and Supplementary Fig. 6b) were found in the BM of mice
receiving P. melaninogenica compared to P. heparinolytica. Notably,
Prevotellae administration did not alter the antigen-presenting capacity
of these DCs (Supplementary Fig. 6c, d). IL-6 and IL-1$3, together with IL-
23, are involved in the differentiation of naive T cells towards Th17 cells”,
and the amount of IL-6 increases in the BM of VK*MYC mice, where it
synergizes with IL-17 to promote neoplastic plasma cell survival®. Indeed,
less DCs generated from BM precursors of WT mice (Supplementary
Fig. 6f) produced IL-1B (Fig. 4c) when conditioned with P. melanino-
genica, and skewed less naive OTII cells® towards Th17 (Fig. 4d and
Supplementary Fig. 6g) under suboptimal Thi7-polarizing conditions
(low-dose TGF-f and IL-6). These data suggest that P. melaninogenica-
stimulated DCs provide insufficient inflammatory signals, including IL-
1B, to drive optimal Th17 differentiation. Similarly, less human monocyte
derived DCs (hMoDCs; Supplementary Fig. 6h) producing cytokines
were found in P. melaninogenica-conditioned samples (Fig. 4e), and less
naive T cells became Thi7 cells in the presence of P. melaninogenica-
conditioned hMoDCs than P. heparinolytica-conditioned DCs (Fig. 4f and
Supplementary Fig. 6i).

To gain mechanistic insights into the effects of P. melaninogenica
on DCs, we performed RNA-seq on BMDCs cultured either with P.

melaninogenica or P. heparinolytica (Fig. 4c). As depicted in Fig. 4g and
Supplementary Fig. 7, P. melaninogenica-stimulated DCs expressed
fewer genes associated with cytokine production and cytokine-
mediated signaling pathways (e.g., Cxcl9, CxcliO, Ill1b, Il6, 1l12b) as
well as T cell proliferation (e.g., Ccl5, Itgal, Cd40), thus confirming flow
cytometry functional assays (Fig. 4c-f). Conversely, P. melaninogenica-
stimulated DCs upregulated genes belonging to sterol metabolism
pathways (e.g., Sqle, Cyp51, Msmol; Fig. 4h and Supplementary Fig. 7a,
c) associated with homeostatic in vivo DCs maturation®. Thus, P.
melaninogenica acts on DCs to curb the expansion of Th17 cells.

P. melaninogenica favors the production of SCFAs

Prevotella species produce short-chain fatty acids (SCFAs) from the
fermentation of dietary fibers**?. SCFAs act on epithelial and immune
cells as histone deacetylase inhibitors to reduce IL-17, TNFa and IL-6
production®. Interestingly, stool samples from mice treated with P.
melaninogenica contained more acetate, butyrate and tended to be
richer in propionate than samples from P. heparinolytica-treated mice
(Fig. 5a-c). While NMR-based metabolomic analysis of supernatants
from P. melaninogenica cultures did not retrieve butyrate (Supple-
mentary Fig. 8a), it showed abundance of acetate and succinate
(Fig. 5d), the latter acting as precursor for butyrate production by
certain Firmicutes bacteria”. Consistent with this, stools of P. melani-
nogenica-treated mice had low succinate levels (Fig. 5e), and a micro-
biota composition distinct from vehicle-treated mice (Supplementary
Fig. 8b-e), with increased representation of the butyrate-producing
Lachnospiraceae® (Fig. 5). Thus, P. melaninogenica modulates the gut
microbiota in favor of SCFA producers.

Butyrate restrains Th17 expansion and delays MM progression
SCFA-producing bacteria associate with beneficial outcomes in
MM*>? and potentiate ICB***. Indeed, administration of either
butyrate or acetate to t-VKkMYC mice significantly prolonged their
survival (Fig. 6a, b). The BM of butyrate-treated mice euthanized at
similar M-spike levels (supplementary Fig. 9a) contained less DCs
producing IL-6 (Fig. 6¢) and IL-1f (Fig. 6d) and less Th17 cells (Fig. 6e)
than mice treated with vehicle. Acetate reduced BM IL-6" DCs (Fig. 6f)
without affecting Th17 cell proportion (Fig. 6g). Instead, a significant
expansion of IFNy-producing CD4" T cells in the latter (Fig. 6h) sup-
ported the hypothesis of a potent effector response induced by
acetate®. When combined with ICB, only butyrate potentiated the
antitumor effects of ICB (Fig. 6i-k and Supplementary Fig. 9b). Thus,
only butyrate fully recapitulates the in vivo effects of P. melanino-
genica (Figs. 1i, 2b, f and Supplementary Figs. 1h, 2i, 3h). In vitro, only
butyrate limited LPS-induced DC maturation (Fig. 6l) without
impairing their viability (Supplementary Fig. 9c). Whereas T cell via-
bility and proliferation were also not impacted by SCFAs (Supple-
mentary Fig. 9d-f), butyrate restrained Thl7 cell differentiation
(Fig. 6m). Consistently, butyrate administration to t-VKMYC mice
lacking IL-17 (IL-17KO mice) failed to improve mouse survival (Fig. 6n
and Supplementary Fig. 9g). Taken together, these data demonstrate
that increased butyrate availability limits tumor aggressiveness by
modulating IL-17-producing cells.

P. melaninogenica also improves efficacy of anti-TIGIT therapy
To further support the clinical applicability of our findings, we also
assessed the therapeutic efficacy of P. melaninogenica in combination
with ICB against TIGIT (Fig. 7a), a novel, promising target for MM
therapy®. Anti-TIGIT monotherapy was well tolerated by all t-VKMYC
mice (Fig. 7b) and significantly delayed tumor onset (Fig. 7c). The
addition of P. melaninogenica to anti-TIGIT antibody treatment further
prolonged disease-free survival in these mice (Fig. 7c). Treated animals
also experienced a prolonged OS (Fig. 7d). Collectively, these findings
support the clinical relevance of combining P. melaninogenica with ICB
in MM.

