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Gut commensal Bifidobacterium-derived
extracellular vesicles modulate the
therapeutic effectsof anti-PD-1 in lungcancer

Ranjan Preet 1, Md Atiqul Islam1, Jiyoung Shim 1, Ganeshkumar Rajendran1,
Amrita Mitra 2, Vikalp Vishwakarma2, Caleb Kutz1, Sonali Choudhury3,
Harsh Pathak2, Qun Dai1, Weijing Sun 1, Rashna Madan2, Cuncong Zhong4,
Mary A. Markiewicz 5 & Jun Zhang 1,3

Lung cancer is the leading cause of cancer-related deathsworldwide. Although
immunotherapy such as anti-programmeddeath-1 and its ligand 1 (PD-1/L1) is a
standard treatment for advanced non-small cell lung cancer (NSCLC), many
patients do not derive benefit directly. Several studies have elucidated new
strategies to improve the antitumor immune response through gutmicrobiota
modulation. However, it remains largely debatable regarding how gut micro-
biota remotely affect lung cancer microenvironment and subsequently mod-
ulate immunotherapy response. Here we show that commensal
Bifidobacterium-derived extracellular vesicles (Bif.BEVs) can modulate the
therapeutic effect of anti-PD-1 therapy in NSCLC. These Bif.BEVs are up-taken
by lung cancer cells predominantly via dynamin-dependent endocytosis and
upregulate PD-L1 expression through TLR4-NF-κB pathway. They also effi-
ciently penetratemurine intestinal and patient-derived lung cancer organoids.
Oral gavage of these Bif.BEVs result in their accumulation in tumors in mice.
Using a syngeneic mouse model, Bif.BEVs are found to synergize the anti-
tumor effect of anti-PD-1 via modulation of key cytokines, immune response
and oncogenic pathways, and increase in tumor-infiltrating CD8+ T cells. Our
study therefore identifies a link between Bif.BEVs and the tumor micro-
environment, providing an alternative mechanism to explain how gut micro-
biota can influence immunotherapy response, particularly in tumors located
anatomically distant from the gut.

The past decade of research has made critical development in the
treatment of lung cancer that has substantially improved overall sur-
vival of patients. Immunotherapy using immune checkpoint inhibitors
(ICIs) targeting programmed death-1 and its ligand 1 (PD-1/L1) and

cytotoxic T- lymphocyte-associatedprotein 4 (CTLA-4) has emerged as
a treatment of choice for the routine care of variety of cancers
including non-small cell lung cancer (NSCLC)1–4. These ICIs have pro-
ven their efficacy by prolonging patients’ survival1–4. However, only a
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small proportion of cancer patients directly derive benefit from
immunotherapy, and occasional serious immune related adverse
events (irAEs) could further limit its therapeutic value. Finding mod-
ifiable modulating factors is therefore urgently needed and clinically
relevant.

Microorganisms, particularly gut microbiota, have shown the
potential to modulate cancer immunotherapy5,6. For example, Sivan
et al., in 2015 demonstrated that the commensalBifidobacterium (Bif.B)
in the gut can enhance the antitumor effects of anti-PD-L1 therapy7.
Additionally, in a colitis model, Bif.B mitigated intestinal immuno-
pathology without affecting the antitumor response to anti-CTLA-4
treatment8. These findings are supported by evidence from human
studies showing that Bif.B is more abundant in NSCLC patients who
respond well to ICIs9. Our previous clinical study also found that
enrichment of this genus of bacteria correlated with less irAEs10. These
studies collectively underscore the role of gut microbiota in mod-
ulating host immune status and response to cancer immunotherapy11,
justifying our focus on Bif.B in this study. Furthermore, since Bif.B is
commercially available as a probiotic, it offers a practical option for
clinical application.

The tumor microenvironment (TME) or tumor immune micro-
environment (TIME) dictates the response to immunotherapy12. Since
gut microbiota reside inside of the intestinal tract where cellular tight
junctions and a mucin layer over the intestinal epithelium prevent
them from crossing the intestinal barrier, it remains elusive how gut
microbiota can remotely affect the TIME of lung cancer and its sub-
sequent response to immunotherapy. While bacterial metabolites
(e.g., short chain fatty acids; SCFA), migration of locally activated
immune cells, and altered cytokine/chemokines have all been specu-
lated to address the effect of gut microbiota on cancer
immunotherapy13, we propose here an alternative model involving
bacteria-derived extracellular vesicles (BEVs), to connect gut micro-
biota remotely to the TIME of NSCLC.

All eukaryotic and prokaryotic cells constantly interact with
their surrounding by means of cellular components, among which,
the production, uptake and secretion of extracellular vesicles (EVs) is
one primordial feature14. The communication between bacteria and
with host cells happens either through direct contact or by release of
various metabolites, nucleic acids-DNA-RNA, proteins, toxins, lipo-
glycans and membrane vesicles15,16. Both Gram-positive and negative
bacteria release EVs and are comprised of cell membrane and cyto-
plasm with their size range between 10-400 nm17. These EVs can
deliver numerous immune-stimulatory or modulatory signals from
donor cells to the recipient cells that can further regulate immune
responses in mammalian host cells making them potential immu-
notherapeutic agents17,18.

In this study, we aimed to elucidate how BEVs derived from the
Gram-positive bacteria Bif.B (Bif.BEVs) can remotely modulate the
TIME of NSCLC, and subsequent response to anti-PD-1 immunother-
apy. We utilized 2D cell culture, 3D organoids and an in-vivo syngeneic
mouse model in a stepwise approach to delineate the process.

Results
Bif.BEVs show characteristic EV features and carry lipoteichoic
acid (LTA) of Bif.B origin
Several publications have shown that bacteria secrete EVs that can be
collected and enriched19,20. Bif.BEVs have their characteristic mor-
phology, size range and origin similar to mammalian-derived EVs21. To
beginwith, we assessed the releaseofBif.BEVs and characterized them.
We first used scanning electron microscopy (SEM) to visualize the
surface of Bif.B. SEM showed vesicle-like structures protruding/bleb-
bing outside on the surface of Bif.B (Fig. 1a). We noted a significant
number of Bif.B that were secreting such vesicles. To further char-
acterize those secreted vesicles, Bif.B were grown in anaerobic culture
for 48 h and then supernatant was collected. Bif.BEVs were isolated by

using an ultracentrifugation approach as described in Methods. The
size of Bif.BEVs was determined by NanoSight nanoparticle tracking
analysis (NTA). Isolated Bif.BEVs ranged from 30-500nm with the
majority of theBif.BEVs falling in the 119 nmand 242 nm range, the size
that well defines EVs (Fig. 1b). Isolated Bif.BEVs were further subjected
to transmission electron microscopy (TEM) to visualize Bif.BEVs and
assess their morphology. All Bif.BEVs showed characteristic cup-
shapedmorphology (Fig. 1b inset). It was further important to confirm
that isolated BEVs originated from Bif.B. To assess, immunogold
labeling against surfaceassociated LTAwasperformedon theBif.B and
the sections of bacteria were visualized by TEM to identify anti-LTA-
gold particles on the bacterial surface. The immunogold TEM micro-
graph clearly showed the presence of LTA on the surface of bacteria
(Fig. 1c). Interestingly, the anti-LTA-immunogold labeling was also
observed on the vesicles, likely secreted Bif.BEVs, in the close vicinity
of the Bif.B (Fig. 1c inset). To further validate the presence of LTA in
Bif.BEVs,westernblotwasperformed. LTAwas foundpresent in lysates
from both Gram-positive Bif.B cells and their BEVs (Bif.BEVs) but not
from Gram-negative E. coli-derived EVs (Eco.BEVs). Anti-LPS western
blot was used to differentiate Gram-positive Bif.B and Bif.BEVs lysates
from Gram-negative Eco.BEVs lysate (Fig. 1d). Based on these, we
concluded that Bif.BEVs have characteristic morphology of BEVs and
contain LTA as an integral component of their cargo. To clarify, there
are two primary reasons why LTA was chosen as the marker for Bif.-
BEVs: 1) LTA is a major component of the cell wall in Gram-positive
bacteria, anchoring to the cell membrane22; 2) According to the 2023
Position Paper from the International Society for Extracellular Vesicles
(ISEV) on minimal information for studies of extracellular vesicles
(MISEV2023), LTA serves as a specific biomarker for BEVs derived from
Gram-positive bacteria23. This biomarker is advantageous due to the
availability of commercially available antibodies23.

Uptake of Bif.BEVs utilizes dynamin-dependent endocytosis and
modulates the expression of immune checkpoints in lung
cancer cells
Although studies showed Bif.B can synergize ICIs in anti-tumor
effect7,9, there is lack of data to suggest Bif.BEVs may also possess
immunomodulatory capacity. To address this, we started investigation
from a 2-D in vitro system.We first questionedwhether Bif.BEVs canbe
taken up by the cells as a key step to exert biological function. As
shown in Suppl. Fig. 1a, human lung cancer A549 cells were treated for
24 h with isolated Bif.BEVs fluorescently labeled with PKH67, a mem-
brane dye. Immunofluorescent imaging of cells demonstrated uptake
of green PKH67-labeled Bif.BEVs in A549 cells. Similar uptake was also
observed using murine lung cancer LL/2 cells (Suppl. Fig. 1b).

