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rticolo discusso nell’elab



sull’aumento dell’efficacia dell’immunoterapia basata sugli 

comunica con il sistema immunitario dell’ospite 

L’articolo presentato dimostra come

riduzione dell’espressione delle molecole MHC di classe I sulla loro superficie e 
sulla conseguente inibizione dell’azione antitumorale dei linfociti T citotossici 

l’espressione delle molecole MHC

l’associazione dell’immunoterapia basata su ICI 

Inoltre, il meccanismo molecolare alla base dell’effetto dei postbiotici risulta essere 
l’incremento di espressione dall’attivazione a monte della via di 

κB.
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l’esocitosi dei granuli 
sso l’area della membrana in contatto con la 

la selettività d’azione 

nell’apoptosi 
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sull’apoptosoma 

l’inibitor

dall’attivazione dei cosiddetti recettori di morte

CTL effettori contribuiscono alla difesa dell’ospite anche 
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’espressione delle loro proteine in 
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’espressione componenti dell’APM

L’intero 
immunitaria fisiologica ma riduce anche l’effic

, come l’immunoterapia basata su

L’immunoterapia

all’interno del linfocita T stesso

dopo l’attivazione
, anch’esso sul linfocita T,

l’apoptosi.
da una parte riducono l’espressione delle molecole 

innescati dall’attivazione di PD
impedendo l’eliminazione tumorale

l’immunosoppressione che si 



ad un’iniziale risposta promettente, riscontr
per aumentare l’efficacia degli ICI 

l’intestino l’omeostasi 

salute dell’ospite 
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e dall’avere 
biologica nell’ospit
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α
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in questo studio sull’effetto dei postbiotici,
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all’immunoterapia con ICI, ovvero 
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, e proseguire l’incubazione per altre 24 

mezzo di controllo in tutti gli esperimenti di quest’articolo che 

all’interno
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è stato utilizzato l’anticorpo monoclonale anti
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. Quest’ultima viene 
d’onda divers
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’attivazione l’antigene tumorale MART
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per supportare il differenziamento, l’espans
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dell’antigene CD107a, una proteina tipica della membrana dei granuli 
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’anticorpo monoclonale

l’antigene 
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l’iniezione ortotopica di 
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massa tumorale al fine di monitorare l’andamento temporale del 
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NFκBp65

κB
L’immunofluorescenza indiretta di 

richiesto l’incubazione anche con anticorpi secondari
ottenendo così un’amplificazione del segnale

l’anticorpo
l’anticorpo

’osservazione delle cellule
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opo un’iniziale acidificazione 

A livello dell’interfaccia tra le due fasi si 

l’estrazione con metanolo. L’estratto 

’
’

con l’abbondanza
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all’interno di 
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qualità dell’RNA totale estratto tramite il sistema 

state sia processate, tramite l’aggiunta di adattatori che includono indici e regioni 

ovvero generate a partire da un’unica estremità per ciascun frammento. I dati 
e all’eliminazione 

hanno superato questi passaggi subiscono l’allineamento sul genoma umano di 

due condizioni di trattamento e, infine, viene eseguita l’analisi GSEA (
) sull’elenco di geni pre



nalisi critica e discussione dell’approccio sperimentale

regolano l’espressione 

tumore all’immunoterapia basata su ICI 
verificare se l’effetto dei postbiotici rilasciati da 

dell’espressione delle molecole MHC di classe I nelle cellule tumorali. Testando 

dipendente dell’espressione delle 

un’
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Una volta dimostrato l’incremento di espressione de

l’analisi dell’ sull’attività

la HsMel13 esprimente l’antigene tumorale 

qualsiasi tipo di trattamento è dovuta all’assenza dell’antigene 

l’anticorpo murino 

rafforzare la veridicità dell’ipotesi che l’effetto dei postbiotici si 
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In più, l’attività citotossica dei CTL MART

confermato così l’aumento della percentuale di cellule 
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l’inibitore 

l’azione 

del saggio di degranulazione è stata testata l’abilità delle cellule della linea murina 

l’espressione di HLA

aggiunto, venendo meno la presentazione dell’antigene tumorale, nessun tipo di 

all’antigene tumorale è fondamentale e che esiste una robusta relazione causa
l’aumento 

potenziamento dell’attività immunitaria dei CTL tumore
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l’utilizzo dei postbiotici e l’aumento della
l’analisi su 

PB associato all’

50 giorni dopo l’iniezione 



esclusivamente con l’immunoterapia (

Confronto dell’andamento 
momento dell’

in funzione dei giorni trascorsi dal momento dell’iniezione del 

l’espressione delle molecole 

l’espressione delle molecole 

dell’espressione 
all’interno del

citometria a flusso in seguito all’utilizzo di anticorpi anti

l’immunoterapia anti

l’aumento delle molecole 

’organo linfoide secondario, esso migra nel tessuto 



l’antigene 

i postbiotici associati all’immunoterapia con 

all’interno 

in seguito all’utilizzo di anticorpi 
dall’organo tumorale

con l’immunoterapia anti

dell’infiammazione innata guidano l’
dell’espressione dei geni HLA di classe I 

alla base dell’aumento dell’espressione delle molecole 
MHC di classe I viene inizialmente esplorato tramite il sequenziamento dell’RNA 

le componenti dell’

una conferma dell’

per l’esportazione nucleare (CRM1), ed è stato riscontrato che l'effetto di 

un’ampia
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aumenta l’espressione di NLRC5 
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) e l’attivazione del fattore di trascrizione NF κB. 
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un’attivazione sempre più crescente di questo fattore nei campioni pretrattati con 
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l’azione dei postbiotici
l’attivazione di NF κB.
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Quindi l’
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l’aumento di espressione dei geni κB e 
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SUMMARY

Recent data have shown that gut microbiota has a major impact on the clinical response to immune check-

point inhibitors (ICIs) in the context of solid tumors. ICI-based therapy acts by unlocking cognate cytotoxic T

lymphocyte (CTL) effector responses, and increased sensitivity to ICIs is due to an enhancement of patients’

tumor antigen (TA)-specificCTL responses. Cancer clearance by TA-specificCTL requires expression of rele-

vant TAs on cancer cells’ HLA class I molecules, and reduced HLA class I expression is a common mecha-

nism used by cancer cells to evade the immune system. Here, we show thatmetabolites released by bacteria,

in particular, phytosphingosine, can upregulate HLA class I expression on cancer cells, sensitizing them to

TA-specific CTL lysis in vitro and in vivo, in combination with immunotherapy. This effect ismediated by post-

biotic-induced upregulation of NLRC5 in response to upstream MYD88-NF-kB activation, thus significantly

controlling tumor growth.