Nature Communications | (2025)16:10384


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65312-y

a Bone marrow b Vehicle
P=0.0025 I 271 152
" 3
_P=0.181 P<0.0001 10 P=0.0002 _ P<0.0001
6 6 6
o 10S
o &l P0.0083 P=0.0109
@ ©| o ] @
2 C 8
8 = g
E e 1,55 135 Z_‘Io
= o) =
S > G
® g =
<
&
=|l 10° 0o 10° 10* 10’ o 100 1* 10°
CD45-V500
P<0.0001
(o g € hMoDCs
P=0.0018 o P<0.0001
10°4 P<0.0001 9
e - - 10t P=0.0325
3 P<0.0001  P=0.0002 0 ]
25- 50 P=0.0062  P=0.0024
82 8
a a
R 1 154 ta
g i o
> = 104 =
O o 5]
o ES X
< 57
T
(<ol
- L R
= Vehicle LPS Pm. Ph. Vehicle LPS Pm. Ph.
DC + + + + DC + + + +
CD4 - - cb4d - - - -
P<0.0001 p
d 104 33,1 <0.000 f o 2.7 P<0.0001
5 — P=0.0015 B P<0.0001
10 ] ]
P=0.0049 5 P<0.0001 P=0.0046 P=0.0111
m] _‘
40 P=0.0161 P=0.0049 i 40
“Apn
L_Ph. 7 B °
% 30 05 19,7 g 30
: [5) [ ] N~
< 20 ° 10*q E 20 S
% ®le E k)
u =10 2 x 10
"\l olo ~
o 0 T T T T o 10t 10* 0 i
= o VenicleLPS Pm. Ph. = c VehicleLPs Pm. Ph.
CD4-PcPCy5.5 + + + + -
y . CD4-APCCy7 T

DW DEG in Pm. vs Ph.

9

h uUPDEGinPm. vsPh.

positive regulation of response to external stimulus - . organic hydroxy compound metabolic process - .
positive regulation of cytokine production - . Count regulation of response to external stimulus - o Count
® 30 @ 5
40 -
defense response to virus- . ® leukocyte migration - . @ =
@ = Q=
0~
. . 30
lymphocyte proliferation - [ ] ' . steroid metabolic process - [ ] .
T cell proliferation - [ ) p.adjust ERK1 and ERK2 cascade - [ ] p-adjust
3.146080e-36
3.159079e-17 _ _ 20-06
response to interferon-gamma- [ ] 6313158017 regulation of inflammatory response - ‘ 1008
9.477237e-17 6e-06
response to interferon-beta- @ 1263632016 cholesterol biosynthetic process- ®
antigen processing and presentation - ® secondary alcohol biosynthetic process - ®
0.04 0.06 0.08 0.10 003 004 005 006 007
GeneRatio GeneRatio

Discussion

Clinical and experimental evidence support a role for the gut micro-
biome in response to immunotherapies that include ICB%**, Fecal
microbiota transplantation (FMT) from ICB-sensitive into ICB-
refractory patients induced microbiota perturbation that correlated
with enhanced anti-tumor immunity and clinical benefits* and abro-
gated ICB-associated colitis**. Whereas several clinical trials combining

FMT and ICB are underway, FMT for cancer patients is far from being
standardized, it does not appear to reduce the incidence and severity
of IrAEs*, may transmit multi-drug resistant bacteria, and is therefore
under scrutiny by national health agencies®”. Administration of selec-
ted bacteria is an alternative strategy to modulate the gut
microbiota®**. Indeed, delivery of P. melaninogenica to mice affected
by Early-MM delays progression to Late-MM, synergizes with anti-PD-
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Fig. 4 | P. melaninogenica restrains proinflammatory activation of DC and
limits differentiation of Th17 cells. a, bimmunological analysis performed by flow
cytometry on the BM of female t-VKMYC mice conditioned with P.m., P.h. or
unconditioned (vehicle) and euthanized at the appearance of M-spike. a Percentage
of Th17 cells gated in CD4" T cells in the BM. Veh: n = 6; P.m. n =10; P.h. n =10 mice/
group. Each dot represents one mouse. Data are presented as mean + SD. Statistical
analysis by one-way Anova. Data are pooled from two independent experiments.
b Representative flow cytometry plots and quantification of BM CD11c" cells (DCs)
producing IL-6 and IL-1B. Veh: n=9; P.m. n=10; P.h. n=9. Each dot represents one
mouse. Data are presented as mean * SD. Statistical analysis by one-way Anova.
Data are pooled from two independent experiments. Representative gating strat-
egy is reported in Supplementary Fig. 6b. ¢ Percentage of mouse BMDCs producing
IL-1B upon overnight stimulation with LPS from E.coli (1 pg/mL), heat-inactivated
P.h. or P.m. (1mg/mL). Vehicle: Medium. Each dot represents a biological inde-
pendent experiment (n = 6). d Percentage of Th17 cells (identified as IL-17* cells in
CD3*CD4" cells) obtained upon coculture of muse OT-II cells with BMDCs from (c).
Coculture was maintained for 5 days under suboptimal Th17-polarizing conditions

(see methods section). Each dot represents an independent experiment biological
experiment (n = 5). e Percentage of human MoDCs producing IL-1f stimulated as in
c. Each dot represents an independent experiment biological experiment (n =5).
f Percentage of Th17 cells induced upon coculture of human purified CD4 T cells
with MoDCs from e. Coculture was maintained for 6 days under suboptimal Th17-
polarizing conditions in the presence of Dynabeads Human T-Activator CD3/CD28.
Each dot represents an independent experiment biological experiment (n =5). For
panels (c-f), data are presented as mean + SD. Statistical analysis by One-way
ANOVA. Representative gating strategy for panels (b-f) are reported in Supple-
mentary Fig. 6. g, h Dot Plots of selected significantly enriched (adjusted p-

value < 0.05) GO biological processes (BP) pathways identified from down-
regulated (DW; g) or upregulated (UP; h) differentially expressed genes (DEGs).
Enrichment was assessed using a one-tailed hypergeometric test, with multiple
testing correction using the Benjamini-Hochberg procedure. n =3 biologically
independent replicates. BMDCs bone marrow-derived dendritic cells; MoDCs
monocyte-derived dendritic cells. Source data are provided as a Source Data file.
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Fig. 5 | Administration of P. melaninogenica promotes the increase of

fecal SCFAs. a-¢ NMR quantification of acetate (a), butyrate (b) and propionate (c)
in the feces of female t-VKMYC mice treated as in Supplementary Fig. 6a. Boxplots
show the distribution of values, with the central line indicating the median, box
edges representing the 25th and 75th percentiles, and whiskers extending to the
minimum and maximum values. Individual values represent single mice. n =5 mice/
group. Statistical analysis by One-way Anova. d Concentration of metabolites in the
media metabolized by P.m. (n = 8 biological independent bacterial cultures) or P.A.
(n=9), analyzed by NMR. Medium: unmetabolized media (n =3). Each dot repre-
sents a biological independent replicate. Data are presented as mean + SD.