To explore the possiblemechanism of cellular uptake of Bif.BEVs,
we used various inhibitors including amiloride (AM), cytochalasin D
(CD), dynasore (DS) and nystatin (NS). AM inhibits the Na + /H+
exchanger that is crucial for macrocytosis; CD inhibits actin that is
indispensable for both macrocytosis and phagocytosis; DS primarily
inhibits dynamin dependent endocytosis; and NS inhibits lipid rafts
that play a role in caveolin-dependent endocytosis24. Various cell lines,
like murine LL/2 (Fig. 2a) and human A549 (Suppl. Fig. 2) (along with
Calu-1 and H1792 cells; Suppl. Fig. 3), were pre-treated with endocy-
tosis inhibitors for 2 h and thenwith PKH67 stained 5 µg/mlBif.BEVs for
24 h. Looking at the data from the microscopic images of various cell
lines as described above, it was discovered, that the uptake of Bif.BEVs
in LL/2 cells was consistently and most prominently inhibited by DS
(Fig. 2a), suggesting dynamin-dependent endocytosis represents one
of the major mechanisms for cellular uptake of Bif.BEVs, although
other processes could have also contributed. The quantitative data
demonstrates a significant inhibition of Bif.BEVs uptake upon treat-
ment with DS (Fig. 2b). Further, LL/2 cells were pre-treated with
endocytosis inhibitors for 2 h and then with 5 µg/ml Bif.BEVs and
western blot analysis of LTA was performed (Fig. 2c, Suppl. Fig. 4). It
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wasobserved that the expressionof LTAwas lowest inDS treated cells,
confirming that the uptake of Bif.BEVs heavily relied on dynamin-
dependent endocytosis (Fig. 2c). To further validate our findings, we
generated isogenic LL/2 cellswith stable dynamin I/II knockdownusing
an shRNA approach. After incubating these LL/2 cells with Bif.BEVs, we
observed a reduced detection of LTA in dynamin-deficient cells, indi-
cating a decreased uptake of Bif.BEVs (Suppl. Fig. 5a). Additionally, we
examined changes in genes associated with dynamin-dependent
endocytosis, including dynamin I/II/III, clathrin, and EPS15. Exposure
to Bif.BEVs in LL/2 cells led to the upregulation of dynamin II/III, cla-
thrin, and EPS15 (Suppl. Fig. 5b–f). These effects were inhibited by DS,
with the most notable reduction seen in dynamin expression. Toge-
ther, these results suggest that dynamin is crucial for the endocytosis
of Bif.BEVs.

Noticing that Bif.BEVs can be actively taken up by lung cancer
cells, we then questioned if Bif.BEVs can subsequently modulate the
expression level of immune checkpoints, e.g., PD-L1. To test this,
murine LL/2 and human lung cancer cells A549, H460 and lung

immortal noncancerous cells BEAS-2B were treated with Bif.BEVs at a
concentration of 5 µg/ml Bif.BEVs for 48 h (Fig. 2d). UsingWestern blot
analysis, we assessed the expression levels of immune checkpoints,
including PD-L1, CD80 and PVR/CD155. This selectionwasbased on the
availability of corresponding antibodies in clinical use (either as
standard-of-care such as anti-PD-1/L1 and anti-CTLA-4, or in clinical
trials such as anti-TIGIT). Bif.BEVs showed significant and consistent
increase in PD-L1 expression in human (A549, H460) andmouse (LL/2)
lung cancer cells (Fig. 2d, Suppl. Fig. 4), as well as immortalized non-
tumorigenic lung BEAS-2B cells.We also noted increased expression of
CD80 in all cell lines treated by Bif.BEVs. There was no obvious change
noted for PVR/CD155 (Fig. 2d, not tested for LL/2 due to lack of anti-
body). The Bif.B bacterial cell lysates (Bif.BCL) was able to induce
similar change, suggesting possible a shared component of Bif.BEVs
and Bif.BCL is responsible for this effect. While the regulation of each
immune checkpoint ligand’s expression could vary, in this paper, we
focused on PD-L1 expression. Since LTA has been reported to regulate
PD-L1 expression via the Toll-like receptor (TLR)- NF-κB pathway25–27,
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Fig. 1 | Characterization of Bif.BEVs. a SEM Image showing vesicle-like bodies
blebbing outside on the surface of Bif.B. b NTA showing size distribution of
secreted EVs along with particle concentration of Bif.BEVs. Inset showing negative
staining TEM image of isolated Bif.BEVs (scale bar = 100nm). c Immunogold elec-
tron micrograph of anti-LTA-labeled Bif.B. Inset showing enlarged image of anti-

LTA-bound Bif.BEVs. Data shown here are the best of three independent experi-
ments. d Comparative western blot analysis of Bif.BCL, Bif.BEVs and E. coli EVs’
lysate (Eco.BEVs) probed for anti-LTA and anti-LPS. Data shown here are the
representative of three independent experiments. Source data are provided as a
Source Data file.
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we wondered if this could be the mechanism of Bif.BEVs inducing PD-
L1 expression. To test this, LL/2 cells were treatedwith 5 µg/ml Bif.BEVs
for 48 h and western blot analysis of the levels of several TLRs (TLR-2,
TLR-4, TLR-6 TLR-7)was performed. Increased expression of bothTLR-
4 and NF-κB was noted (Fig. 2e, Suppl. Fig. 4) when the cells were
treated with Bif.BEVs as compared to control. Further, to confirm our
results,wepre-treated the cells with anNF-κB inhibitor for 2 h and then

treated with 5 µg/ml Bif.BEVs for 48h as illustrated in Fig. 2f. It was
noted that treatment with Bif.BEVs led to increased expression of NF-
κB and PD-L1 which was abolished after pretreatment with the NF-κB
inhibitor (Fig. 2f, Suppl. Fig. 4). This provides a mechanism of PD-L1
upregulation, i.e, the dynamin-dependent endocytosis of Bif.BEVs
activated the TLR-4-NF-κBpathwaywhich then induced the expression
of PD-L1.
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Biodistribution of BEVs in organoids and in-vivo syngeneic
mouse models
Noticing Bif.BEVs could be taken up by cancer cells in a 2D culture
system, we wondered if Bif.BEVs could get into and accumulate inside
cells in a 3D environment, as well as in vivo due to their nanoscale in
size. If so, Bif.BEVs can probably penetrate gut epithelial lining, enter
the blood circulation, and eventually accumulate in the tumor micro-
environment of lung cancer – this seems a plausible model to explain
the remote effect of gut microbiota on lung cancer immunotherapy
response. Here, we are connecting the dots to address this possibility.
To begin with, we developed intestinal organoids by collecting the
crypts from 15-week-old C57BL/6mice and processing them to culture
organoids. Intestinal organoids grew into typical crypt-villus archi-
tecture and had regenerative capabilities in culture (Fig. 3a). After
7 days in culture, organoids were treated with PKH26 (red) labeled
Bif.BEVs (10 µg/ml) for 24 h along with no BEV control (Fig. 3b). After
treatment, the organoids were stained with 1 µg/ml of Hoechst for
30min at 37 °C. The confocal microscopy showed the presence of
Bif.BEVs in both the intestinal cells and crypt lumen, therefore pro-
viding evidence of Bif.BEVs’ internalization into the intestinal cells and
penetration through into the lumen of crypts (Fig. 3b).

Next, we wanted to know if Bif.BEVs can also be taken up by
patient-derived lung tumor spheroids or organoids. The bright field
image in Suppl. Fig. 6a shows 14-day old spheroid developed from
human lung adenocarcinoma (LUAD) tissue. The floating spheroids
were treated with PKH67 (green) labeled EVs (5 µg/ml) for 24h. After
treatment, the spheroids were visualized using confocal microscopy
and significant uptake of BEVs (green) was noted (Suppl. Fig. 6b). We
also developed 3D organoids from LUAD tissue as shown in Fig. 3c
(bright field image, 14 day old). Immunofluorescence imaging of
organoids treated with PKH67 labeled Bif.BEVs (10 µg/ml) for 24 h
(Fig. 3d) showed significant uptake of Bif.BEVs and their presence in
the luminal side and interstitium,which further provided evidence that
Bif.BEVs can easily cross 3D tissue/organ (Fig. 3d) and are therefore
likely capable of penetrating into tumor as well. On the contrary, when
LUAD organoids were treated with DS inhibitor, reduced uptake of
PKH67-labeled Bif.BEVs were noted as shown in Fig. 3e, which strongly
supported our hypothesis.

Since 3D organoids can develop apical/basal polarity which
could affect EV uptake, we also treated LUAD organoids with the
same inhibitors shown in Fig. 2a–c. The organoids were then dis-
sociated into a single-cell suspension to quantify the uptake of Bif.-
BEVs via flow cytometry. We measured the mean fluorescent
intensity of cells exhibiting green fluorescence, indicating the uptake
of PKH67-stained Bif.BEVs. We observed consistent inhibition with
various endocytosis inhibitors, with the strongest effect again noted
when DS was used. However, unlike the 2D context, we also saw
significant inhibition with AM, suggesting that macropinocytosis
might also play a significant role in Bif.BEVs’ endocytosis in the 3D
model (Suppl. Fig. 7). Interestingly, cell polarity proteins were found
to promote macropinocytosis28.

Observing that Bif.BEVs can be internalized into 3D structures
ex vivo, we aim to validate our hypothesis through in vivo studies

using mice. Here we established a syngeneic tumor model by
injecting LL/2 cells subcutaneously into the flanks of syngeneic
C57BL/6 mice. After tumor reached 1.5 cm3 in size, Bif.BEVs were
labeled with far-red fluorescent dye (DID [1,1-Dioctadecyl-3,3,3,3-
tetramethylindodicarbocyanine]) and orally administered to the
mice19. Eight hours later, mice were sacrificed, and various tissue
and organs were harvested and imaged using IVIS imaging (Fig. 3f).
The organs were imaged side by side from mice treated with DID-
labeled Bif.BEVs vs. PBS dissolved Bif.BEVs to have a direct com-
parison. The radiant efficiency was measured and a significant
increase in far-red fluorescence was observed in various organs
(intestine, liver, kidney, lung, and tumors) in mice treated with DID-
labeled Bif.BEVs. A strong radiant efficiency was noted in tumors as
shown by the quantification of tumors in a bar diagram (Fig. 3f),
suggesting significant distribution of Bif.BEVs inside of tumors. In
addition, a various degree of Bif.BEVs accumulation was observed in
other organs such as the intestine, lungs, kidney, and liver etc.
Altogether, these biodistribution data clearly demonstrated that
Bif.BEVs can cross the intestinal barrier and travel to distant tumor
sites to potentially modulate the TME/TIME.