INTRODUCTION

Over the past decade, the link between microorganisms and

cancer has been well-established,1 and the microbiota has

been shown to play a role in the pathogenesis and course of

malignant diseases. However, new evidence has highlighted

the complex relationship between cancer and the microbiota.

For example, in breast cancer, treatment with antibiotics has

been associated with development of the disease2 and micro-

bial dysbiosis in breast cancer tissue can be associated with

the disease stage.3 Recently, bacteria have been shown to

play a role not only in the pathogenesis but also in the clinical

response to therapeutic strategies,4,5 as an enrichment of

specific strains of bacteria has been described in responders

versus non-responders to immune checkpoint inhibitor (ICI)-

based therapy in melanoma and other tumors of epithelial

origin.6–8 Efforts are now being made to understand how mi-

crobiota can be harnessed to augment immunotherapy

response rates. The most striking clinical results achieved

thus far are in advanced melanoma, where ICI-responders’

fecal microbiota transplanted to non-responders was able to

sensitize non-responders to treatment with ICIs, overcoming

primary resistance to therapy.9,10 Reports have shown that

the microbiota can improve ICI efficacy via an IL-12-mediated

mechanism,7 but the exact mechanism through which the mi-

crobiota acts is unknown.

The cross-talk between the gut microbiota and the immune

system is partially dependent on the metabolites released by

bacteria during the fermentation process.11 Microbial metabo-

lites, commonly referred to as postbiotics,12,13 have been stud-

ied in detail at the local level (i.e., the gut); however, metabolites

can cross the gut vascular barrier14 and have thus been found in

circulation.15 For example, short-chain fatty acids (SCFAs),

which are commonly secreted by bacteria, have been found in

the blood stream16 and have been extensively characterized as

influencing inflammatory signaling pathways, such as NF-kB

and TNFa.15 In addition, SCFAs have shown potential in sensi-

tizing tumor cells to ICIs in vitro17 and are currently being

explored in clinical trials in patients with various cancer types.18

These results suggest that gut microbiota and their byproducts

can influence immune responses to cancer; however, themolec-

ular mechanism(s) underlying this response has(ve) yet to be

elucidated.

Convincing evidence indicates that clinical responses to ICI-

based therapy reflect the elimination of cancer cells by cognate

cytotoxic T lymphocyte (CTL).19–21 CTL recognition of cancer

cells is mediated by tumor antigen (TA)-derived peptides which

are presented by HLA class I antigens. Abnormalities in HLA

Cancer Cell 41, 1717–1730, October 9, 2023 ª 2023 Elsevier Inc. 1717
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Figure 1. In vitro postbiotic treatment upregulates HLA class I expression and increases TA-specific CTL activation

(A) SK-BR-3 breast cancer and K562 myeloid leukemia cell lines were incubated with three concentrations of postbiotics released by three different bacterial

strains. PBAM: Akkermansia muciniphila, PBBL: Bifidobacterium longum, PB: Lactobacillus paracasei.

(B) SK-BR-3 cells were treated with 10 mg/mL PB, postbiotics derived from L. vaginalis (PBLV), or vehicle control.

(legend continued on next page)
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class I expression and/or function, which have been described

with high frequency in all cancer types tested,22,23 provide can-

cer cells with an immune escape mechanism because of the

defective presentation of tumor-derived peptides to TA-specific

CTLs. As a result, TA-specific CTLs are not able to recognize and

eliminate cancer cells.24,25 This escape mechanism has been

suggested to underlie the association between HLA class I

downregulation and poor clinical course of the disease in many

cancer types26 and to play a role in the lack of clinical response

to ICI-based immunotherapy.27,28

Here, we show that in vitro treatment with postbiotics in-

creases expression of HLA class I on the surface of cancer cells,

which subsequently enhances TA-specific CTL responses.

Furthermore, postbiotics combined with different immuno-

therapy treatments in vivo upregulated cancer cell HLA class I

expression, increased TA-specific CTL responses, and subse-

quently abrogated tumor growth in both melanoma and breast

cancer models. These data show that postbiotics can sensitize

cancer cells to treatment with cancer immunotherapy by upregu-

lating surface HLA class I expression, providing a mechanism

by which the microbiota could influence immunotherapy

responses.

RESULTS

In vitro postbiotic treatment upregulates HLA class I

expression on human and murine cancer cell lines

Cancer cell downregulation of HLA class I expression is an im-

mune escape mechanism that has been well described in multi-

ple cancer types, such as melanoma,27 breast cancer,29 colo-

rectal cancer,30 lung cancer,31 bladder cancer,32 as well as

myeloidmalignancies, such as acutemyeloid leukemia andmye-

lodysplastic syndrome, after stem cell transplant.33

To investigate if postbiotics released by bacteria could influ-

ence HLA expression on cancer cells, we generated postbiotics

from two bacterial strains identified by Matson et al. and Routy

et al. (B. longum and A. muciniphila, respectively) as enriched

in anti-PD-1 responding patients, as well as a selected strain

of L. paracasei previously identified in our lab34,35 (Figure 1A).

We first tested these postbiotics on a breast cancer cell line,

SK-BR-3, and a myeloid cell line, K562, both of which express

low-baseline levels of HLA class I, and observed that postbiotics

released by L. paracasei (PB) can induce a significant, dose-

dependent increase in surface HLA class I expression, while

postbiotics derived from A. muciniphila (PBAM) and B. longum

(PBBL) have no effect on the SK-BR-3 cells and PBBL had amin-

imal effect on K562 HLA class I. We then included an additional

strain of Lactobacillus, L. vaginalis, as recent data show a posi-

tive correlation between L. vaginalis and progression-free sur-

vival (PFS).36 As shown in Figure 1B, postbiotics from

L. vaginalis (PBLV) upregulated HLA class I expression, albeit

not to the extent of the postbiotics from L. paracasei (PB). As

PB exerted the strongest effect on HLA class I upregulation,

we focused on this postbiotic and performed a titration of the

PB. We evaluated its kinetics and observed that the highest

dose (10 mg/mL) at 48 h induced a significant increase in HLA

class I expression, while the vehicle control did not influence

HLA class I expression (Figure S1A). We next screened the effect

of PB on additional breast cancer cell lines (Figure 1C), as well as

melanoma immortalized (Figure 1D) and primary (Figure 1E)

cells. In addition, treatment of murine melanoma (B16F10),

breast cancer (4T1), and colorectal cancer (CT26) cell lines

with PB upregulated surface MHC class I antigen expression

(Figure 1F). Interestingly, the HCC1954 breast cancer cell line

was more sensitive to the lower dose of PB; therefore, we per-

formed an extended dose titration and found that the peak sensi-

tivity of this cell line was at 2.5 mg/mL (Figure S1B). Overall, the

highest dose of postbiotic treatment upregulated HLA class I

expression in 10 of 14 cell lines tested (�70%).