Statistical analysis by Two-way Anova. e NMR quantification of succinate in the
feces of t-VKMYC mice treated with P.m. or vehicle. Boxplots show the distribution
of values, with the central line indicating the median, box edges representing the
25th and 75th percentiles, and whiskers extending to the minimum and maximum
values. Each dot represents one mouse (n =5 mice/group). Statistical analysis by a
two-tailed unpaired ¢ test. f Relative abundance of Lachnospiraceae family in the
feces of P.m. or vehicle-treated Vk*MYC mice by 16S RNA-seq (n =7 mice/group).
Each dot represents one mouse. Data are presented as mean + SD. Statistical ana-
lysis by Two-way Anova. ns: not significant. NMR: nuclear magnetic resonance.
Source data are provided as a Source Data file.

L1 antibodies and contains ICB-related skin toxicity. Thus, a strategy as
simple as modulating the gut microbiota may intercept MM evolution
and tilt the balance in favor ICB in plasma cell dyscrasias. Our data
provide a proof of concept for developing P. melaninogenica-based
strategies for SMM patients. Further studies are needed to refine the

optimal design, safety and delivery of P. melaninogenica-based pro-
biotics in patients.

Administration of P. melaninogenica limits the expansion of Th17
cells in both the PPs patches and the BM of Vk*MYC mice, thus curbing
a pathogenic mechanism. Indeed, in these mice, IL-17 may directly fuel
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Fig. 6 | Butyrate restrains Th17 expansion and delays MM progression. a, b
Overall survival of female t-VKMYC mice receiving sodium butyrate (But; 100 mM;
n=7; a) or sodium acetate (Ace; 200 mM; n = 6; b) dissolved in the drinking water
starting two weeks before tumor injection. Control mice (a: n=7; b: n=6) receive
plain water. Log-rank (Mantel-Cox) test. Data pooled from two independent
experiments. Each dot represents one mouse. Data are presented as mean + SD.
c-h. Percentage of immune cells in the bone marrow (BM): IL-6" (c) and IL-1" (d)
cells gated in CD11c". Thi7 cells (e). IL-6" (f) cells in CD1ic", Th17 cells (g) and IFNy*
cells gated in CD4" T cells (h). Each dot represents one mouse (c-e: Ctrl n=12; But
n=11; (f-h): Ctrl n=9; Ace n=13). Data are presented as mean + SD. Two-tailed
unpaired ¢ test. Gating strategy to detect CDI1c + cells in the BM is shown in Sup-
plementary Fig. 6b. i M-spike appearance since tumor injection of t-VkMYC mice
fed butyrate or control and treated with aPD-L1 (200pg, three times/week) starting
one week after tumor injection. Ctrl n=14; Butyrate n=17; Ctrl + aPD-L1 n=7;
Butyrate + aPD-L1 n = 7. Data pooled from three independent experiments.

Days since tumor cell injection

Statistical analysis by Log-rank (Mantel-Cox) test. j, k Percentage of Th17 cells (j)
and IFNy"CD8" cells (k) in the BM. Each dot represents one mouse. Ctrl n=12, But
n=11, Ctrl + aPD-L1 n = 6, But + aPD-L1 n = 6. Data are presented as mean + SD. One-
way Anova. I Representative plots and percentage of IL-1B* BM-derived DCs dif-
ferentiated in the presence of butyrate or acetate (1 mM)-conditioned media. Each
dot represents a biologically independent experiment performed in triplicate
(n=5). Data are presented as mean + SD. Statistical analysis by One-way Anova.

m Representative plots and percentage of Thl7 cells after 5 days of culture under
Thl7-polarizing conditions in butyrate or acetate (0.5 mM)-conditioned media.
Each dot represents a biological independent experiment performed in triplicate
(n=>5). Data are presented as mean + SD. Statistical analysis by One-way Anova.

n Overall survival of IL-17KO t-VKMYC mice fed butyrate (n=9) or control (n=7).
Both male and female mice were included in experimental groups as reported in
Supplementary Fig. 9. Data pooled from two experiments. Log-rank (Mantel-Cox)
test. ns: not significant. Source data are provided as a Source Data file.
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Fig. 7 | P. melaninogenica combined with anti-TIGIT antibodies delays

MM onset. a Treatment schedule for female C57BL/6 mice injected with Vk12598
MM cells (t-VKMYC) conditioned with P.m. or vehicle (PBS) and receiving oTIGIT or
IgG. b Body weight variation since tumor cell injection. Vehicle +I1gG: n=10;

Veh + «TIGIT: n=11; P.m.+ oTIGIT: n=14. Data are presented as mean + SD.

Days since tumor cell injection

Days since tumor cell injection

Statistical analysis by One-way Anova. ¢, d M-spike appearance since tumor injec-
tion (c) and overall survival (OS; d). Vehicle +IgG: n=10; Veh + aTIGIT: n=11;
P.m.+ «TIGIT: n=14. Data pooled from two independent experiments. Statistical
analysis by Log-rank (Mantel-Cox) test. ns: not significant. Source data are pro-
vided as a Source Data file.

plasma cell survival and promote disease progression®. DCs are
strongly affected by Prevotellae because ex vivo, less DCs from the BM
of P. melaninogenica-treated mice produce IL-6 and IL-13 when com-
pared to mice challenged with P. heparinolytica. These findings were
confirmed in vitro by RNASeq and functional assays on DCs stimulated
with P. melaninogenica. Conversely, P. heparinolytica-conditioned DCs
show a more proinflammatory transcriptomic profile and generate
more Thil7 than P. melaninogenica-treated DCs. These findings high-
light the distinct immunomodulatory effects of the two Prevotella
species. Because hMoDCs similarly respond in vitro to the two Pre-
votellae, administering P. melaninogenica to patients affected by
plasma cell dyscrasias should be beneficial.