Bif.BEVs enhanced therapeutic effect of anti-PD-1 in NSCLC
Since Bif.BEVs can upregulate PD-L1 expression and cross through
various tissues/organs, including tumor, we wanted to evaluate
whether Bif.BEVs can modulate the therapeutic effect of anti-PD-1 in
NSCLC. Here, we used the LL/2 syngeneic model as it is a notoriously
poorly immunogenic tumor model29,30. As a proof-of-concept
experiment, we used syngeneic model by subcutaneously injected
the LL/2 cells in both flanks of C57BL/6 mice as described in
Methods. The treatment scheme is shown in Fig. 4a. The mice were
subdivided into 5 groups: untreated control (Control), IgG Control
(IgG), anti-PD-1 only (anti-PD-1), anti-PD-1+Bif.BEVs (2 × 1010), anti-
PD-1+Bif.B. The tumors were allowed to grow for a week and then
treatment started. When compared to the Control group, both anti-
IgG and anti-PD-1 groups showed nearly similar growth without
significant changes as shown in the graph in Fig. 4b, confirmed low
efficacy of anti-PD-1 only in LL/2 mouse model. But anti-PD-1+Bif.-
BEVs (2 X 1010) and anti-PD-1+Bif.B groups showed significant
decrease in tumor growth as compared to control group. Interest-
ingly, anti-PD-1+Bif.BEVs (2 X 1010) showed nearly comparable
growth with the anti-PD-1+Bif.B group (Fig. 4b). The tumor weights
also recapitulated the observations from tumor volume (Fig. 4c).
These observations raised a question if Bif.BEVs can have a dose
dependent response towards tumor suppression. To answer, in a
separate experiment, LL/2 tumors were treated with a 10-fold higher
amount of Bif.BEVs to see the effect. In this experiment, mice were
divided in four groups as Control, Bif.BEVs (2 × 1010), anti-PD-
1+Bif.BEVs (2 × 1010) and anti-PD-1+Bif.BEVs (2 × 1011). All the groups
were treated in the similar fashion (Fig. 4d). Here, we intentionally
included a Bif.BEVs group to knowwhether the effect in the previous
experiment was primarily due to Bif.BEVs vs. the combinatorial
effect with anti-PD-1. It was noted that Bif.BEVs (2 × 1010) alone did
not result in significant decrease in tumor growth as compared to

Fig. 2 | Uptake of Bif.BEVs in lung cancer cells and their regulation of PD-L1
expression. a Immunofluorescent detection of uptake of PKH67 (green) stained
Bif.BEVs (5 µg/ml) by LL/2 cells after 24h post treatment with endocytosis inhibi-
tors. DAPI (blue) was used to visualize nuclei. The scale bar is 20 µm.
b Quantification of fluorescence intensity of images from 2a by ImageJ analysis
using 17 different areas. Statistical comparisons of medians were conducted using
the Kruskal-Wallis test. For all box plots, the central line inside each box represents
the median (50th percentile). The box bounds correspond to the first quartile (Q1,
25th percentile) and third quartile (Q3, 75th percentile). The whiskers extend to the
minimum and maximum values. Exact p values are indicated in the figure.
c Western blot analysis of anti-LTA in LL/2 cells after pre-treatment with

endocytosis inhibitor and Bif.BEVs (5 ug/ml). GAPDH was used as internal control.
d Western blot analysis of PDL-1, CD80, PVR/CD155 in lung cancer cells (A549,
H460, LL/2) along with immortal noncancerous lung cells BEAS-2B after treatment
with eitherBif.BEVs (5 µg/ml)or cell lysates (5 µg/ml). GAPDHand actinwere used as
internal controls. eWestern blot analysis of TLR-4, TLR-7 andNF-κB after treatment
with Bif.BEVs (5 µg/ml). Actin was used as internal loading control. f Western blot
analysis of NF-κB and PD-L1 after pre-treatment with NF-κB inhibitor for 2 h and
Bif.BEVs (5 µg/ml) for 48h. All Western blots except using BEAS-2B (due to slow
growth) havebeen repeated at least twice in independent experiments. Source data
are provided as a Source Data file.
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the control group, but interestingly, the anti-PD-1+Bif.BEVs (2 × 1011)
group (10x more Bif.BEVs) in combination with anti-PD-1 showed
significant reduction in tumor volume and weight as compared to
anti-PD-1+Bif.BEVs (2 × 1010) and control groups (Fig. 4e, f). Overall,
these two experiments clearly demonstrated that BEVs derived from
commensal Bif.B can enhance the therapeutic efficacy of anti-PD-1
in NSCLC.

Bif.BEVs plus anti-PD-1 mitigated tumor growth via modulating
cytokine levels
To investigate how Bif.BEVs potentiated anti-PD-1 effect, we first
measured the level of Ki67, a reliable marker for tumor cell
proliferation31,32. As shown in Fig. 5a, the numbers of Ki67+ cells by IHC
were significantly lower in both the anti-PD-1+Bif.BEVs (2 × 1010) and
anti-PD-1+Bif.BEVs (2 × 1011) groups. The lower magnification images
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(10x) (Suppl. Fig. 8) were confirmatory of Bif.BEVs’ capacity of poten-
tiating the tumor suppressive effect of anti-PD-1 through reducing the
proliferation of tumor cells.

Cytokine release is a key element in determining the fate of
tumor growth. Cytokines secreted by both the tumor and immune
cells in the TIME may either induce or suppress tumor
progression33,34. We analyzed major cytokines (TNF-α, IL-2, IFN-γ
and IL-10) by quantitative PCR to understand the mechanism of
Bif.BEV-induced tumor suppression in combination with anti-PD-1
therapy. The relative expression levels were measured in the
tumor tissues from all the 5 groups including control, anti-PD-1,
Bif.BEVs (2 × 1010), anti-PD-1+ Bif.BEVs (2 × 1010), anti-PD-1+Bif.-
BEVs (2 × 1011) as shown in Fig. 5b. It was noted that the level of
proinflammatory cytokine TNF-α35

, was significantly decreased in
anti-PD-1+BEVs (2 × 1011) as compared to control group (Fig. 5b).
TNF-α signaling was recently found to impair the accumulation of
CD8+ tumor-infiltrating T lymphocytes, and its blockade syner-
gized anti-PD-1 therapy36. IL-2 plays a critical role in the activation
of immune cells37. We observed that the expression of IL-2 was
significantly increased in anti-PD-1+Bif.BEVs (2 × 1011) group
clearly indicating the activation of T cells (Fig. 5b). Lastly, we also
measured the levels of IFN-γ, which plays important role in sti-
mulation of antitumor immune response by coordinating both
innate and adaptive immune responses38. The proapoptotic
cytokine IFN-γ showed significant increase in both anti-PD-
1+Bif.BEVs (2 × 1010) and anti-PD-1+Bif.BEVs (2 × 1011) groups as
compared to control, therefore resulting in enhanced anti-tumor
immunity (Fig. 5b). There was no statistical difference in IL-10
expression levels (Suppl. Fig. 9c). Overall, these results clearly
indicated that Bif.BEVs along with anti-PD-1 could mitigate tumor
growth at least through the modulation of major cytokines
directly involved in cellular apoptosis, inflammation, and immune
cell activation.

Bif.BEVs in combination with anti-PD-1 increased tumor infil-
trating lymphocytes
The lymphoid components of the immune system including CD8+

T cells, CD4+ T cells, B cells and innate lymphoidcells all play important
roles in antitumor immune response39. Here we sought to determine
whether the differential response of LL/2 syngeneic tumor to Bif.BEVs
plus anti-PD-1 was also due to differential T-cell responses. As shown in
Fig. 6a, b, the numbers of CD3+ and CD8+ cells by IHC staining are
significantly higher in both anti-PD-1+Bif.BEVs (2 × 1010) and anti-PD-
1+Bif.BEVs (2 × 1011) groups, but no significant changes were
noted in anti-PD-1 and Bif.BEVs alone groups when compared to
the control group. There was no statistical significance observed
for CD4+ cells as shown in Suppl. Fig. 10. These results indicated
that Bif.BEVs could potentiate anti-PD-1 through increasing tumor
infiltrating cytotoxic T lymphocytes. Since Bif.B could system-
atically alter the gut microbiota in a regulatory T-cell (Treg)
dependent manner11, we also assessed the effect of Bif.BEVs on
intratumoral Foxp3+ Treg population via IHC in tumor tissue
sections, however no significant difference was observed among
the groups (Suppl. Fig. 9a, b).

Bif.BEVs upregulated PD-L1 expression in tumor cells and
modulated key immune and oncogenic pathways
To further investigate the impact of Bif.BEVs on TME/TIME, we com-
binedmultiplexed immunofluorescence imaging using the Nanostring
GeoMx digital spatial profiling (DSP) instrument with bulk RNA
sequencing (RNAseq). GeoMx DSP allows for the simultaneous mea-
surement of multiple markers of interest in tumor tissue samples with
high spatial resolution (Suppl. Fig. 11). As shown in Fig. 7a, we used
pancytokeratin staining (green) to select areas with similar quantities
of tumor cells for comparison, revealing that Bif.BEVs significantly
increased PD-L1 expression in these cells (yellow stained). Additionally,
when combined with the anti-PD-1 agent, there was a notable increase
in tumor-infiltrating immune cells (stained red with an anti-CD45
antibody), which together may contribute to an enhanced anti-tumor
effect (merged images).

The increase in PD-L1 expression was statistically significant in the
Bif.BEVs (2 × 1010) and anti-PD-1+Bif.BEVs (2 × 1011) groups compared to
the control group (Fig. 7b, p =0.040 and 0.0047 respectively), but not
in the anti-PD-1+Bif.BEVs (2 × 1010) group (p =0.382).We speculate that,
aside from possible selection bias in tumor sections and areas ana-
lyzed, the observed PD-L1 upregulation in this group may have been
offset by the killingof PD-L1 positive cancer cells following the addition
of the anti-PD-1 agent. This hypothesis is supported by the observation
that the anti-PD-1 group exhibited lower PD-L1 expression than the
control group, and the anti-PD-1+Bif.BEVs (2 × 1010) group showed
significantly higher PD-L1 expression compared to the anti-PD-1 group
(p =0.011, Fig. 7b).