We additionally sought to understand if PB could upregulate

HLA class I expression also on immune cells, such as CD8+

T cells and antigen-presenting cells (CD14+ monocytes and

monocyte-derived dendritic cells [moDC]). As shown in Fig-

ure S1C, PB has little to no effect on HLA class I expression on

T cells andmonocytes and slightly reduces the very high expres-

sion of HLA class I on moDC.

Postbiotic-treated cancer cells enhance TA-specific

CD8+ T cell responses

To test if postbiotic-induced HLA class I expression translated to

increased TA-specific T cell activation, we selected two primary

melanoma cell lines, one of which expresses the MART-1 anti-

gen (HsMel13) while the other does not (HsMel12), and pre-

treated them with postbiotics for 48 h. After pre-treatment, mel-

anoma cells were stained for HLA class I surface expression and

tested for their ability to induce effector responses by a poly-

clonal MART-1-specific CTL (generated as described in the

STAR methods). Both cell lines significantly upregulated the

expression of HLA class I molecules (Figure 1G) and, as ex-

pected, the melanoma primary cells that do not express the

MART-1 antigen (HsMel12) did not stimulate a CTL response

regardless of postbiotic treatment. The HLA-A2+ melanoma pri-

mary cell line that expresses MART-1 (HsMel13) elicited a mod-

erate response from the MART-1-specific CTL, which was

(C) breast, D) melanoma immortalized, E) primary melanoma cells, and F) murine melanoma, colorectal cancer (CRC), and breast cancer (BC) cell lines were

treated with 5 mg/mL (stripped bars), 10 mg/mL (filled bars) postbiotics, or vehicle control (empty bars). After 48 h, geomean HLA class I (A-E), H-2kb and H-2kd

(F) surface expression was measured by flow cytometry.

(G) Human primary melanoma cells were pre-treated for 48 h with postbiotics or vehicle control, geomean HLA-ABC measured by flow cytometry.

(H) Pre-treated melanoma cells from (G) were co-cultured for 5 h with MART-1-specific CTL with or without the pan-HLA class I blocker W6/32, percent

CD8+CD107a+ cells measured by flow cytometry.

(I) 624.38 melanoma cell line was pretreated for 48 h with vehicle or postbiotics prior to plating in a Delfia cytotoxicity assay with MART-1-specific CTL.

(J) Thp1 cell line was pretreated with postbiotics or vehicle control for 48 h prior to measuring HLA-A*02 expression by flow cytometry.

(K) Pre-treated Thp1 cells from (J) were co-cultured for 5 h with MART-1-specific CTL in the presence of MART-1 peptide, percent CD8+CD107a+ cells measured

by flow cytometry. Experiments repeated in triplicate, representative experiment shown.

Data represented as mean ± SEM. Statistical analysis: (A and B) one-way ANOVA; (C–H and K) two-way ANOVA; (I and J) t test; *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001, p values refer to comparison with vehicle (veh). Also see Figures S1 and S2.
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Figure 2. Postbiotic treatment combined with anti-PD1 in vivo controls tumor growth and prolongs survival

(A–F) 4T1 TNBCmodel. (A) Experimental scheme. (B) Tumor volume. (C and D) Tumors were processed into a single cell suspension and stained with anti-CD45,

anti-CD3, anti-CD4, anti-CD8, and H-2kd, geomean and percentages were measured by flow cytometry. (E) 23 105 splenocytes were co-cultured 1:1 with 4T1

(legend continued on next page)
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significantly increased after postbiotic treatment, as measured

by percent CD8+CD107a+ (Figure 1H). Addition of a pan-HLA

class I blocker (anti-W6/32) abrogated the activation of MART-

1-specific CTL (Figure 1H), indicating that the increased T cell

response is HLA dependent. While the measurement of degran-

ulation by CD107a is a common technique to assess T cell acti-

vation, we additionally saw that postbiotic treatment of the

624.38 melanoma cell line leads to increased lysis by MART-1-

specific CTL (Figure 1I) by utilizing a standard cytotoxicity assay

(see Methods-Delfia).

To directly validate that the upregulation of HLA class I expres-

sion is themain contributor to increased TA-specific T cell recog-

nition, we utilized the Thp1 cell line (which is monocytic in origin)

and immunogenic MART-1 peptide (ELAGIGILTV) model.37 To

do so, the MART-1 peptide was added exogenously to Thp1

cells that were pre-treated with either the vehicle or postbiotics

and tested for their ability to increase recognition by MART-1-

specific polyclonal CTL. The exogenously added MART-1 pep-

tide binds to the Thp1’s HLA class I molecules; therefore, post-

biotic-induced upregulation of surface HLA class I expression

will lead to increased presentation of the peptide resulting in a

higher number of activatedMART-1-specific CTLs. As expected,

postbiotic treatment upregulated HLA-A2 surface expression on

the Thp1 cells (Figure 1J), which subsequently boosted recogni-

tion by antigen-specific CTL (Figure 1K, +MART-1 peptide).

Importantly, postbiotic-treated Thp1 cells did not induce non-

specific background activation of the CTL (Figure 1K, no pep-

tide), indicating that the HLA + peptide complex was required

for T cell activation. Collectively, these data show that upregula-

tion of cancer cell HLA class I surface expression is amechanism

by which postbiotics can increase cancer cell recognition by TA-

specific CTL.

To assess the duration of the postbiotic-induced upregula-

tion of HLA expression, we incubated the Thp1 monocytic tu-

mor cell line with postbiotics for 48 h prior to washing out

and continuing the culture in postbiotic-free medium (Fig-

ure S2A). Figure S2B shows that Thp1 HLA class I expression

remains elevated for five days after removing the postbiotics,

before starting to decline between days 5 and 7. These results

highlight the long-lasting but transient nature of the HLA class I

upregulation.

Postbiotics affect tumor growth and upregulate tumor

MHC class I antigen expression when combined with

immunotherapy treatments in vivo

Published studies have highlighted a link between cancer cell

immune evasion after treatment with ICIs and HLA class I down-

regulation and/or loss.38 As the aforementioned data show post-

biotics’ ability to upregulate HLA class I expression and subse-

quently increase TA-specific T cell responses in vitro, we

sought to understand if this could be recapitulated in an in vivo

system. To evaluate if postbiotics can increase TA-specific im-

mune responses when combined with ICIs, female BALB/c

mice were orthotopically grafted with 4T1 murine TNBC cells

and treated with anti-PD-1 monoclonal antibody (mAb) com-

bined with either postbiotics or the vehicle control (Figure 2A).