Our data also support the in vivo beneficial effects of SCFAs.
Indeed, more SCFAs are found in the stools of Prevotella-treated mice,
and P. melaninogenica associates with much higher stool content of
acetate and butyrate. Because in vitro P. melaninogenica generates
acetic and succinic acids*’, which is consistent with our in vivo find-
ings, we argue that P. melaninogenica also modulates the gut micro-
biota in favor of butyrate-producing bacteria, which transformed
succinate in butyrate”. Similarly, enrichment of butyrate-producing
bacteria at the expenses of MM-associated dysbiosis, provide survival
advantage in MM-bearing mice**%

Butyrate and acetate boost the effector function of cytotoxic T
lymphocytes®>** and their memory potential®. Butyrate also interferes
with DC maturation and cytokine secretion*’. Here, we confirm the
antitumor potential of both molecules in t-VKMYC mice, supporting
their positive association with MM outcomes. Our data showing that
butyrate delays disease appearance by acting on DCs and directly
restraining Th17 cells provides additional information on the in vivo
beneficial effects of butyrate in MM patients™***>, SCFAs may also be
beneficial in limiting BM damage, a clinical culprit of MM*® because Th17
cells contributes to bone destruction*’, and restraining Th17 expansion
in MM patients by administering P. melaninogenica might impact bone
formation. On the same line, butyrate stimulates bone formation
through the secretion of Wnt10b by BM CD8' T cells*. Likely, the ben-
eficial activity of P. melaninogenica extends beyond SCFA production.

While we did not measure the content of SCFAs in the stools of
VK*MYC mice treated with P. melaninogenica or vehicle as we did in
t-VKMYC mice, we believe our data support an analogous mechanism
of action for P. melaninogenica in the two experimental settings. Our
conclusion is based on the evidence that both Vk*MYC and t-VKMYC
mice experience less aggressive disease upon treatment with P. mel-
aninogenica. In both models, treatment with P. melaninogenica
associates with less BM Thi7 cells. The gut microbiota in VK*MYC
treated with P. melaninogenica is enriched in butyrate-generating
bacteria, and more butyrate is found in stools from t-Vk*MYC mice
treated with P. melaninogenica. Finally, DCs cultured in vitro in the
presence of either P. melaninogenica or butyrate mimic the functional
characteristics of DCs obtained from the BM of mice either treated
with P. melaninogenica or butyrate.

An additional novelty of this paper is that combining P. melani-
nogenica and anti-PD-L1 antibodies uncouples efficacy and toxicity of
ICB in a model of MM. PD-L1 was chosen as a representative ICB
because PD-L1 is expressed on neoplastic plasma cells, anti-PD1/PD-L1-
based immunotherapy has been already tested in patients affected by
MM, and caused severe IrAEs". In addition, gut microbiota composi-
tion has been associated with improved response to immunotherapy®,
and defined microbiota signatures have been associated with IrAEs™",
which can be induced by IL-17-producing cells®. Our findings strongly
support the use of gut microbiota-modulating strategies to manage
IrAEs and warrant further investigation on P. melaninogenica as a
potential candidate for such treatment. Our data also show the
potential beneficial effects of combining P. melaninogenica and TIGIT,
a target with promising translational potential in a clinical setting™.

Mechanistically, P. melaninogenica limits the expansion of Th17
cells, thus inhibiting a pro-tumorigenic mechanism in MM’. Con-
versely, P. melaninogenica does not restrain the cytotoxic response
elicited by ICB, providing treated animals with a more favorable CD8"
IFNY'/Th17 ratio. Interestingly, IL-17 was found elevated in
microsatellite-stable CRC, and blocking IL-17 enhanced the efficacy of
anti-PD-1 therapy in mouse models of CRC*. IL-17 also supports the
clinical benefit of dual CTLA-4 and PD-1 inhibition in melanoma
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patients®. These data appear at odd with those reporting that low
baseline butyrate was associated with longer PFS in patients affected
by metastatic melanoma®. Thus, P. melaninogenica and SCFA-
producing commensals might not be indicated when IL-17 is anti-
tumoral. Conversely, P. melaninogenica and ICB might synergize in
patients affected by other hematologic and solid tumors in which IL-17
acts as a driving force’.

We have also found that modulation of the gut microbiome with
SCFA-producing bacteria limits IrAEs. This effect again appears related
to the ability of P. melaninogenica to limit Thl7 cell expansion, espe-
cially in skin-draining lymph nodes. Interestingly, mIHC analyses of the
skin from mice receiving imiquimod, anti-PD-L1 antibodies, and P.
melaninogenica shows reduced density of gut-homing (i.e., a4p7")
cells, supporting restrained migration of cells from the gut into the
skin of mice receiving P. melaninogenica. CD11c" cells are also less
represented and tended to be more distant from CD4 T cells in P.
melaninogenica-treated mice, suggesting that the intestinal commen-
sal in this model of skin toxicity also impacted APCs.

IL-17 is involved in several IrAEs™, ICB may unleash commensal-
specific Th17 responses leading to skin toxicity', and IL-17 blockade
reversed psoriatic rash in one patient treated with pembrolizumab®.
Inhibition of IL-17 also abrogated nivolumab-associated colitis and
protected mice against ICB-induced thyroiditis®*. ICB-induced colitis
can be ameliorated by treating mice with Bifidobacterium, which favors
the expansion of Tregs®, a mechanism distinct form P. melaninogen-
ica. Thus, P. melaninogenica, by producing SCFAs and restraining Th17
cell expansion, might positively impact additional IrAEs.

The finding that P. melaninogenica administration protects mice
with plasma cell dyscrasias from aggressive disease might suggest that
SMM patients harboring this commensal are naturally protected from
multiple myeloma (MM) progression. To our knowledge, no publicly
available databases provide information on the relative abundance of
P. melaninogenica in fecal samples from SMM patients who either
progressed or did not progress to MM. A Spanish group” reported
enrichment of Prevotella at the genus level in healthy controls com-
pared to newly diagnosed MM patients. There also was a trend in
progressive reduction of P. melaninogenica relative abundance from
healthy controls to MGUS to SMM patients. Interestingly, acetate levels
were significantly lower in the blood serum of SMM patients compared
to the MGUS group?. Jian and colleagues” found enriched Prevotella
strains, including P. ruminicola, P. fusca, and P. melaninogenica, in
newly diagnosed Chinese MM patients compared to healthy controls.
Different Prevotella strains may exert opposing effects’, and like P.
copri*®, different strains of P.melaninogenica might exist, exerting
varying and even opposing effects on human health®. P. melanino-
genica clades might differ among human populations globally, and, as
we documented in mice gavaged with P. melaninogenica, these dif-
ferences could variously impact the entire gut microbiome. While
these considerations should not diminish the potential value of P.
melaninogenica for human health, clinical studies are warranted to
define its beneficial activity in patients with plasma cell dyscrasias.