We also examined the protein levels of key cytokines, TNF-α, IL-2,
and IFN-γ, whosemRNA levels were reported in Fig. 5b. Our goalwas to
assess whether their protein levels correlate with mRNA expression
and whether they are predominantly modulated in cancer versus
immune cells. As shown in Suppl. Figs. 12–14, the protein levels of these
cytokines generally correspond to their mRNA levels, confirming the
impact of Bif.BEVs on cytokine production. However, the correlation is
not perfect. For instance, while Bif.BEVs alone increased IL-2 protein
level, this effect was not significant at the mRNA level (Fig. 5b). This
discrepancy could stem from differences between mRNA expression
and actual protein levels, as well as potential selection biases in the
tumor regions or tissue sections analyzed. Nonetheless, a general
concordance in trends was observed. As expected, IL-2 and IFN-γ
staining signals correlated well with the CD45 signal, which marks
immune cells (Suppl. Fig. 15), suggesting these cytokines are primarily
produced by immune cells. However, the correlation between TNF-α
expression and the relative abundance of cancer versus immune cells
was less pronounced. This suggests that the contributions of immune
and cancer cells to TNF-α production are not as markedly distinct as
for IL-2 and IFN-γ (Suppl. Fig. 15).

To further investigate how Bif.BEVs contribute to immune
boosting, we conducted bulk RNAseq on tumors from mice treated
with either anti-PD-1 alone or anti-PD-1 plus Bif.BEVs. This analysis
revealed substantial changes in gene expression, leading to altera-
tions in pathways relevant to immunotherapy response. Notable
findings include the upregulation of MHC peptide assembly and
presentation, increased production or response to IFN-α or γ,

Fig. 3 | Uptake of Bif.BEVs by organoids and in-vivo biodistribution of Bif.BEVs
after oral administration. a Bright field imaging of 7-day old intestinal organoid
developed from 15-week-old C57BL/6mice. b Confocal imaging showing uptake of
PKH26 (red) stained Bif.BEVs (10 µg/ml) by intestinal organoids along with no BEVs
control after 24h.DAPI (blue)wasused to visualizenuclei.cBrightfield imageof 14-
day old organoid developed from a lung cancer patient. d Immunofluorescent
detection of patient-derived lung cancer organoids treated with PKH67 (green)
stained Bif.BEVs (10 µg/ml) for 24 h. DAPI (blue) was used to visualize nuclei.
e Immunofluorescent detection of patient-derived lung cancer organoids treated
with DS for 2 h and then with PKH67 (green) stained Bif.BEVs (10 µg/ml) for 24 h.

DAPI (blue) was used to visualize nuclei. Scale bar = 10 µm. a–e are representatives
of three independent experiments with all scale bars = 10 µm. f Syngeneic tumor
bearing C57BL/6 mice were orally administered with either DiD labeled Bif.BEVs
(2 × 1010/mouse) or unlabeled in PBS. The organs were excised 8-10 h post Bif.BEVs
administration for imaging using IVIS imaging system. The epifluorescence was
measured using radiant efficiency. The images shown are representative of four
tumors. The graph on the right shows quantification of radiant efficiency in the
tumors. The histogram bars depict mean± SEM values, analyzed using an unpaired
t-test withWelch’s correction (two-sided). Exact p-values are indicated in the figure.
Source data are provided as a Source Data file.
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enhanced T cell mediated cytotoxicity and enhanced (aka reduced
negative regulation of) toll-like receptor 4 (TLR4) signaling pathway
(Fig. 8a). Additionally, we observed significant downregulation of
angiogenesis pathways (Fig. 8b). Finally, Bif.BEVs were found to
downregulate several critical cancer growth pathways that con-
tribute to immune suppression, such as Ras-MAPK and TGF-β sig-
naling pathways (Suppl. Fig. 16 and Suppl. Data 1).

Discussion
The human gastrointestinal tract is the host for a vast variety of
microbes and plays a vital role in maintaining GI homeostasis and
host health40. Several studies have correlated dysbiosis in gut com-
mensal microbiota with cancer, respiratory diseases, cardiovascular
diseases, diabetes, etc.18,41,42. In addition, we and others have
demonstrated the gut microbiota associates, predicts and modifies
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the treatment response and irAEs in cancer immunotherapy10,43–45. As
the TIME dictates the immunotherapy response12, investigating the
link between gut microbiota and the TIME (could be remote) there-
fore emerged as an important question in the era of cancer
immunotherapy13.

In this study,we sought to useBEVs to explain the remote effectof
the gutmicrobiota on lung cancer immunotherapy. EVs are releasedby
all domains of life: eukaryotes, fungi, archaea, bacteria, and carry
variety of proteins, lipids, DNA/RNA - therefore serve as a mode of

inter- and intra- kingdom communication46–48. This creates an oppor-
tunity for host-microbe interaction49. Both Gram-positive and negative
bacteria shed bilayered EVs outside into the environment21. The Gram-
negative bacterium has inner and outer lipopolysaccharide mem-
branes and studies revealed that EVs released from themcontain LPS50.
The Gram-positive bacteriumhas a thick cell wall rich in peptidoglycan
and it is still debatable regarding how EVs are being released, although
via bubbling/blebbing of cytoplasmic membrane has been
proposed47,51,52. In our study, we showed that the BEVs released by

Fig. 4 | Bif.BEVs enhanced the therapeutic effect of anti-PD-1 in a syngeneic
mouse model. a Schematic representation showing the timeline of tumor cell
implantation, tumor formation and treatmentwith either Bif.BEVs followed by anti-
PD-1 or isotype control. Created in BioRender83. b Tumor growth curves showing
tumor volumes after administration of control IgG, anti-PD-1, anti-PD-1+Bif.BEVs,
anti-PD-1+Bif.B along with control group. The total number of tumors assessed was
n = 6 per group. The inset displays representative tumor sizes. Comparison of
means at different time points was performed using a two-way ANOVA. c Boxplot
showing the changes in tumor volumes after treatment with control, IgG control,
anti-PD-1, anti-PD-1+Bif.BEVs, and anti-PD-1+Bif.B. The total number of tumors
assessed was n = 6 per group. The Mann-Whitney test (two-tailed) was used to
compare the medians. d Schematic representation of a separate experiment that
used increasing number of Bif.BEVs. Created in BioRender84. e Tumor growth
curves showing tumor volumes in the groups of Control, Bif.BEVs only (2 × 1010),

anti-PD-1+Bif.BEVs (2 × 1010) and anti-PD-1+Bif.BEVs (2 × 1011) respectively. The total
number of tumors assessed was n = 10 per group. Inset shows the representative
image of changes in the tumor growth with increasing concentration of Bif.BEVs as
described above. Comparison of means at different time points was performed
using a two-way ANOVA. f Boxplot showing the changes in tumor volumes after
treatment with control, Bif.BEVs only (2 × 1010), anti-PD-1+Bif.BEVs (2 × 1010), anti-
PD-1+Bif.BEVs (2 × 1011). The total number of tumors assessed was n = 10 per group.
The Kruskal-Wallis test was used to compare the medians with those of the control
group. All tumor growth curve graphs (b& e) present data as themean ± SEM. In all
box plots (c & f), the central line within each box represents the median (50th
percentile), while the box boundaries correspond to the first quartile (Q1, 25th
percentile) and third quartile (Q3, 75th percentile). The whiskers extend to the
minimumandmaximumvalues. All p values are shown in thefigure. Sourcedata are
provided as a Source Data file.
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Fig. 5 | Bif.BEVs enhanced anti-PD-1 efficacy via modulation of key cytokines.
a Representative images of Ki67 staining in tumor sections from the groups of
control, anti-PD-1, Bif.BEVs only (2 × 1010), anti-PD-1+Bif.BEVs (2 × 1010), anti-PD-
1+Bif.BEVs (2 × 1011). Images are displayed at 20x magnification. b The expression
level of TNF-α, IL-2 and IFN-γ were measured by real time RT-PCR using tumor

specimens harvested from different groups, with n = 5 from each group. All graphs
present data as the mean ± SEM, with comparison to the untreated control (UC)
group performedusing anunpaired two-sided t test. Exact p values are displayed in
the figure. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-58553-4

Nature Communications |         (2025) 16:3500 9

www.nature.com/naturecommunications


Gram-positive Bif.B contain LTA (Fig. 1). This supports the idea that
BEVs fromGram-positive bacteria are from the cytoplasmicmembrane
as this is where LTA is anchored53,54.

Our data have identified that Bif.BEVs can easily get into epithelial
cells (Fig. 2, Suppl. Figs. 1–3), and modulate the expression of PD-L1,
not only in human (A549, H460) andmurine LL/2 lung cancer cells, but
also in noncancerous immortal lung epithelial cells (BEAS-2). This
process of endocytotic uptake is dynamin dependent (Fig. 2a–c, Suppl.
Fig. 5), which is consistent with previous reports on other EVs55

although ours is arguably the first time to show this process using
Gram-positive BEVs. We further observed that the upregulation of PD-
L1 byBif.BEVswas through aTLR-4-NF-κB signaling pathway (Fig. 2e–f),

which supports the finding of Antonangeli et al. showing that NF-κB
regulates PD-L1 expression56. We therefore demonstrated the uptake
of BEVs by cancer cells can have functional impact.