As shown in Figure 2B, postbiotic treatment (in association

with anti-PD-1) significantly reduced primary 4T1 tumor growth

compared to the group treated with the vehicle control. Tumors

harvested from mice treated with postbiotics had increased

CD8+ T cell trafficking (Figure 2C) and upregulated surface

MHC class I antigen expression (Figure 2D) compared to tumors

isolated frommice treated with the vehicle control, which resem-

bles the in vitro findings. To assess if postbiotic treatment

induced TA-specific T cell responses, splenocytes were isolated

from postbiotic- and vehicle-treated mice and re-challenged

in vitrowith 4T1 cancer cells. As shown in Figure 2E,mice treated

with postbiotics had an increased percentage of TA-specific

CD8+ splenocytes (shown as CD8+41BB+), an effect which could

be due to in vivo postbiotic-induced upregulation of MHC class I

expression. Furthermore, postbiotics combined with anti-PD-1

mAb prolonged mouse survival (Figure 2F) compared to the

vehicle control cohort. To assess a more translation route, we

also treated 4T1-bearing mice with postbiotics administered

via oral gavage instead of by intraperitoneal (i.p.) injection.

Following the same experimental scheme as in Figure 2A, post-

biotic treatment by oral gavage resulted in controlled tumor

growth (Figure S3A), recapitulating the aforementioned results.

While there was a trend of increase of CD8+ T cell infiltrate in

the tumor, CD8+ T cells displayed a more activated phenotype

and tumor cells upregulated MHC class I expression in postbi-

otic-treated mice (Figure S3B).

We then evaluated whether the synergistic effect of postbiot-

ics and anti-PD-1 treatment was recapitulated in another tumor

model system, i.e., the CT26 murine model of CRC (Figure 2G).

Similarly to the 4T1 model, postbiotic treatment combined with

anti-PD-1 significantly attenuated tumor growth (Figure 2H)

compared to the vehicle control. Additionally, we observed

that the combined treatment was even more effective in the

CT26 model than in the 4T1, as tumors regressed in 5 of 8

mice, 2 of which resulted in a complete tumor regression. The

flow cytometric analysis of tumors processed at the end of the

experiment showed a slight increase in CD8+ T cells in the tumor

microenvironment, with a significant increase in AH1-dextramer+

CD8+ T cells (Figure 2I). As AH1 is a known antigen of the CT26

model,39,40 this indicates that postbiotic treatment is enriching

for tumor-specific T cells at the tumor site. Moreover, postbiotic

treatment upregulated MHC class I expression on the tumor

cells, recapitulating what we have seen both in vitro and in vivo

thus far.

Taken together, these results suggest that a postbiotic treat-

ment given systemically, either by oral gavage or i.p., can control

tumor growth, upregulate tumor surface MHC class I antigen

expression, increase the number of tumor-specific CD8+

cells ex vivo and T cell activation (percent CD8+41BB+) was measured by flow cytometry. (F) Kaplan-Meier of murine survival. Experiment repeated three times,

representative experiment shown. Data represented as mean ± SEM.

(G–I) CT26 CRCmodel. (G) Experimental scheme. (H) Tumor growth curve for all mice combined (left panel) and single mice in vehicle and postbiotic (PB) treated

groups (right panel). (I) Flow cytometric analysis of tumor cell suspension at the end of experiment (day 19).

Experiment repeated twice, representative experiment shown. Statistical analysis: (B, E, and H) two-way ANOVA; (C, D, and I) t test; *p < 0.05, **, p < 0.01,

***p < 0.001, ****p < 0.0001. Also see Figure S3.
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T cells (both in the tumor microenvironment as well as the

spleen), and prolong mouse survival, highlighting their potential

use as a combination therapy with ICIs.

In addition to treatment with ICIs, immunotherapy with adop-

tive cell transfer (ACT) of TA-specific T cells is being increasingly

used as a treatment option for patients with melanoma.41,42 HLA

class I expression on cancer cells is fundamental for the efficacy

of ACT, therefore, we sought to understand if postbiotics could

help control tumor growth also in this system. To do so, NOD

scid gamma (NSG) mice were subcutaneously injected with

624.38 human melanoma cells prior to treatment with postbiot-

ics or the vehicle control (Figure 3A). Once tumorswere palpable,

mice were infused with MART-1-specific polyclonal CTL (as

used in Figure 1). Superior control of tumor growth was seen

when mice were pre-treated with postbiotics compared to the

group receiving the vehicle control (Figure 3B), and tumors

weighed significantly less at the end of the experiment (Fig-

ure 3C). Importantly, tumor growth was similar between all treat-

ment conditions prior to ACT, indicating that postbiotics do not

act directly on tumor growth. Similar to the results seen in vitro

and in the 4T1 TNBCmodel in vivo, postbiotic treatment upregu-

lated HLA class I expression on the tumor cells when compared

to the vehicle control group (Figure 3D). While there was also a

trend toward increased CD8+ T cells in the tumor microenviron-

ment, this was not statistically significant (Figure 3D); however,

there was a significant correlation between the percentage of

infiltrating CD8+ T cells and cancer cell HLA class I expression

(Figure 3E).

Innate inflammatory pathways drive postbiotic-

mediated upregulation of HLA class I expression in

cancer cells

Since HLA class I expression is an essential function, its modu-

lation could be due to multiple mechanisms. To investigate the

mechanism by which postbiotics can upregulate HLA class I

expression, we first evaluated gene modulation by RNA

sequencing of the SK-BR-3 breast cancer cell line after treat-

ment with postbiotics or the vehicle control. As shown in Fig-

ure S4A, the sequencing results confirmed the upregulation of

the entire locus of HLA class I molecules (A, B, and C) and the an-

tigen-processing machinery (APM) (proteasome subunits and

transporter associated with antigen-processing [TAP] mole-

cules) at the RNA level. We also observed an upregulation of

NLRC5, which is known as MHC class I transactivator (CITA)

and subsequently critical for baseline and IFNg-induced expres-

sion of HLA class I.43–45 To confirm that NLRC5 was induced by

postbiotic treatment, we incubated breast cancer cell lines with

postbiotics for 4 h and found a marked increase in NLRC5

expression by immunofluorescence (Figures 4A and S5A). To

confirm that NLRC5 was necessary for the postbiotic-mediated

HLA class I upregulation, we next incubated SK-BR-3 cells with

postbiotics or vehicle control in the presence of leptomycin B,

A B

C D E

Figure 3. Postbiotics combined with ACT of MART-1-specific T cells controls tumor growth

(A) Experimental scheme.

(B) Tumor measurements.

(C) Tumor weight at time of sacrifice.

(D) Tumors were processed into a single cell suspension and stained with anti-CD45, anti-CD3, anti-CD8, anti-CD39, and HLA-ABC, geomean and percentages

were measured by flow cytometry. Experiment repeated twice, representative experiment shown. Data represented as mean ± SEM. Statistical analysis: (B) two-

way ANOVA; (C and D) t test. *p < 0.05, ***p < 0.001, ****p < 0.0001.