Microbiota perturbation holds safety issues. Abundance of P.
melaninogenica together with other commensals were found in the
lung of patients affected by cystic fibrosis®®, in the oral cavity of chil-
dren with active caries® and in the gut of patients affected by anky-
losing spondylitis®®. These data suggest that in selected clinical
conditions, clades of P. melaninogenica may act as pathobionts. While
daily administration of P. melaninogenica to mice promoted gastric
inflammation®, intranasal administration of P. melaninogenica did not
cause any damage to healthy mice, but it enhanced bleomycin-induced
lung immune infiltration and fibrosis®>. Conversely, P. melaninogenica
suppressed experimental autoimmune encephalomyelitis in HLA-
DR3.DQS transgenic mice®. Different outcomes may relate to differ-
ent experimental settings and/or strains of P. melaninogenica, as
reported for P. copri®*. We also cannot exclude that P. melaninogenica

drove dissimilar reconstitution of the microbiota community in the
various experimental settings described above.

One limitation of the study is that antibiotic pretreatment is
needed to fully unleash the beneficial effects of P. melaninogenica.
Antibiotics cause dysbiosis, and their use may associate with worst
prognosis in MM*. Previous research in mice showed that using anti-
biotics to aid probiotic colonization**** didn’t prevent the same bac-
terial strains from being used in humans without antibiotics®*°. While
we cannot anticipate that antibiotic pretreatment might be needed in
humans, the promising results obtained in Vk*MYC mice treated with
P. melaninogenica should outweigh the potential disadvantage of one
cycle of antibiotics in patients affected by SMM.

Altogether, our results support P. melaninogenica or SCFAs
administration as a strategy that might be sufficient per se to modify
the trajectory of patients affected by SMM. The combination of P.
melaninogenica and ICB might also represent an additional strategy to
uncouple efficacy and toxicity of ICB and limit MM aggressiveness.

Methods

Mice

All mice were on a C57BL/6 background. IL-17KO mice® were kindly
provided by Dr. Yoichiro Iwakura (Institute of Medical Science, Tokyo,
Japan). Experimental procedures with IL-17KO mice were initiated
when animals were between 6 and 8 weeks of age. Six-eight-week-old
C57BL/6) female mice were purchased from Charles River Labora-
tories, Calco IT (stock number 000664). In VK*MYC transgenic mice*
the activation of MYC, whose locus is rearranged in half human MM
tumors, including SMM?®, occurs sporadically through the somatic
hypermutation process in germinal center B cells. All VK*MYC mice
were born from 12/2020 to 11/2021 and included in the experiment
from 09/2021 to 06/2022 (mean age at inclusion: 37 + 5 weeks; median
age at inclusion 40 weeks). All mice were randomly assigned to each
treatment and monitored for disease progression for up to 26 weeks.
Data from each VK*MYC mouse present in this study are available in the
Supplementary data 1. Both male and female mice were used in
Vk*MYC and IL-17KO models, with no significant differences observed
between sexes. Primers sequences for the genotype of Vk*MYC and IL-
17KO mice are reported in Supplementary Table 3. Vk*MYC and IL-17
knockout (IL-17KO) mice were bred and maintained under specific
pathogen-free (SPF) conditions. For experiments involving Vk12598
cell injections, mice were housed in a non-barrier animal facility. In
studies involving microbiota manipulation, experimental and control
groups were housed separately following randomization to prevent
cross-contamination. Mice were housed under 12h light/12h dark cycle,
at temperatures of 23 + 2 degree Celsius and 50% + 10 humidity. Mice
were euthanized using carbon dioxide (CO>) inhalation followed by
confirmation of death in accordance with institutional animal care
guidelines. Animal procedures were approved by the institutional
animal ethics committee (Italian Ministry of Health authorization No.
208/2023-PR and n. 259/2025-PR).

Injection of Vk12598 cells and generation of t-VkMYC model
Vk12598 cells were obtained by transplantation of Vk*MYC tumor cells
from a male Vk*MYC donor into congenic mice as described by Chesi
et al.”®. Transplanted cells were propagated by serial transplantation
into congenic wild-type mice. Briefly, 10 cells were injected in the tail
vein of C57BL/6 mice. Disease appearance and progression was mon-
itored by quantification of monoclonal immunoglobulins by serum
protein electrophoresis. The spleen of transplanted animals was col-
lected at sacrifice, cells were harvested under sterile conditions and
stored in liquid nitrogen for subsequent transplantation.

Bacteria cultivation
P. melaninogenica DSM 7089 and P. heparinolytica DSM 23917 (DSMZ,
Germany) were cultured in chocolate agar plates at 37 °C in Anaerojar
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2.5L Jar System (OXOID: Cat. AGO025A; ThermoFisher Scientific) and
using AnaeroGen 2.5L (Cat. ANOO25A, ThermoFisher Scientific) to
generate an anaerobic atmosphere. Staphylococcus epidermidis, iso-
lated from a biological sample, was cultured on chocolate agar plates
at 37 °C under aerobic conditions.

Bacteria and antibody treatment in vivo

SMM VK*MYC mice’ were pretreated for one week with Ampicillin (1g/
L, Cat. A9393, Sigma-Aldrich), Vancomycin (0.5 g/L, Cat. 94747, Sigma-
Aldrich) and Neomycin (1g/L, Cat. N1876, Sigma-Aldrich) dissolved in
drinking water and Metronidazole (0.2 mg/mouse, Cat. M3761, Sigma-
Aldrich) via gavage three times. 48 h after antibiotic withdrawal, P.
melaninogenica was administered via gavage for three consecutive
days/week until the end of the experiment. 1.5x 108 colony-forming
units (CFUs) were provided with each gavage. Control mice received
gavage with saline solution (PBS). A preliminary experiment in
t-VKMYC mice demonstrated that antibiotic pretreatment was
required to enable the biological activity of P. melaninogenica (Sup-
plementary Fig. 1i, j). Anti-PD-L1 (B7-H1, clone 10 F.9G2, Cat. BEO101,
BioxCell; 200 pg/dose) or isotype antibodies (Rat IgG2b, Cat. BEO0O90,
BioxCell) were injected i.p. on day O, 5, 8, and every three weeks until
the end of the experiment. Every three weeks, mice were bled for
monoclonal (M) protein (M-spike) quantification as described in
below. Mice were euthanized when progressing to Late-MM or at the
end of observation time. Late-MM progression was defined by M-spike
was >6% (i.e., gamma/albumin ratio ranging between 0.35 and 0.75)
and the presence of anemia. Alternatively, two weeks before tumor cell
injection (i.v. 1x10° VKk12598 cells obtained from one MM Vk*MYC
mouse; t-VKMYC?*), antibiotic-pretreated WT mice were subjected to
gavage either with P. melaninogenica, P. heparinolytica, Staphylococcus
epidermidis, or PBS (according to the experiment) and received anti-
PD-L1/IgG three times/week. Anti-TIGIT antibodies (Clone 1G9, Cat.
BE0274, BioxCell) or isotype control antibodies (mouse IgG1 isotype;
Cat. BEOO83, BioxCell; 200 pg/dose) were administered twice per week
to t-VKMYC mice pretreated as described above. t-VkMYC mice were
weekly bled for M-spike quantification. For immunological experi-
ments, mice were euthanized by CO, inhalation at M-spike appearance
between week 3 and 6 after tumor cell injection, and harvested organs
were analyzed as described below. The list of antibodies used for flow
cytometry analysis is reported in supplementary Table 2.