It has been hypothesized that EVs can travel through the blood
and reach to distant organs. In fact, EVs were found to be present in
plasma of patients suffering from severe infections57,58. A study done
by Tulkens et al., showed that higher levels of systemic LPS-positive
EVs were present in patients with intestinal barrier dysfunction59.
These intrigued us to understand if BEVs are capable of reaching
tumors at remote sites and subsequently affect the TIME.
Here observed uptake of Bif.BEVs in murine intestinal organoids
(Fig. 3a &b), and in patient-derived lung cancer organoids (Fig. 3c & d).
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Fig. 6 | The combination of Bif.BEVs and anti-PD-1 enhanced tumor-infiltrating
T lymphocytes. a Immunohistochemistry showing assessment of tumor infiltrat-
ing lymphocytes (CD3+, CD8+) in tumor specimen from control, anti-PD-1, Bif.BEVs
(2 × 1010), anti-PD-1+Bif.BEVs (2 × 1010) and anti-PD-1+Bif.BEVs (2 × 1011) treatedmice.
Scale bar = 100 µm. All the imaging data presented here are representative of n = 10
tumors. b Quantification of CD3+ and CD8+ cells of tumor infiltrating lymphocytes

in tumors from mice treated with anti-PD-1, Bif.BEVs (2 × 1010), anti-PD-1+Bif.BEVs
(2 × 1010), anti-PD-1+Bif.BEVs (2 × 1011) along with control. Each dot represents the
average number of cells counted from 5 representative images from each tumor.
The graphs present data as the mean ± SEM, with comparison to the control group
performed using an unpaired two-sided t test. Exact p values are displayed in the
figure. UC: untreated control. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-58553-4

Nature Communications |         (2025) 16:3500 10

www.nature.com/naturecommunications


Fig. 7 | Bif.BEVs upregulated PD-L1 expression in tumor cells. a GeoMx DSP
instrument was used to assess PD-L1 expression levels. A representative tumor sec-
tion from each group is shown for illustration. Pancytokeratin (green) was used to
stain cancer cells, enabling the selection of regions with similar cancer cell density
for comparison. PD-L1 (yellow staining) showed an overall increase in expression in
groups treated with Bif.BEVs. Additionally, there was an increase in immune cells
(stained red for CD45), particularly in the group treated with higher dose of Bif.BEVs.
Together, these changes may enhance the anti-tumor effect when combined with
anti-PD-1 treatment. This experiment has been repeated at least twice using tissue
sections. b Quantification of PD-L1 expression level using immunofluorescence

imaging. Five regions of interest (ROIs) were randomly selected from each stained
slide of tumors harvested from each experimental group for analysis. An additional
ROI of the same size was placed outside of the tissue boundary for background
correction. For each ROI, the corrected total fluorescence (CTF) was calculated by
subtracting the measured background integrated density from the integrated den-
sity and then normalizing to the area of the ROI, allowing for comparison of CTF
across different stained slides. x1 and x2: compared to the control (Ctrl) group,
p =0.040 and 0.0047 respectively, using an unpaired two-sided t test with Welch’s
correlation. y: compared to the Anti-PD-1 group, p =0.011 using a two-sided t test.
Error bars represent standard errors. Source data are provided as a Source Data file.
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As expected, oral gavaged Bif.BEVs in mice were found to be in the
liver, kidneys, intestine, lungs, and tumors (Fig. 3f). Of note, tumors
exhibited quite significant intensity of fluorescence suggesting a good
amount of Bif.BEVs uptake. Our experiments therefore provided evi-
dence that EVs from the gut microbiota (including Gram-positive
bacteria) can travel to reachdistant organs and tumors in remote sites.

Previous studies showed potential synergy of anti-PD-1/L1 along
with Bif.B for cancer control7,9. Here, we established that oral admin-
istration of Bif.BEVs could also enhance the therapeutic effect of anti-
PD-1 in syngeneic LL/2 tumors in a dose dependent manner (Fig. 4),
suggesting that a shared component such as LTA plays an essential
role. In fact, LTA can exert differential immune modulatory effects
depending on the bacterial source from which it is isolated60. It has
been reported that oral administration of purified LTA from Lactoba-
cillus rhamnosus GG can delay skin tumorigenesis induced by UV
radiation through increased level of IFN-γ and cytotoxic T-cells61, and
using LTA-deficient Lactobacillus acidophilus strain, an immune mod-
ulatory role of LTA was clearly demonstrated62. Further investigation
of the role of LTA and other BEV components in enhancing immu-
notherapy response is therefore essential. In addition, given that
higher levels of Bif.BEV were associated with a stronger anti-tumor
effect when combined with anti-PD-1, it is reasonable to speculate that
a higher dose of Bif.B might also enhance the anti-tumor effect.
However, since the immunomodulatory role of Bif.B in cancer immu-
notherapy is well-established7–9, and the focus of our current project is
to investigate the role of BEVs in elucidating the remote effects of gut
microbiota on lung cancer immunotherapy, we intend to explore the
dose-dependent effects of Bif.B in future studies.

To further connect Bif.BEVs to the TIME and immunotherapy
response, we examined tumor tissue sections from eachmouse group.
We were able to attribute modulation of key cytokines (e.g.

upregulation of IFN-γ, IL-2) and increasing tumor-infiltrating CD8+

T-cells to enhanced immunotherapy response. More importantly, we
utilized multiplexed immunofluorescence imaging using the GeoMx
DSP instrument and bulk RNAseq to demonstrate that Bif.BEVs upre-
gulated PD-L1 expression and modulated several pathways critical for
immunotherapy responses. These pathways include enhanced MHC
peptide assembly and presentation, increased interferon production
or response, boosted T cell-mediated cytotoxicity, and enhanced
TLR4 signaling pathway. The upregulation of MHC peptide assembly
and presentation aligns with the capability of BEVs to enter tumor cells
and stimulate both class I and II MHC presentation51. In fact, the
induction of MHC presentation is recognized as a key mechanism
through which intratumoral bacteria may influence cancer
immunotherapy63. Increased interferon activity is also crucial for
tumor killing through immunotherapy64. Moreover, the activation of
TLR4 signaling has shown positive immune-modulatory effect65–67.
Notably, our in vitro studies confirmed that Bif.BEVs activated
TLR4 signaling (Fig. 2e). Additionally, we observed significant down-
regulation of angiogenesis pathways. Reduced angiogenesis not only
inhibits cancer growth but also counteracts the immunosuppressive
tumor microenvironment38. Interestingly, Bif.B has been reported to
inhibit angiogenesis68. Finally, Bif.BEVs were found to downregulate
several critical cancer growth pathways that contribute to immune
suppression, including the Ras-MAPK and TGF-β signaling pathways.
However, it is important to recognize that the TIME is a highly complex
ecosystem comprising diverse cell populations, many of which extend
beyond the scope of this study. Additionally, the composition of the
TIME can be influenced by factors such as oncogenes, tumor sup-
pressors, and aberrant signaling pathways12. To gain a more compre-
hensive understanding of howBEVs impact the TIME, we recognize the
need to expand our investigations. Future studies will encompass a
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Fig. 8 | Bif.BEVs modulated key immune and oncogenic pathways. a Bulk RNA
sequencing (RNAseq) revealed that the addition of Bif.BEVs to the anti-PD-1 treat-
ment resulted in alterations in several immune response pathways. These included
the upregulation ofMHCpeptide assembly andpresentation, increasedproduction
or response to interferon α or γ, enhanced T cell-mediated cytotoxicity, and

enhanced Toll-like receptor 4 signaling (through reduced negative regulation).
b Bulk RNAseq also demonstrated that the addition of Bif.BEVs significantly
downregulated angiogenesis-related pathways. The p-values were calculated using
the GSEA method implemented in the “clusterProfiler” function in the “gseGO” R
package.
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broader range of models, including patient-derived tumoroids and
genetically engineered mouse models, particularly those with specific
genetic contexts, such as STK11 mutations69. In addition, new techni-
ques such as single cell RNAseq will be employed. These efforts aim to
provide a comprehensive delineation of the potential of BEVs in
modulating immunotherapy for lung cancer through further analysis
of their impact on TIME.

We need to emphasize that while Bif.BEVs enhance the efficacy of
anti-PD-1 treatment, further studies are required to determine their
impact in combination with anti-PD-L1 agents. Both anti-PD-1 and anti-
PD-L1 therapies have become essential components of lung cancer
treatment, yet they can have distinct biological effects, as noted in
previous research70. Notably, the PD-L1:CD80 cis-interaction is
believed to contribute to these differences. This interaction limits PD-1
function71, reduces CD80:CTLA-4 interactions, and promotes
CD80:CD28 co-stimulation70. The anti-PD-L1 agent can disrupt PD-
L1:CD80 cis-interaction, resulting in a shift from co-stimulatory
CD80:CD28 to coinhibitory CD80:CTLA-4 interactions, ultimately
leading to CD80 endocytosis70. Given that both PD-L1 and CD80 are
upregulated by Bif.BEVs (Fig. 2d), we strongly suspect that significant
cis-interactionmayoccur betweenPD-L1 andCD80, potentially leading
to differing effects of anti-PD-L1 and anti-PD-1 therapies. Additionally,
Bif.BEVs may influence PD-L2 expression, as gut microbiota have been
shown to do so72,73, further contributing to the potential differences,
since only anti-PD-1 agents can inhibit the PD-1:PD-L2 interaction.
However, verifying these hypotheses will require further investigation
beyond the scope of the current study, which we plan to address in
future research.

In conclusion, through a series of experiments, we have
demonstrated, for the first time, that BEVs derived from the Gram-
positive commensal Bifidobacteria are readily endocytosed in a
dynamin-dependent manner. These vesicles possess the capability to
modulate the expression of immune checkpoint ligands, and
importantly, they can reach tumor tissues remotely and augment the
anti-tumor effects of anti-PD-1 by orchestrating changes in the TIME,
as succinctly summarized in Fig. 9 created by a free online software
BioRender. Our study pioneers a novel understanding of how the gut
microbiota can remotely wield influence over the TIME, thereby
shaping the response to immunotherapy. It also presents an inno-
vative strategy for harnessing the potential of the microbiota to
bolster overall health.