(E) Correlation of HLA-ABC expression on tumor cells (CD8�CD44+) with % CD8+ cells in the tumor.
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A B

C

D E

F

G

Figure 4. Involvement of NLRC5 in postbiotic-mediated upregulation of HLA class I in the SK-BR-3 breast cancer cell line

(A) SK-BR-3 cells were treated with 10 mg/mL postbiotics or vehicle control prior to analysis of NLRC5 by immunofluorescence. Quantification of NLRC5 shown

to the right.

(legend continued on next page)
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which prevents the transfer of NLRC5 between the nucleus and

the cytoplasm via CRM1 and is commonly used to study NLRC5

function.43 The addition of leptomycin B completely abrogated

postbiotics’ effect (Figure 4B and S5B), indicating that NLRC5

might play a key role in the postbiotic-induced upregulation of

HLA class I expression. Since leptomycin B is not specific to

NLRC5, we silenced NLRC5 in the SK-BR-3 cell line, which re-

sulted in a >�50% knock down of NLRC5 expression at the

mRNA level (Figure S5C). While not a complete knock out of

basal RNA expression, the inhibition of further NLRC5 expres-

sion abrogated the postbiotics effect on both NLRC5 protein

expression (Figure 4C) and HLA class I upregulation (Figure 4D).

Analysis of the differentially expressed genes in the SK-BR-3

cell line after postbiotic treatment suggested the association of

the JAK-STAT pathway at the RNA level (Figure S4B). As the

JAK-STAT pathway is heavily involved in the modulation of HLA

class I46 and has been implicated in the regulation of NLRC5,44

we sought to understand if the upregulation of HLA class I was

mediated by this pathway. However, when the SK-BR-3 cell line

was treated with postbiotics in vitro, we did not detect increased

phosphorylation of STAT1 (Figure 4E), which is fundamental for

JAK-STAT involvement in HLA class I expression.47

After excluding JAK-STAT as one potential mechanism of ac-

tion, we took a closer look at the differentially expressed genes

using gene set enrichment analysis (GSEA) software.48,49 This

analysis highlighted the involvement of innate inflammatory

pathways, including toll-like receptor (TLR) signaling cascade

and NF-kB (Figure S4C). As NF-kB was the top modulated

pathway, and NLRC5 has been implicated in the negative-feed-

back loop regulating NF-kB activation,50we first investigated the

involvement of NF-kB. We observed that the p65 isoform is

phosphorylated (Figure 4F) and translocates to the nucleus

(Figures 4G and S5D) after in vitro treatment with postbiotics.

To better understand the pathway that regulates postbiotic-

induced upregulation of HLA class I, we next inhibited NF-kB

function using theNF-kBactivation inhibitor IV, which acts by pre-

venting thedissociationofNF-kB from IkB.51BlockingNF-kBacti-

vation completely abrogated the postbiotic-mediated upregula-

tion of HLA class I (Figure 5A) and NLRC5 (Figure 5C), validating

NF-kBas a fundamental part of this system.Next, we investigated

the role of MYD88 as it is a known upstream mediator of NF-

kB52–54 and its activation was also identified by our pathway anal-

ysis (FigureS4).Toelucidate the roleofMYD88,we treated theSK-

BR-3 breast cancer cell line with postbiotics or the vehicle control

in the presence of the ST2825 MYD88-activation inhibitor, which

led to a significant reduction in HLA class I (Figure 5B) and

NLRC5 (Figure 5C) upregulation in the SK-BR-3 cell line. This ef-

fect was recapitulated in the 4T1 TNBC cell line, both at the

MHC class I (Figure 5D) and NLRC5 (Figure 5E) level.

Postbiotic-induced upregulation of HLA class I is not

dependent on possible contaminating LTA

L. paracasei is a gram-positive bacterium and contains in its

cell wall lipoteichoic acid (LTA) that is sensed by TLR2, which

is upstream of MYD88. We showed a role for MYD88 in control-

ling HLA class I upregulation, thus we wanted to exclude

that postbiotic activity was simply the result of the presence

of LTA. Therefore, we measured the amount of LTA in the

postbiotic and found that 1 mL of postbiotic (when diluted at

10 mg/mL, the concentration used for the experiments) con-

tains approximately 5 pg LTA (Figure 6A). Next, we directly as-

sessed the effect of LTA on two different cell lines and saw that

there was no effect on HLA class I expression, even when using

a 5-fold higher concentration of LTA (Figure 6B), suggesting

that the observed effect was not mediated by LTA. Consis-

tently, we observed that blocking TLR2, which significantly

controlled HLA class I upregulation (Figure 6C) only moderately

affected postbiotic activity. These results show that postbiotics

work at least partially through TLR2 in an LTA-indepen-

dent way.

Postbiotic-induced upregulation of HLA class I is

mediated by metabolites of organic origin

(phytosphingosine)

Postbiotics are comprised of all substances released by bacte-

ria during the fermentation process; therefore, we sought to

distinguish which molecule(s) could exert an effect on HLA

class I expression. Given the partial involvement of TLR2 and

in the attempt to identify the nature of the metabolite involved

in HLA class I upregulation, we first separated the aqueous

from the organic phase of postbiotics. When tested in vitro,

we saw that the organic surfactant fraction alone could recapit-

ulate the HLA class I upregulation observed when using the

whole postbiotic (Figure 6D), suggesting a lipophilic nature of

the active compound. After performing a metabolomic analysis

of the postbiotic mixture, we saw that phytosphingosine was

the only phospholipid among the top 10 more abundant metab-

olites in the whole postbiotic (Table S1). Therefore, we

compared phytosphingosine alone to the whole postbiotic

in vitro and saw that it could upregulate HLA class I expression

(Figure 6E), and it also induced NF-kB activation (Figure 6F).

Similarly, in murine cancer cell lines, we found an increase in

MHC class I expression (Figures 6G and S6A), which was abro-

gated in the presence of NF-kB and MYD88 inhibitors but not

TLR2 and TLR4 inhibitors (Figure 6H), as well as an upregula-

tion in NLRC5 expression upon phytosphingosine treatment

(Figure 6I). As phytosphingosine seemed to mimic the effect

of the whole postbiotic in vitro, we next assessed its effect

in vivo in combination with anti-PD-1 and saw that it could

(B) Cells were treated with 10 mg/mL postbiotics or vehicle control in the presence of 100 ng/mL Leptomycin B for 48 h prior to analysis of HLA-ABC by flow

cytometry.

(C and D)Wild-type (WT) or NLRC5-silenced (sh) SK-BR-3 cells were treated with 10mg/mL postbiotics (blue) or vehicle control (black) prior to analysis of NLRC5

by immunofluorescence after 4 h (C) and HLA class I expression after 48 h (D). Quantification shown on right.

(E and F) Kinetics of STAT1 (E) and NF-kB p65 (F) phosphorylation after vehicle (clear bars) or postbiotic treatment (blue bars) as measured by flow cytometry.