Butyrate and acetate treatment

Sodium butyrate (working concentration of 100 mM; Cat. 303410,
Sigma-Aldrich) or sodium acetate (working concentration of 200 mM;
Cat. S5636, Sigma-Aldrich) were dissolved in drinking water starting
two weeks before tumor injection (t-VK*MYC mice). Solution was
refreshed b.i.w. Control mice received plain water.

Imiquimod-induced skin inflammation

Antibiotic-pretreated mice received oral gavage of P. melaninogenica,
P. heparinolytica or PBS until the end of the experiment. Three doses of
anti-PD-L1 or IgG antibodies (of 200 ug each) were injected i.p. every
4 days. Subsequentially, mice received a topical dose of 62,5mg of
Imiquimod cream (5%) (Aldara; 3 M Pharmaceuticals) on the shaved
skin of the back for 7 consecutive days. Each dose corresponded to
3125 mg of active compound. On day 7, mice were euthanized, and
organs were collected. Briefly, the back cutaneous tissue was collected
and fixed in formalin solution for 24 h before inclusion for histo-
pathological evaluation. Inguinal lymph nodes were collected and
gently disaggregated with the help of tweezer and single-cell suspen-
sion processed for flow cytometry staining. For the experiment in the
t-VKMYC model, antibiotic-pretreated mice received oral gavage of P.
melaninogenica, P. heparinolytica or PBS until the end of the experi-
ment. Two weeks after the first gavage, mice were injected with
Vk12598 tumor cells and anti-PD-L1 or IgG antibodies (of 200 ug each)

were injected i.p. every 4 days. Four weeks after tumor injection, mice
received imiquimod cream for 7 consecutive days as described above
and subsequently euthanized for organ collection.

Serum protein electrophoresis

Mouse blood was periodically collected. Semi-automated electro-
phoresis was performed on the Hydrasys instrument (Sebia, Lissex,
France). According to the manufacturer’s instructions, 10 pL of undi-
luted serum were manually applied to the Hydragel agarose gels
(Sebia). The subsequent steps: electrophoresis (pH 9.2, 20 W constant
current at 20 °C), drying, amidoblack staining, de-staining and final
drying were carried out automatically. The use of Hydrasys densit-
ometer and Phoresis software (Sebia) for scanning resulting profiles
provided accurate relative concentrations (percentage) of individual
protein zones. M-spike levels were calculated as total gamma globu-
lins/albumin ratio (y/albumin).

Multiplex immunohistochemistry (mIHC)

The Tyramide Signal Amplification (TSA)-based Opal method (Akoya
Biosciences, Marlborough, MA, USA) was used for mIHC staining on
the Leica BOND RX automated immunostainer (Leica Biosystems,
Wetzlar, Germania). All stains were performed under optimized con-
ditions. The spectral DAPI (Akoya) was used as a nuclear counterstain,
and slides were mounted in ProLong Diamond Anti-fade Mountant
(Life Technologies, Waltham, MA, USA). An unstained tissue section
was used to subtract the tissue autofluorescence from multiplex-
stained slides. Primary antibodies are listed in Table S2.

mlIHC imaging and analysis

Multiplex stained slides were imaged using the Mantra Quantitative
Pathology Workstation (Akoya Biosciences, Marlborough, MA, USA) at
20X magnification. The inForm Image Analysis software (version 2.4.9,
Akoya Biosciences, Marlborough, MA, USA) was used to unmix multi-
spectral images. A selection of representative multispectral images
was used to train the inForm software to create algorithms to apply in
the batch analysis of all acquired multispectral images. phenoptrRe-
ports (add-ins for R Studio from Akoya Biosciences) was used to cal-
culate cell density and spatial metrics. Cell density data were
calculated as the sum of the cells positive for a specific marker, divided
by the area analyzed from the same tissue slide. For the mean distance
between different cell subtypes, the nearest neighbor analysis
was used.

Histopathological evaluation and scoring severity of skin
inflammation

Histopathological evaluation was performed in blind by two expert
pathologists on 2 H&E-stained slides of the skin for mouse. Hyper-
keratosis, acanthosis, spongiosis, and inflammatory infiltrate were
scored independently on a scale from O to 4: O, none; 1, slight; 2,
moderate; 3, marked; 4, very marked.

In vitro induction of mouse BM-derived dendritic cells

BM cells collected from long bone flushing were cultured for 6 days in
IMDM (Lonza Bioscience) with 10% FCS (Fetal Calf Serum), GM-CSF
(25 ng/mL; Cat. 315-03, PeproTech, Inc.) and IL-4 (5 ng/mL; PeproTech).
DCs were induced to overnight maturation with 1mg/mL heat-
inactivated P.heparinolytica, P. melaninogenica or 1pg/mL LPS from
E.coli. To evaluate DC activation in the presence of SCFAs, butyrate or
acetate (1 mM; Sigma-Aldrich) were dissolved into the culture medium
three days after seeding and maintained until the end of the culture.

In vitro induction of human monocyte-derived DCs

CD14* monocytes were isolated by magnetic sorting (Cat. 130-050-201,
Miltenyi Biotec) from healthy donor’s peripheral blood mononuclear
cells (PBMCs) and cultured in RPMI (Lonza Bioscience) with 10% FCS,
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GM-CSF (50 ng/ml; Cat. 300-03, Peprotech, Inc) and IL-4 (25 ng/ml;
Cat. 200-04, Peprotech, Inc). DC maturation was induced as
described above.