Methods
This research complies with all relevant ethical regulations. We have
obtained written approvals from the University of Kansas Medical
Center (KUMC)’s Institutional Biosafety Committee (IBC) for various in
vitro experiments, Institutional Animal Care and Use Committee
(IACUC) for mice studies, and Institutional Research Committee (IRB)
for using human lung cancer tissue to generate organoids and spher-
oids and use them for relevant experiments in this study. The source
data are provided with this paper.

Cell culture
The lung cancer cell lines A549, H460 and LL/2 were purchased from
American Type Culture Collection (ATCC) and maintained in Dulbec-
co’s Modified Eagle’s Medium (DMEM; Corning-USA) supplemented

Fig. 9 | Schematic illustration of gut commensal Bifidobacteria remotely
enhance the therapeutic effect of anti-PD-1 in lung cancer. In this model, we
employed BEVs to establish a connection between gut microbiota and the TIME in
lung cancer. Bif.BEVs exhibit the remarkable ability to traverse the gut lining, enter
the bloodstream, and be internalized by lung cancer cells through the dynamin-
dependent endocytosis pathway. Once inside, they bind to TLR4 and activate NF-

κB, consequently leading to an increase in the expressionof PD-L1.When combined
with anti-PD-1 therapy, Bif.BEVs significantly elevate IFN-γ and IL-2 levels while
reducing TNF-α levels. Furthermore, they enhance the infiltration of CD3+ andCD8+

lymphocytes into the tumor, and modulate several key immune response and
oncogenic pathways. Collectively, these effects potentiate the anti-tumor efficacy
of anti-PD-1 agents in lung cancer. Created in BioRender85.
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with 10% FBS (Atlanta biosciences) with 100 units/ml Penicillin-
Streptomycin (Sigma) at 37 °C with 5% CO2. The immortalized lung
epithelial cell line BEAS-2B was grown in LHC-9 Medium (Gibco) with
added components as described by vendor. Cells were maintained as
per manufacturer’s instructions.

Human samples
Human fresh lung tumor tissues (∼1–4 cm3) were obtained from sur-
gically resected lung specimens from the University of Kansas Cancer
Center (KUCC) Biospecimen Repository Core Facility (BRCF), under
the Institutional Research Committee (IRB) approved protocol. All the
experimental protocols were conducted in compliance with the IRB
guidelines of KUCC. Based on histopathological analysis, samples were
confirmed as tumor or normal. The diagnosis was confirmed by
pathologist (RM) at the University of Kansas Medical Center (KUMC).
The samples were processed for the generation of lung cancer orga-
noids as described in lung organoid culture section.

Bacterial culture and Isolation of BEVs
For the convenience of future clinical translation, we used a probiotic
Bif.B cocktail, which was purchased from Seeking Health LLC, Bel-
lingham, WA. The cocktail is a mixture of Bifidobacterium infantis (Bi-
26), Bifidobacterium bifidum/lactis (Bb-02), Bifidobacterium longum
(Bl-05), Bifidobacterium bifidum (Bb-06), Bifidobacterium lactis (Bl-04),
Bifidobacterium lactis (Bl-07) and Bifidobacterium breve (Bb-03), as
previously used and reported7. The lyophilized cocktail capsules con-
tain 12 billion colony forming units. The bacteria were cultured in
Bifidus Selective Medium (BSM) broth (Sigma) at 37 °C for 48 h in an
anaerobic chamber (Bactron). Bifidobacterial supernatant was first
centrifuged at 400x g for 10min at 4 °C to eliminate bacterial pellet
followed by 12,000 x g for 20min at 4 °C to eliminate dead bacterial
debris in a SORVALL LegendXTR centrifuge. The supernatantwas then
passed through a 0.22 µm vacuum filter. The resulting cell-free
supernatant fractions were further spun at 200,000 x g for 2 h at
4 °C to collect BEVs in a SORVALL WX+ULTRA SERIES (Surespin
630 swinging bucket rotor) centrifuge. The BEV pellet was then
washedwith PBSandultracentrifuged at200,000x g for 2 h. Thepellet
was finally resuspended in 100 µl PBS for further experimentation or
stored at -80 °C until use. To quantitate, BEVs were lysed, and the
amount of BEV protein recovered was assessed using BCATM Protein
Assay Kit (Thermo scientific) according to the manufacturer’s
instruction.

Uptake of bacterial extracellular vesicles
Cellular uptake. For the uptake of BEVs, the protocol from Xiao et al.,
2022 was followed74. Briefly, A549, H460, BEAS-2B and LL/2 cells were
seeded on coverslips in 6-well plate and allowed to attach for over-
night. The next day, the BEVs were stained with either PKH67 (green,
Cat# MINI67-KT) or PKH26 (red, Cat# MINI26-KT) fluorescent cell
linker kit purchased fromSigmaaccording tomanufacturer’s protocol.
The cells were treated with 5 µg/ml of stained EVs or as mentioned in
the experiment for 24 h. Cells were then washed with Hank’s balanced
salt solution (HBSS)/0.01% sucrose to remove the unabsorbed EVs and
fixed with 2% paraformaldehyde (PFA). Finally, cells were washed with
HBSS washing solution and mounted using UltraCruz® Aqueous
Mounting medium with DAPI (Cat# sc-24941). Images were captured
using a Nikon 80i microscope.

Organoid uptake. Organoids were seeded inMatrigel until maturation
on idibi plates (Cat # 81218) and then treated with Bif.BEVs (10 µg/ml)
stained with either PKH67 or PKH26 fluorescent cell linker according
to manufacturer’s protocol for 24 h. Carefully, media was aspirated,
and the cells were thenwashedwith 0.25% TritonX-100/PBS to remove
the unabsorbed Bif.BEVs. Further, organoids were fixed with fresh 2%
PFA/PBS at room temperature (RT) for 20min and then washed with

PBS twice. Organoids were stained with 200 µl DAPI at a final con-
centration of 5 µg/ml for 20min at 37 °C and then washed three times
with PBS. Stainedorganoidswere imagedusing a confocalmicroscope.

Endosomal uptake Inhibition
LL/2 and A549 cells (2 × 105) were seeded in a 6-well plate with added
coverslips into each well. The next day, media was changed from each
well and cellswerepre-treatedwith the endosomal inhibitorsDynasore
(DS), Cytochalasin D (CD), Nystatin (NS), Amiloride (AM) according to
Jones et al. 19 or vehicle control for 2 h. After due time, the cells were
treated with 5 µg/ml Bif.BEVs stained with PKH67 for 24 h. The next
day, media from each well was removed and cells were washed with
PBS. Washed cells were fixed in warm 2% PFA for 15min at RT followed
by two washes with PBS for 5min each. Further, cells were either
incubated with Hoechst (1 µg/ml) for 5min followed by a PBSwash and
mounting with DABCO or mounted with vectashield with DAPI. Cells
were visualized and imaged with a Nikon 80i microscope.

Nanoparticle tracking analysis (NTA)
Bif.BEVs were quantified for their particle size and concentration by
NTA using a NanoSight LM10 instrument (Malvern Instruments). Bif.-
BEV preparations were first diluted in PBS and pre-run on NTA to
obtain an optimal concentration between 105 and 108 particles/ml. For
final measurement, approximately 500 µl of diluted sample was vor-
texed prior to injection and used for each analysis. The videos were
collected in triplicate from 3 dilutions and were averaged to get the
resulting counts for each sample. Each video of moving particles was
60 sec in duration, with a shutter speed of 30ms and camera gain of
680. Software settings for analysis include detection threshold, 6; blur,
auto; minimum expected particle size, 50 nm. A minimum of 200
particle tracks were completed for each video and the data were ana-
lyzed using the NTA 2.3 analytical software (Malvern). Data are pre-
sented as the average and standard deviation of the triplicate.

Intestinal organoid culture
C57BL/6 J mice were used to derive small intestinal organoid cultures.
Briefly, small intestinal tissues (10 cm length cut into ~2mm pieces)
were collected in sterile PBS and washed several times with PBS sup-
plemented with 2% penicillin-streptomycin. The crypts were isolated
using Gentle Cell Dissociation Reagent (Stemcell technologies; Cat#
07174) by immersing tissue for 90min at 4 °C with agitation. After
dissociation of crypts, the supernatants were passed through a 70-
micron cell strainer (Corning). Crypts in the filtrates were pelleted by
centrifugation at 300 x g for 5min at 4 °C and resuspended in 1ml of
serum deprived DMEM/F12 and counted. Around 4000 crypts were
pelleted and resuspended in 1:1 ratio using 200 µl serum-free Intesti-
Cult organoid growth medium (Stemcell technologies, Vancouver,
Canada) mixed with 200 µl Matrigel (Corning). About 60-70 µl of the
crypt suspensionwas added as drop/well on the surface of prewarmed
low-adhesion24-well plates andkept at 37 °C for 20min for gelification
after 20minof incubation. Then, 700 µl of IntestiCult organoid growth
medium was added to each well to support organoid development
from seeded crypts. Organoids were grown at 37 °C in 5% CO2 incu-
bator for 14 days. Mature organoids were used for different experi-
ments or passaged using gentle cell dissociation reagent (Stemcell
Technologies) or stored.