(G) Immunofluorescence analysis of NLRC5 (green) and NF-kB (red) after postbiotic treatment. Quantification of p65 intensity within nuclei (performed on entire

image and normalized on vehicle control) shown below.

Experiments repeated in triplicate, representative experiment shown. Data represented as mean ± SEM. Statistical analysis: (A) t test; (B–G) two-way ANOVA.

*p < 0.05, ***p < 0.001, ****p < 0.0001. Also see Figure S4 and S5.
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significantly control tumor growth in both the 4T1 (Figure 6J)

and CT26 (Figure S6B) models, similarly to the whole

postbiotic.

Taken together, these results show that postbiotic-mediated

upregulation of HLA class I expression on cancer cells is

driven by the increase of NLRC5 in response to upstream

A B

C

D E

Figure 5. Postbiotic-mediated pathway analysis

SK-BR-3 (A–C) and 4T1 (D and E) cell lines were treated with postbiotics or vehicle control in the presence of an NF-kB or MYD88 inhibitor for 48 h prior to

measuring HLA/MHC class I expression by flow cytometry (A, B, and D) and NLRC5 expression by immunofluorescence (C and E). All experiments repeated three

times, representative experiment shown. Statistical analysis by two-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(legend on next page)
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MYD88-NF-kB activation (Figure S7). This pathway is partially

mediated by TLR2 and is recapitulated by the phospholipid

phytosphingosine that is enriched in the postbiotic mix.

DISCUSSION

In this study, we show that postbiotics released by a strain of

L. paracasei can upregulate HLA class I expression on a breast

cancer cell line. These findings extended to multiple melanoma

and breast cancer cell lines, whereby postbioticsmediated upre-

gulation of HLA class I expression in 70% of cells tested. The up-

regulation of HLA class I in both primary and immortalized mela-

noma cells subsequently led to increasedMART-1-specific T cell

activation and cytotoxicity in vitro. This effect was then recapit-

ulated in vivo as the ACT of MART-1-specific T cells combined

with postbiotic treatment upregulated HLA class I expression

and controlled growth of the 624.38 melanoma cell line. When

postbiotics were combined with anti-PD-1 ICI in in vivo murine

models of TNBC and CRC, postbiotic treatment significantly

improved tumor growth control, increased the percentage of tu-

mor-specific CD8+ T cells in the tumor microenvironment and in

the spleen, upregulated MHC class I expression, and prolonged

mouse survival.

We observed that, unlike the postbiotic derived from

L. paracasei, postbiotics released by B. longum or A. muciniphila

did not upregulate HLA class I expression. This result was surpris-

ing, aswe had chosenB. longum andA.muciniphila because they

had been previously described as enriched in patients responding

to anti-PD-1 therapy.7,8However, a recent publication shows that

A.muciniphilaby itselfdoesnot in factaid in response toanti-PD-1.

The authors postulate that the abundance of A. muchiniphila acts

as a marker of healthy gut microbiota, and patients with a normal

distribution of gut bacteria are those that respond well to

immunotherapy.55,56

A healthy microbiota is often associated with a higher abun-

dance of Lactobacilli.57 As the L. paracasei genome is not

included in commonly used databases for metagenomic ana-

lyses,36we are not surprised that it was not pointed out as corre-

lating with ICI efficacy. By contrast, in a recent publication, Lee

et al. found a correlation of ICI response (progression-free sur-

vival, PFS) with another Lactobacillus, (L. vaginalis), found in

7/7 cohorts of melanoma patients.36 However, a manuscript

published by McCulloch et al. in the same issue showed that

L. vaginalis is associated with decreased PFS in one of the co-

horts analyzed and was not conclusive on L. paracasei.58

Because of this, we sought to understand if postbiotics derived

from L. vaginalis could influence HLA class I expression.

L. vaginalis also significantly increased HLA class I expression,

albeit not to the same extent as the postbiotics derived from

L. paracasei. Taken together, these data highlight that this field

is still in its infancy and there are multiple variables that need

to be taken into consideration, including themetabolomic output

of the microbiota.59 In addition, it has also been shown that fecal

microbiota transplantation from healthy individuals confers

sensitivity to anti-PD1 treatment in MC38 (intestinal tumor)-

bearing mice.60 They correlated the response with Lactobacillus

genera and isolated a novel Lacticaseibacillus strain, named

L. paracasei sh2020, which when administered to mice,

conferred sensitivity to anti-PD1 without a major impact on the

gut microbiota. The response was dependent on the recruitment

of CD8+ T cells within the tumor, but they did not underpin the

mechanism of action nor MHC class I expression. We now fill

this gap by showing that Lactobacilli upregulate HLA class I mol-

ecules on tumor cells rendering themmore visible to the immune

system.

To our knowledge, this is the first study that analyzed the ef-

fect of the microbiota and its derived metabolites in improving

cancer immunotherapy through the upregulation of HLA class I

expression on tumor cells. HLA downregulation by cancer

cells has been extensively described in multiple cancer

types, including TNBC and CRC, starting as early as the

1980s,25,61–63 yet there is still no clear answer for how to over-

come this obstacle.64 The results we obtained in the in vivo

models of TNBC and CRC (4T1 and CT26, respectively) sug-

gest a novel combination treatment to augment response rates,

which could have a significant impact on patients who do not

respond to immunotherapy treatment due to the downregula-

tion of HLA class I expression. In fact, in TNBC, chemotherapy

combined with pembrolizumab (anti-PD-1) has shown prom-

ising results, with a 3-fold increase in survival (20%–60%) in

locally advanced cases65; however, in metastatic TNBC, the

pathological complete response increased modestly from

51.2% to 64.8%.66 While these results are encouraging, the

PFS for metastatic patients is still low. In CRC patients, treat-

ment with ICIs has been largely ineffective. Patients with

mismatch repair proficient (pMMR) tumors represent approxi-

mately 85% of all CRC patients; unfortunately, this tumor is

characterized by low immunogenicity and is almost completely

resistant to immunotherapy regimens, such as anti-PD-1.67 Our

results suggest that discovering treatments that increase HLA

class I expression could improve anti-cancer immune re-

sponses by enabling CD8+ tumor-specific T cells to recognize

and eliminate malignant cells. Postbiotics have the potential

to boost the efficacy and overall success of immunotherapies

Figure 6. Postbiotic characterization

(A) Concentration of LTA in postbiotic as measured by LTA-specific competitive ELISA.