Mouse Th17 induction with bacteria-stimulated DCs

Splenocytes from OTII mice” were pulsed with 50 ug/10¢ cells of
OVA3;,3-339 peptide for 1h and then plated at 10:1 ratio with mature
BMDCs. Coculture was maintained for 5 days with half of the optimal
cytokine concentration for the induction of Thl7 cells and in the
absence of IL-1B: TGF- (2 ng/mL; Cat. 100-21 C, Peprotech, Inc.), IL-6
(10 ng/mL; Cat. 216-16, Peprotech, Inc.). anti-mouse IFNy (10 pg/mL;
Cat. 505834, Biolegend, Inc) and anti-mouse IL-4 (10 ug/mL; Cat.
504122, Biolegend, Inc) were added to the culture to inhibit differ-
entiation towards Thl and Th2, respectively.

Human Th17 induction with bacteria stimulated DCs

Starting from healthy donor’s PBMC CD14 fraction, CD4 + T cells were
isolated by magnetic sorting (Cat. 130-094-131, Miltenyi Biotec) and
plated at 10:1 ratio with HLA-matched MoDCs preconditioned with
bacteria as described above. Dynabeads™ Human T-Activator CD3/
CD28 (Cat. 11161D, ThermoFisher Scientific) were added to the culture.
Coculture was maintained for 6 days in the presence of half of the
optimal cytokine concentration for the induction of Thi7 cells: IL-6
(1,12 ng/mL, Cat. 200-26, Peprotech, Inc.), IL-23 (15 ng/mL; Cat. 200-23,
Peprotech, Inc). Anti-human IFNy (1 pg/mL; Cat. 506532, Biolegend,
Inc) and anti-human IL-4 (2 pg/ml; Cat. 500838, Biolegend, Inc) were
added to the culture to inhibit differentiation towards Thl and Th2,
respectively.

Conditioning of mouse Th17 cells with SCFAs

Mouse-derived splenocytes were stained with CellTrace™ Violet Cell
Proliferation kit (Thermo Fisher) and cultured in vitro for 5 days with
Dynabeads™ Mouse T-Activator CD3/CD28 (Cat. 11452D, Thermo-
Fisher Scientific) under optimal Thi7-polarizing conditions: TGF-3
(2 ng/mL; Cat. 100-21 C, Peprotech, Inc.), IL-6 (20 ng/mL; Cat. 216-16,
Peprotech, Inc.), IL-1B (10 ng/mL; Cat. 130-101-680, Miltenyi Biotech).
anti-mouse IFNy (10 ug/mL; Cat. 505834, Biolegend, Inc) and anti-
mouse IL-4 (10 pg/mL; Cat. 504122, Biolegend, Inc) were added to the
culture to inhibit differentiation towards Thl and Th2, respectively. At
day O sodium acetate or sodium butyrate (Sigma-Aldrich) were added
to the medium at 1 mM working concentration and maintained for the
entire experiment.

Bulk RNASeq

mRNA was extracted with the RNeasy Mini Kit (Qiagen) from 10°
mouse BMDCs after an overnight stimulation with heat-inactivated
bacteria as described above. Prior to library preparation, the quality of
RNA samples was assessed using the TapeStation 4100 (Agilent) to
determine the RNA Integrity Number (RIN) for each sample. NGS
libraries were then constructed utilizing the TruSeq Stranded mRNA
(Illumina) protocol, which permits library preparation starting from
5-100 ng of total RNA. These libraries were subsequently barcoded,
pooled, and sequenced on a NovaSeq 6000 (Illlumina, San Diego, CA)
sequencing system. Each RNA library yielded approximately 20-30
million reads, configured in single-read mode with a length of 100
nucleotides. Raw data underwent demultiplexing using the latest ver-
sion of Bcl2Fastq (Illumina). Sequencing was performed on an lllumina
NovaSeq6000 system (single-end, 100 bp read length). Reads were
trimmed with Trimmomatic (v0.39) to remove adapters and exclude
low-quality reads from the analysis, and aligned to the mouse GRCm38
reference genome using the STAR aligner (v2.5.3a). FeatureCounts
(v1.6.4) was used to compute reads mapping on exons as annotated in
GENCODE mouse basic gene annotation M22 and obtain transcript
quantification summarized at the gene level, excluding multimapping
reads. Only genes with at least 1 CPM (Counts per million) in at least

3 samples were retained. Differential gene expression analysis was
performed with DESeq2°’ bioconductor library (v1.30.1). Dot Plots of
significant pathways were generated with the ClusterProfiler R pack-
age on differentially expressed genes (DEGs)’®. GSEA enrichments
were performed with clusterProfiler (4.3.0) using GSEA C2, C5, and C7
genesets and graphically represented with enrichplot (1.10.2).

NMR-based metabolomic analysis

For fecal short-chain fatty acid quantification, feces were resuspended
in buffer (PBS pH 7.4,10% D,0 and 0.01% NaN3; ratio 1:10 mg feces:uL
buffer). Samples were centrifuged for 5 at 10.000 rpm and super-
natants were collected. 50 uM of 3-(Trimethylsilyl)propane-1-sulfonic
(TSP) acid was added to samples. For metabolomic of the fermented
media, 20 pL of TSP 10 mM in deuterated-PB 10 mM, pH 7.4 and 0.01%
NaN; were added to 180 pL of each sample. TSP was used as a refer-
ence for concentrations and chemical shift. All spectra were acquired
at 25 °C on a Bruker Avance Ill 600 MHz spectrometer.'H NMR spectra
were recorded with noesygpprid, comgprld and ledbpgppr2sid pulse
sequences in Bruker library and 256 scans, spectral width 20 ppm,
relaxation delay 6 s. They were processed with 0.3 Hz line broadening,
automatically phased and baseline corrected. Chemical shifts were
internally calibrated to the TSP peak at 0.00 ppm. 'H,'H TOCSY (Total
Correlation SpectroscopY) spectra were acquired with 48 scans and
512 increments, 80 ms mixing time and relaxation delay 1.5s. 'H,C
HSQC (Heteronuclear Single Quantum Coherence) spectra were
acquired with 64 scans and 512 increments, relaxation delay 1.5s.
MestReNova software package (MestReNova v 14.3.0-30573, Mestrelab
Research, Santiago de Compostela, Spain) was used for spectra pro-
cessing and peak picking. Resonance assignment and compound
identification were done with the support of 2D NMR spectra, in-house
libraries and the online databases Human Metabolome Database
(HMDB, http://www.hmdb.ca), Biological Magnetic Resonance Data
Bank (BMRB, http://www.bmrb.wisc.edu) and Birmingham Metabolite
Library (http://www.bml-nmr.org). The MNova GSD (Global Spectrum
Deconvolution) algorithm was employed to deconvolute the over-
lapping regions, allowing the absolute quantification for metabolites
with resonances in crowded spectral areas. The Simple Mixture Ana-
lysis (SMA) tool (https://mestrelab.com/software/mnova/sma/) inte-
grated in MestreNova allowed to set a semi-automatic protocol for
metabolite identification and quantification.