Patient-derived lung cancer organoid culture and relevant
studies
For culturing patient-derived lung cancer organoids, the protocol by
Kimet al.75 was followedwith somemodifications as described below75.
The lung tumor tissues (2-10 mm3) were obtained from surgically
resected specimens of NSCLC patients and collected in DMEM with
20% FBS and 1% Pen-Strep on ice by BRCF staff and delivered to lab
within 1 h of collection. Tissues were washed thrice with cold HBSS

Article https://doi.org/10.1038/s41467-025-58553-4

Nature Communications |         (2025) 16:3500 14

www.nature.com/naturecommunications


from Sigma (Cat# H6648) with antibiotics and chopped finely with a
sterile scalpel blade. Fine pieces of tissues were then incubated in
Advanced DMEM/F12 (Gibco, Cat#12634-010) media containing
0.001% DNase, 1mg/ml collagenase, 2% Pen-Strep, and 50μg/ml
amphotericin B at 37 °C for 1 h with intermittent agitation. The sus-
pensions were repeatedly pipetted up and down and passed through
70 μm cell strainers (MIDSCITM, MO, USA). The strained cells were
centrifuged at 300 x g for 3min, and the pellets were resuspended in
500μl of serum-freemediumDMEM/F12 supplemented with 20ng/ml
of bFGF (Gibco; cat# 13256029), 50ng/ml human EGF (Gibco; cat#
PHG0311), 1X N2 (Gibco; cat# A13707-7), 1X B27 (Gibco; cat# 12587-
010), 10μMROCK inhibitor (Stem cell; cat# 72304), and 1% Pen-Strep.
The cells in media were mixed with 50% Matrigel (Corning; cat#
356231) andplatedonprewarmed 24-well plate in the formof droplets.
The plate was kept at 37 °C for 20min for gelification. After gelation,
700 µl of compete media was added to the well. The medium was
replaced every 4–5 days, and the organoids were passaged after
2–3 weeks. Further after 14 days, mature organoids were either used
for experiments, stored, or passaged.

To study endocytosis in 3D organoid structures, we seeded orga-
noids in Matrigel on MatTek plates (Cat. # P35GC-1.5-14-C) and allowed
them to mature. After maturation, the organoids were either untreated
or pretreated with various endocytosis inhibitors, including AM, CD, DS,
and NS as above-mentioned, respectively. Two hours later, we added
PKH67-labeled Bif.BEVs (10 µg/ml) and incubated the organoids for
24hours. Following incubation, the organoids were washed with warm
PBS, fixed with fresh 2% PFA at room temperature for 20minutes, and
then collected into a 15ml Falcon tube. The organoids were centrifuged
at 112 x g for 5minutes at 4 °C, washed with cold PBS, and then cen-
trifuged again at 250 x g for 5minutes at 4°C. The organoids were
resuspended in 2ml of 1x TrypLE (Cat. # 12605010, ThermoFisher, USA)
and incubated for 10minutes at 37 °C for dissociation. After dissocia-
tion, 10ml of cold Advanced DMEM/F12 (Cat. # 12634028, Thermo-
Fisher, USA) was added, followed by centrifugation at 112 x g for
5minutes at 4 °C, andwashing/resuspension in 1x PBS twice. These steps
resulted in efficient dissociation of the organoids into a single-cell sus-
pension. The uptake of Bif.BEVs was then quantified by flow cytometry
by measuring the mean fluorescent intensity of cells exhibiting green
fluorescence, indicating the uptake of PKH67-stained Bif.BEVs.

Western blot analysis
The lysates from bacterial EVs and total cell lysates were separated on
SDS/PAGE gels and transferred to PVDF membrane (Immobilon®-PSQ

Transfer membrane, Millipore). The membranes were blocked at RT
with 10% milk for 2 h, followed by overnight incubation with primary
antibodies at 4 °C with gentle shaking. The primary antibodies used
included anti-PD-L1 [E1L3N(R)], Cat # 13684S) at 1:1000, CD80 (Cat
#15416), PVR/CD155 (Cat #81254), TLR-2 (Cat #13744), TLR-4 (Cat #
14358), TLR-6 (Cat # 12717), TLR-7 (Cat # 82658), NF-kB (Cat# 8242)
and anti-GAPDH (14C10, Cat # 2118S) at 1:1000 were purchased from
Cell Signaling Technology. Anti-ACTIN (Clone C4, Cat # 691001) at
1:5000was purchased fromMPBiomedicals. The anti-lipoteichoic acid
(LTA; Cat # MA1-7402) and anti-LPS (Cat # PA1-73178) were purchased
from Invitrogen and used according to manufacturer’s instructions.
The dynamin II antibody (Cat # sc-166669) was purchased from Santa
Cruz Biotechnology (CA). Details are summarized in Suppl. Table 1.
Membranes were thenwashed three times for 10minwith 1x TBST and
incubated with suitable secondary antibody overnight. The next day,
after three washes for 10min with 1x TBST, the signal was developed
using PierceTM ECL Plus Western Blotting Substrate from Thermo Sci-
entific and exposed to CL-XPosureTM Film from Thermo Scientific. The
membranes were stripped using RestoreTM PLUS Western Blot Strip-
ping Buffer (Cat # 46430; Thermo Scientific) and reprobed accord-
ingly. The Western blot results were further quantified using the
densitometric method with ImageJ, a free software.

mRNA analysis
For the investigation of differential gene expression related to
dynamin-dependent endocytosis. LL/2 cells (2 × 105) were seeded in
a 6-well plate and experiments were performed when cell confluency
reached 70-80%. Cells were washed twice with PBS and pre-treated
with DS, followed by treatment with 5 µg/ml Bif.BEVs, including
control groups. After 24 hours of incubation, RNA was extracted
using the All Prep. DNA/RNA Mini Kit (Cat. # 80204, QIAGEN). The
RNA concentration was measured by NanoDrop 2000 (Thermo
Fisher Scientific Inc.), and cDNA was synthesized using 1 µg of total
RNA with the Applied Biosystems™ High-Capacity cDNA Reverse
Transcription Kit (Cat # 43-688-535 14), which contains MultiScribe
Reverse Transcriptase. The cDNA synthesis cycling conditions were
as follows: 25 °C for 10min, 37 °C for 120min, 85 °C for 5min, and
then stored at 4 °C until removal from the thermocycler and kept at
-20 °C until further use. RT-qPCR analysis was performed using a
QuantStudio 7 real-time PCR system with TaqManTM Fast Advanced
Master Mix (Cat. # 4444557, Applied Biosystems), along with
TaqManTM Gene Expression Assays for the following targets: Dynamin
I (Assay ID: Mm01342903_m1), Dynamin II (Assay ID:
Mm00514582_m1), Dynamin III (Assay ID: Mm00554098_m1), Cla-
thrin (Cltc) (Assay ID: Mm01303974_m1), Epidermal growth factor
receptor pathway substrate 15 (Eps15) (Assay ID Mm01258456_m1),
PD-L1 (Assay ID Mm03048248_m1), and GAPDH (Assay ID
Mm99999915_g1). mRNA expression levels were quantified using the
ΔΔCT method to calculate fold changes.

For mouse tumor tissue studies. The mouse tumor tissues were used
to extract the total RNAusing the TRIzol reagent (Invitrogen, Carlsbad,
CA). The concentration was measured by NanoDrop 2000 (Thermo
Fisher Scientific Inc.). cDNA synthesiswas performedusing 1 µgof total
RNA via Applied Biosystems™ High-Capacity cDNA Reverse Tran-
scription Kit (Cat # 43-688-14) containing MultiScribe Reverse Tran-
scriptase. The cycling conditions were 25°C, 10min; 37°C, 120min;
85°C, 5min; 4°C until removed from thermocycler and stored at -20°C
until used. qPCR analysis was performed using TaqManTM Fast
Advanced Master Mix (Cat # 4444557, Applied Biosystems) along with
primers from TaqManTM Gene Expression Assays to target TNF-α
(Assay ID; Mm00443258_m1), IFN-γ (Assay ID; Mm01168134_m1), IL-2
(Assay ID; Mm00434256_m1) and IL-10 (Assay ID; Mm 01288386_m1).
GAPDH (Assay ID; Mm99999915_g1) was used as control for normal-
ization. The fold change in mRNA expression levels was measured by
using the ΔΔCT method.

Immunohistochemistry
The tumor tissues were formalin-fixed paraffin-embedded (FFPE)
and were cut into 4 µM thin sections. The tumor sections were then
deparaffinized by immersing them in Xylene for 10min (with a
change of Xylene at 5min) and rehydrated in graded series of
ethanol solutions from 100% (3min), 95% (3min), 80% (3min), 70%
(3min), 50% (3min) and finally deionized water (5min). Further,
deparaffinized tumor sections were heated in 0.01M citrate buffer,
pH 6.0 (with 0.05% tween-20) for antigen retrieval in a pre-warmed
steamer for 30min and then cooled to room temperature. Sections
were gently washed in deionized water and then twice in PBS (5min
each). Tumor sections were blocked in serum blocking solution (10%
normal goat serum in TBS-T for 1 h) and then washed twice with PBS-
T. Sections were stained for 1 h at RT with primary antibody (1:100,
anti-CD3ε (D4V8L), Cat # 99940); (1:100, anti-CD4 (D7D2Z), Cat #
25229); (1:200, anti-CD8α (D4W2Z) XP, Cat # 98941); (1:200, anti-
Ki67 (SP6) Cat #ab16667); diluted in blocking solution. Sections
were washed twice (5min) in PBS and stained for 30min in dark at
RT with conjugated goat anti-rabbit polymer HRP secondary anti-
body MACH2 (Biocare medical). Finally, the sections were counter-
stained with hematoxylin, dehydrated in graded series of ethanol
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and cleared in Xylene. After staining, the sections weremounted and
imaged using a Nikon 80i microscope.