(B) SK-BR-3 and Thp1 cancer cell lines were incubated with 5–125 pg/mL LTA and 10 mg/mL vehicle or postbiotics for 48 h prior to measuring HLA class I

expression. (C) SK-BR-3 cells were treated with 10 mg/mL postbiotics or vehicle control in the presence of 50 mg/mL of the TLR2 inhibitor C29. GeoMean HLA

class I expression measured by flow cytometry. Thp1 cells were incubated for 48 h with postbiotics and either (D) aqueous or organic surfactants or

(E) phytosphingosine prior to measuring HLA class I expression by flow cytometry.

(F) Thp1-Blue NF-kB cells were incubated for 4 h with 4 mg/mL postbiotics and 4 mg/mL phytosphingosine (phyto) prior to assessing NF-kB activation using

QUANTI-Blue detection reagent read on a spectrophotometer. 4T1 cells were incubated with 2 mg/mL phytosphingosine for (G andH) 48 h tomeasureMHC class

I expression with or without TLR2, TLR4, NF-kB, or MYD88 inhibitors, and (I) 4 h to measure NLRC5 expression by immunofluorescence (quantification on right).

(J) In vivo tumor growth of 4T1 TNBC model following the experimental design utilized in Figure 2. Mice were randomized on day 8 and treated with 200 mg anti-

PD-1 combinedwith either 250 mg of postbiotics or their vehicle control, or 5 mg phytosphingosine or its vehicle control (DMSO). Statistical analysis: (C, G, H, and I)

one-way ANOVA; F) t test; (J) two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Also see Figures S6 and S7.
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when used in combination. In addition, we found that the

metabolite phytosphingosine had a similar NF-kB and

MYD88-dependent effect on HLA class I expression in vitro

and tumor growth in vivo. While phytosphingosine has

been well studied in the cosmetic industry, there was no report

on its ability to upregulate HLA class I expression on tu-

mor cells.

One of the major regulators of HLA class I expression is

NLRC5, as it acts as a transactivator of the HLA class I pro-

moter through the formation of the NLRC5 enhanceosome.43

While the effect of NLRC5 on HLA class I expression has

been extensively researched,44,68 the upstream mediators

have mainly been focused on the IFNg pathway. To date, pub-

lished research has identified a potential role for NLRC5 in the

inhibition of NF-kB; by contrast, we connect NF-kB activation

with both the increase in NLRC5 and its downstream effect

on HLA class I upregulation. IFNg is known to induce strong in-

creases in HLA expression through activation of the JAK-STAT

pathway and has been used in clinical trials as an immuno-

therapy adjuvant. However, besides the toxicity often associ-

ated to this cytokine, mutations in the IFNg pathway are

commonly seen in patients who relapse or are refractory to

ICI therapy,69 limiting the use of IFNg in these patients. We

show that postbiotics upregulate HLA class I expression

through MYD88-NF-kB instead of the JAK-STAT pathway, sug-

gesting that they could be used in patients whose tumors are

resistant to IFNg. Better therapies are sorely needed for pa-

tients with cancer, and as postbiotics have already been deter-

mined as safe for use in humans, and differently from IFNg are

not toxic, they can be quickly translated into the clinic in com-

bination with currently available immunotherapies.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

All questions regarding reagents and resources cited in this work should be directed to Maria Rescigno (maria.rescigno@hunimed.

eu), who will respond to all specific requests for information.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-human HLA-ABC BioLegend Cat#: 311430; RRID: AB_2561617)

anti-human HLA-A2 BioLegend Cat#: 343306; RRID: AB_1877227

anti-mouse H-2Kd/Dd BioLegend Cat#: 114706; RRID: AB_313605

Live/Dead Fixable Viability Stain BV510 BD Bioscience Cat#: 564406; RRID: AB_2869572

IL-4 Peprotech Cat#: AF-200-04

GM-CSF Peprotech Cat#: AF-300-03

IL-2 Proleukin N/A

IL-15 Peprotech Cat#: AF-200-15

anti-human CD107a BioLegend Cat#: 328618; RRID: AB_11147955

Brefeldin A eBioscience Cat #: 00-4506-51

GolgiStopTM (containing monensin) BD Bioscience Cat#: 554724

NLRC5 Santa Cruz Biotechnology Cat#: sc-515668

NF-kBp65 Cell Signaling Technology Cat#: 8242

Donkey anti-mouse IgG AF647 Thermo Fisher Cat#: A21202

Donkey anti-rabbit IgG Thermo Fisher Cat#: A31572

Bacterial and virus strains

A. muciniphila DSMZ-German Collection of Microorganisms and

771 Cell Cultures GmbH

ATCC-BAA-835

L. paracasei CNCM I-5220 Redeposited by Istituto Europeo di Oncologia S.r.l.,

Via Filodrammatici 10, 20121, Milano, Italy, on

July 26, 2017 according 5 to Budapest Treaty

with CNCM

Chemicals, peptides, and recombinant proteins

MART-1 (ELAGIGILTV) J.P.T. SP-MHCI-0006

Deposited data

Metabolomic and RNAseq Data Zenodo 10.5281/zenodo.8304577

Experimental models: Cell lines

SK-BR-3 ATCC Cat#: HTB-30; RRID: CVCL_0033

HCC1954 ATCC Cat#: CRL-2338; RRID: CVCL_1259

HCC1569 ATCC Cat#: CRL-2330; RRID: CVCL_1255

4T1 ATCC Cat#: CRL-2539; RRID: CVCL_0125

CT26 ATCC Cat#: CRL-2638; RRID: CVCL_7256

B16-F10 ATCC Cat#: CRL-6475; RRID: CVCL_0159

Experimental models: Organisms/strains

BALB/c Charles River N/A

Oligonucleotides

NLRC5

F: GCCTGGAGGAGTTGATGCTT

R: CCAGGTTGTTTTCCGCCAAG

Sigma Aldrich N/A
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Materials availability

This study did not generate new unique reagents.

Data and code availability

Metabolomic data RNA-seq data have been deposited in Zenodo and DOI is listed in the key resources table. The access to the data

is restricted due to intellectual property issues, but they are freely available for non-commercial usage in academic research upon

request and a Data Transfer Agreement will be signed.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL DETAILS

Mice

6-8-week-old female BALB/cmice and 8-week-old female NSG (NOD skid gamma)mice were purchased fromCharlies River (Calco,

Italy). All animals were housed at the Humanitas Research Institute under specific pathogen free (SPF) conditions in humidity- and

temperature-controlled conditions with a 12h light/12h dark cycle. Experiments were approved by the Institutional Animal Care and

Use Committee (IACUC) and performed in accordance with Italian regulations (D.Lgs. 26/2014) and EU guidelines (2010/63/EU). An-

imals were monitored closely upon arrival and throughout experiments to minimize distress, discomfort, or pain.