Isolation of single cell suspension and flow cytometry

At Early-to-Late-MM progression (VK*MYC) or at M-spike appearance
(t-VIMYC), animals were euthanized and tissues collected. Mouse
bones were harvested, and epiphyses were cut to collect BM cells.
Peyer’s Patches were removed from the Small Intestine of the same
animals and gently disaggregated with the help of tweezers. Mesen-
teric or inguinal lymph nodes were collected and gently disaggregated
with the help of tweezers in medium RPMI supplemented with 10%
fetal calf serum (FCS). Spleen was collected and mechanically dis-
sociated to obtain single-cell suspension. Single cell suspensions were
labeled with fluorochrome-conjugated monoclonal antibodies (Sup-
plementary Table S1) and acquired by BD FACSCanto™ II, BD FAC-
Symphony™ A5 (BD Bioscience) or CytoFLEX LX (Beckman Colter).
Cells were also assessed for intracellular cytokine production after
stimulation with Phorbol Myristate Acetate (PMA) (1 mg/mL; Cat. HY-
18739, MedChemExpress) and ionomycin (1 mg/mL; Cat. HY-13434,
MedChemExpress) in the presence of Brefeldin A (BFA; 10 ug/mL, Cat.
HY-16592, MedChemExpress). After incubation, cells were washed and
stained for surface markers, fixed and permeabilized with Fixation/
Permeabilization Kit (Cat. 00-5523-00, ThermoFisher Scientific) or
with paraformaldehyde 2% and saponin. Cells were then washed and
stained for intracellular markers. Data were analyzed using the FlowJo
software (Treestar Inc). Doublets were excluded using FSC-A/FSC-H,
and dead cells excluded using a viability dye. For mouse-derived
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tissues, immune cells were selected for CD45 staining-positivity. All
subsequent gating that differs is included within each figure. The
absolute number of each cell population was normalized to the total
count of live cells in the entire organ. For Peyer’s patches, the number
of live cells was determined from a total of five patches collected
per mouse.

Sequencing of fecal microbiota

Total DNA was extracted from fecal samples of treated mice using the
QlAamp PowerFecal Pro DNA Kit (Qiagen, cat. 51804), following the
manufacturer’s instructions. The V3-V4 region of the 16S rRNA gene
was amplified from 500 ng of extracted DNA using AccuPrime Taq
DNA Polymerase (Invitrogen, cat. 12346086) and the following pri-
mers: V3-16S-Fw: TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG
CCT ACG GGN GGC WGC AG and V4-165-Rev: GTC TCG TGG GCT CGG
AGA TGT GTA TAA GAG AGA CAG GAC TAC HVG GGT ATC TAA TCC.
The amplification protocol consisted of an initial denaturation at 94 °C
for 2min, followed by 35 cycles of 94 °C for 30s, 56 °C for 30s, and
68 °C for Imin, with a final hold at 4 °C. Amplicons were purified using
AMPure XP beads (Beckman Colter, Brea, USA). A second PCR step was
performed to index the samples and add Illumina sequencing adap-
ters. The Nextera XT Index Kit (Illumina) and the KAPA HiFi HotStart
PCR Kit (KAPA Biosystems) were used with the following amplification
protocol: 95 °C for 3min, followed by 8 cycles of 95 °C for 30s, 55 °C for
30s, and 72 °C for 30s, with a final extension at 72 °C for 4min, then
stored at 4 °C. A second purification step with AMPure XP beads was
performed to prepare the final library. Purified DNA was quantified
using the Qubit dsDNA HS Assay Kit on a Qubit 2.0 Fluorometer (Life
Technologies), then diluted and pooled following the Illumina proto-
col. Sequencing was performed on the lllumina MiSeq platform using a
600-cycle (2 x 300 bp) paired-end read protocol. Sequences with high
quality scores and length >250 bp were selected for taxonomic ana-
lysis using QIIME2 (Quantitative Insights Into Microbial Ecology
v2022.2). B-diversity was calculated and generated by using principal
coordinates analyses (PCA), with the derivation of weighted UniFrac
and unweighted UniFrac distance matrices. PERMANOVA and Kruskal-
Wallis analyses were used for assessing the statistical significance of 3
and a-diversity, respectively.

Statistical analysis

Sample size was chosen considering the means of target values
between experimental and control groups, standard deviation and
statistical analyses used. Animals were matched for age and sex. Where
mice from both sexes were used, sex-disaggregated data for disease
development or progression were provided as Supplementary Figure.
Randomization was performed for in vivo experiments. Data were
analyzed with GraphPad Prism version 9. Data are presented as
mean + standard deviation, individual values as scatter plot with col-
umn bar graphs. Boxplots show the distribution of values, with the
central line indicating the median, box edges representing the 25th
and 75th percentiles, and whiskers extending to the minimum and
maximum values. Differences were considered significant when
P<0.05. N values represent biological replicates. Survival curves were
compared using the log-rank test (Mantel-Cox). All the statistics and
reproducibility are reported in the figure legend.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided for the main figures and extended data fig-
ures. The RNA-seq data generated by this study have been deposited in
the GEO public repository available at the following link [https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE306088] under the

GSE306088 accession number. Metabolomic data generated by this
study are publicly available at the following link: [https://data.
mendeley.com/datasets/mtbf64xp7d/1], https://doi.org/10.17632/
mtbfé64xp7d.1. The microbiome sequences generated by this study
have been deposited in the European Nucleotide Archive (ENA) under
accession number ERP176925. All data are included in the Supple-
mentary Information or available from the authors, as are unique
reagents used in this Article. The raw numbers for charts and graphs
are available in the Source Data file whenever possible. Source data are
provided in this paper.

Code availability

All original code for the analysis of RNA-seq data has been deposited
on GitHub (https://github.com/auroramaurizio/RNAseq_ BMDCs_PM_
PH) and Zenodo (https://zenodo.org/records/17234616) repositories.
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