Immunofluorescence imaging and analysis using the GeoMx
digital spatial profiling (DSP) instrument
The tumor tissue samples mentioned above were also used to study
several markers of interest using Nanostring’s GeoMx® Digital Spa-
tial Profiler, which provides high spatial resolution. For this study,
the following primary antibodies were used: anti-pancytokeratin
(Novus Biologicals, cat # NBP2-33200AF532, 1 μg/ml), anti-CD45
(Novus Biologicals, cat # NBP2-34528AF594, 5 μg/ml), anti-PD-L1
(ThermoFisher, cat # 17952-1-AP, 7 μg/ml), anti-TNF-α (Thermo-
Fisher, cat # 60291-1-Ig, 15 μg/ml), anti-IL-2 (ThermoFisher, cat #
26156-1-AP, 3.3 μg/ml), and anti-IFN-γ (ThermoFisher, cat # MM700,
5 μg/ml). Slides were stained with primary antibodies overnight at
4 °C. For unconjugated primary antibodies, a secondary antibody
conjugated to a fluorescent dye (e.g., Alexa Fluor™ 532, 594, or 647)
was applied for 60minutes at room temperature. To visualize the
cell nuclei, the slides were counterstained with Syto-13 for 15min-
utes at room temperature. The stained tissue slides were then
imaged using the GeoMx DSP instrument to capture high-resolution
images of the tissue sections. To identify representative areas, we
followed these steps: 1) Avoided regions that could introduce arti-
facts, such as tissue edges or loose sections. 2) Selected areas with
uniform pancytokeratin or DNA staining to ensure comparable cel-
lular density. As a general approach for this project, pancytokeratin
was used to label cancer cells, while CD45 was used to label immune
cells. For quantifications, such as for PD-L1, immunofluorescence
images captured on the GeoMx instrument were analyzed using
Image J software (version 1.54 d). Briefly, five regions of interest
(ROIs) were randomly selected from each stained slide of tumors
harvested from each experimental group for analysis. An additional
ROI of the same size was placed outside of the tissue boundary for
background correction. For each ROI, the corrected total fluores-
cence (CTF) was calculated by subtracting the measured back-
ground integrated density from the integrated density and then
normalizing to the area of the ROI, allowing for comparison of CTF
across different stained slides.

Bulk RNA sequencing (RNAseq) and its analysis
Weused tumor samples from the following groups to study the impact
of Bif.BEVs on anti-PD-1 treatment: Anti-PD-1 only vs. Anti-PD-1+Bif.-
BEVs (2 × 1011). Tumor sections were deparaffinized and RNA extracted
from tissue usingQIAGENRNeasy FFPE Kit, followed by a quality check
and RNA concentration measurement using NanoDrop. The
RNAseq was then performed via an Illumina platform through the
Genome Sequencing Core Facility in the University of Kansas
Medical Center.

The raw sequencing dataset was first quality-trimmed using
Trimmomatic76 with default parameters. The trimmed reads were then
mapped to the human genome (GRCh38) using STAR77 in paired-end
mode. Next, the mapped reads were summarized into gene-level read
counts using “featureCounts” from the Rsubread package78, with
RefSeq as the gene annotation database. DESeq279 was then used to
identify genes with significant expression differences by comparing
the Anti-PD-1+Bif.BEV group with the Anti-PD-1 only group. Genes
without anymapped reads, labeled as “NA” in the DESeq2 output, were
filtered out. The remaining genes were sorted based log2 fold change
from DESeq2. Gene set enrichment analysis (GSEA)80 was performed
on the sorted gene list using GeneOntology81 as the pathwaydatabase,
utilizing “gseGO” from the R package “clusterProfiler”82. Theminimum
and maximum gene set sizes were set to 5 and 1000, respectively. All
enriched pathways with adjusted p-values less than 0.1 were retained
for further manual inspection.

Electron microscopy
Scanning electron microscopy (SEM) on Bif.B. For SEM, the Bif.B
cocktail was grown overnight in an anaerobic chamber and the bac-
terial pellet was washed with PBS three times to remove the growth
media. Next, the pellet was fixed in 70% ethanol and then dehydrated
in graded series of ethanol for 5min/step. The grids were viewed in a
Hitachi S-2700 SEM with Quartz PCI digital capture (Hitachi, Inc.).

Negative staining of isolated Bif.BEVs. The Bif.BEVs were negatively
stained using carbon filmed copper grids (300 mesh, Electron Micro-
scopic Sciences, Hatfield, PA); the grids were discharged through one
cycle, at 15 mAmp for 20 sec in Easy-Glow (PELCO) apparatus. The
isolated Bif.BEVs were mixed by vortexing and suspension of 20 µl
drops was placed on wash plate well. The carbon coated grids were
placed on the sample drops upside down and allowed to absorb
samples for a minimum of 20min. The coated grids were then washed
six times by resting them on droplets of deionized distilled water for
10 seconds on each drop. After washing, the grids were stained on
drop of 1% uranyl acetate stain (Electron Microscopic Sciences, Hat-
field, PA) by placing them again upside down for nearly 10 seconds.
The carbon grids were blot dried on filter paper in a dish and then air
dried for 15min. The dried grids with Bif.BEVs were photographed at
100 KV JEM-1400 under transmission electron microscope.

Immunogold labeling of Bif.BEVs with anti-LTA. The Bif.B cocktail
was grown in overnight culture and the next day the pellet was washed
twice with HBSS, pH 7.0. The pellet was blocked in 5% goat serumwith
1% BSA (blocking buffer) pH 7.4 for 15min at 37 °C to block unspecific
antigens. The pellet was then incubated with anti-LTA primary anti-
body (1:50) diluted in blocking buffer for overnight at 4 °C on a shaker.
The next day, the Bif.B cells were centrifuged and washed three times
with HBSS to remove unbound antibody and incubated with goat anti-
mouse-gold (Cat #25129, Electron Microscopic Sciences, Hatfield, PA)
secondary antibody (1:20) for 1 h in blocking solution for goat gold
conjugates (Cat #25596, 10 nm Electron Microscopic Sciences, Hat-
field, PA). Finally, bacteria were washed twice with HBSS and cen-
trifuged at 100 x g for 5min to pellet. The pellet was then fixed in 1%
glutaraldehyde in 0.1M cacodylate buffer (pH 7.4) for 2 h at RT. Fur-
ther the pellet was osmicated, stained, dehydrated, and embedded to
get the ultrathin section on nickel grid. The sections were visualized
and imaged at 100 KV JEM-1400 transmission electron microscope.

Animal studies
C57BL/6 J mice were purchased from Jackson Laboratory. All animals
were maintained in a specific pathogen-free animal facility. Animal
studies were IACUC approved (ACUP numbers: 2019–2536) at the
KUMC animal facility. All experiments were performed on 8–10 weeks
old female mice. All mice had free access to food (Oval Pellet, LabDiet
5K67, Cat #0006673) and drinking water (disposable ultra-purewater,
Innovive) ad libitum, ensuring adequate intake of all essential nutrients
throughout the study period. The housing conditions were as follows:
Light cycle – Standard (beginning the first Sunday in November): 5 AM
to 7 PM; Daylight Saving Time (DST) (beginning the second Sunday in
March): 6 AM to 8 PM. Temperature and humidity were maintained at
68–75 °F and 30–70%, respectively. The mouse studies were per-
formed by developing syngeneic tumors using LL/2 cells. LL/2 cells
were suspended in PBS with 1:1 ratio of Matrigel (Corning). Sub-
cutaneous injections were done on both flanks of mice using 100 ul of
LL/2 cell suspension (1 × 106) by sterilizing the inoculation site with
ethanol under inhaled isoflurane general anesthesia. The tumors were
measured with a digital caliper three times a week. The first pilot
experiment shown in Fig. 4a was subdivided in 5 groups with 6 tumors
in eachgroup: untreated control (Control), IgGControl (anti-IgG), anti-
PD-1 only (anti-PD-1), anti-PD-1+Bif.BEVs (2 × 1010), anti-PD-1+Bif.B. The
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tumors were allowed to grow for 7 days and then treatment was star-
ted. From day 7, mice in group 4, anti-PD-1+Bif.BEVs were orally
gavagedwith (2× 1010)Bif.BEVs/mouse three times aweek. Theparticle
concentration wasmeasured by NTA as described above. On day 7, 14,
21 of the experiment, the mice in group 5 (anti-PD-1+Bif.B), were orally
gavaged with 200 µl of Bif.B (1 × 109 CFU/mouse) in PBS. These 2
groups were also injected with either anti-IgG or anti-PD-1 from day 9,
thrice a week as described below. For anti-IgG and anti-PD-1 groups,
mice received 150 µg of antibody, isotype control (InVivo MAB rat
IgG2a isotype control, clone 2A3, BioXCell) and (InVivoPlus anti-mouse
PD-1 (CD-279), clone RMP1-14, BioXCell) respectively per IP injection
three times a week. After the tumors reached 1.5 cm diameter in the
control group the mice were sacrificed to collect the tumors. The
formula used to calculate tumor volume was V = (W2 x L)/2, whereW is
tumorwidth and L is tumor length. Themaximal tumor size allowedby
our IACUCprotocol is 2 cm3, whichwas not exceeded in this study. The
tumors were measured, weighed, and further stored in formalin or
liquid nitrogen based on experimental requirements. In the second
experiment shown in Fig. 4d, mice were divided into four groups, with
five mice per group including: untreated control (Control), Bif.BEVs (2
× 1010), anti-PD-1+Bif.BEVs (2 × 1010), and anti-PD-1+Bif.BEVs (2 × 1011).
Here, group 2, 3 and 4 were orally gavaged with Bif.BEVs on Day 7 and
further thrice a week. The anti-PD-1 doses were also given to the
respective groups as mentioned above in the similar fashion. The
tumors were measured, resected, and stored as per
experimental needs.

Statistics & reproducibility
Data are compared using either the mean or median. When comparing
means, data are expressed as the mean ± standard error of the mean
(SEM) or standard deviation, and statistical significance is assessed using
Student’s t test or ANOVA. When comparing medians, nonparametric
tests such as Kruskal-Wallis and Mann-Whitney tests are used, with data
presented as box plots. All statistical analyses were performed using
GraphPad Prism 5.0 software (San Diego, CA). A p values of <0.05 was
considered statistically significant. Unless otherwise specified, three
independent experiments were conducted. No statistical method was
used to predetermine the sample size. Investigators were not inten-
tionally blinded during experiments or outcome assessments.

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

Data availability
All experimental data supporting the findings of the study are available
within the article and its Supplementary Information. Additional
RNAseq data generated in this study have been deposited in theNCBI’s
BioProject with the accession number: PRJNA1230548, which can be
accessed via the following link: http://www.ncbi.nlm.nih.gov/
bioproject/1230548. Source data are provided with this paper.

Code availability
The code is available in the Supplementary Information under the
section named “RNAseq Analysis Workflow”.
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