Cell lines

All immortalized human and murine cell lines were purchased from American Type Culture Collection (ATCC) and were maintained in

Roswell ParkMemorial Institute (RPMI) 1640medium (Hyclone) supplementedwith 10%FBS, 2mMglutamine, 1% sodiumpyruvate,

1% non-essential ammino acids, and 1x penicillin-streptomycin solution (R-10 medium). Cell lines were routinely tested for myco-

plasma using the MycoAlert PLUS Mycoplasma Detection kit (Lonza, Cat #LT07-710).

METHOD DETAILS

Postbiotic production

Postbiotics derived from Akkermansia muciniphila (PBAM), Bifidobacterium longum (PBBL) and Lactobacillus paracasei (PB) were

produced by Postbiotica S.r.l. utilizing the innovative PBTech technology (described in patent WO 2019/149941). Briefly, as an

example, the postbiotic PBwas obtained starting from an inoculum of L. paracaseiCNCM I-5220whichwas grown at 37�C in fermen-

tationmedium. The collected bacterial biomass is then transferred in a defined fermentation solution containing scFOS, for additional

24 h. After separation from biomass, the recovered supernatant is heated at 90�C for 10 min (to remove any residual live bacteria),

then supplemented with maltodextrin and powered by spray drying. Maltodextrin is therefore used as the vehicle control in all PB

experiments.

Postbiotic treatment in vitro and MHC quantification

2–3 3 104 tumor cells were plated in 96 well flat bottom plates and treated for 24–48 h with 0.62–10 mg/mL (details for each exper-

iment described in the respective figure legends) postbiotics or vehicle control in R-10 medium. Samples were washed once with

PBS and stained with anti-HLA-ABC (1:200, clone W6/32, Biolegend), anti-HLA-A2 (1:200, Biolegend), or anti-H-2kd/Dd (1:200, Bio-

legend) depending on experiments and fixable Live/Dead Viability Dye BV510 (1:1000, BD Bioscience) for 15 min at 2�C – 8�C. Cells

were washed twice and resuspended in flow cytometry buffer (0.1% BSA and 2 mM EDTA in 1x PBS) prior to running on a

FACSCanto II.

Generation of MART-1-specific T cells

CD8+ (cytotoxic T lymphocytes, CTL) and CD14+ (monocytes) cells were isolated from HLA-A*02 healthy donor peripheral blood

mononuclear cells (PBMCs) using magnetic beads following manufacturer’s instructions (Miltenyi Biotec). CD14+ cells were differ-

entiated into monocyte-derived dendritic cells (moDC) using 800 U/mL IL-4 (Peprotech) and 1,000 U/mL granulocyte macrophage

colony stimulating factor (GM-CSF; Peprotech) for 5–6 days moDC were pulsed with 10 mM MART-1 peptide for 2 h, washed,

and plated with autologous CD8+ T cells (10:1 moDC:CD8 ratio) in a 24 well plate. After 10–12 days CTLwere restimulated with autol-

ogous monocytes pulsed with MART-1 peptide. CTL were fed every 2–3 days with either 50 U/mL IL-2 or 10 ng/mL IL-15, as

necessary.

Degranulation assay

CTL specific for the MART-1 antigen were incubated with vehicle- or PB-treated cancer cells for 5 h at 37�C in the presence of anti-

CD107a (1:200, BioLegend), brefeldin A 10 mg/mL (1:1000, eBioscience), and GolgiStop containing monensin (1:1000, BD Biosci-

ences) in 200 mL R-10 medium. After incubation, cells were washed once in PBS and stained with antibodies against CD3 and

CD8 (Biolegend) as well as Fixable Live/Dead Viability Dye BV510 (BD Bioscience). Cells were washed twice and resuspended in

flow cytometry buffer prior to running on a FACSCanto II.
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Delfia cytotoxicity assay

The 624.38 melanoma cell line was treated for 48 h with 10 mg/mL PB or vehicle control. After pre-treatment, cells were collected,

washed once and resuspended at a concentration of 106 cells/ml. Cells were stained with 3 mL of Delfia-BATDA (DELFIA,

PerkinElmer) reagent and incubated at 37�C for 30min. Following 5washeswith RPMI-1640, 53 103 cells were seeded in a v-bottom

plate and incubated with 5 3 104 MART-1-specific CTL for 90 min at 37�C. Fluorescence was quantified on a VICTOR microplate

reader and cytotoxicity calculated using the formula: percent cell lysis = 100 3 ([experimental release – spontaneous release]/

[maximal release – spontaneous release]).

Tumor growth and treatment in vivo

6–8-week-old female BALB/cmicewere orthotopically injectedwith 1.53 105murine 4T1 TNBCcells or subcutaneously with 53 105

CT26 CRC cells. Tumor measurements were taken every other day using a caliper and volume calculated using the formula: tumor

volume = (length x width2) O 2. Mice were treated with 250 mg postbiotics (PB) or vehicle control in combination with anti-PD-1

(200 mg; clone 29F.1A12, BioXCell) starting on day 3–7 (based on individual experiments, as described in the figure legends) and

continued every 2–3 days for a total of 4 injections. For survival experiments, mice were euthanized when tumor volume reached

1 cm3 or mice showed clinical signs of suffering. For adoptive cell transfer (ACT) experiments, 8-week-old female NSG mice were

subcutaneously injected with 13 106 human 624.38 melanoma cells. Mice were treated with 250 mg postbiotics (PB) or vehicle con-

trol every other day for a total of 3 injections. On day 10 after tumor inoculation, mice were retro-orbitally injected with 10 3 106

MART-1-specific CD8+ T cells (generated as described above). Tumor growth wasmonitored every other day and volume calculated

using the above formula.

Splenocyte activation assay

Spleens were harvested from 4T1-bearing mice 18 days after tumor inoculation and processed into a single cell suspension over a

70 mM filter. Red blood cells (RBC) were lysed with RBC lysis buffer (ammonium chloride) for 10 min, then washed twice in PBS. 23

105 splenocytes were plated 1:1 with 4T1 tumor cells in 96-well u-bottom plates (Falcon) for 24 h. After incubation, cells were washed

in PBS and stained with antibodies against CD45, CD3, CD8, 41BB (Biolegend), and Fixable Live/Dead Viability Dye BV510 (BD

Bioscience). Cytotoxic T lymphocyte (CTL) activation (percent CD8+41BB+) was measured on a FACSCanto II.

Immunofluorescence

2–33 105 tumor cells were plated on sterile slides in 24 well tissue culture plates. After adherence, cells were treated with 10 mg/mL

PB or vehicle control for 30 min to 6 h. After stimulation, samples were washed with PBS and fixed in 4% PFA for 10 min. Cells were

rehydrated and blocked with 0.1 M Tris-HCl pH 7.4, 2% FBS, and 0.3% Triton X-100. Staining was performed using mouse anti-

NLRC5 (1:100, Santa Cruz Biotechnology) with or without rabbit anti-NFkBp65 (1:500, Cell Signaling Technology) antibodies over-

night. Samples were then washed with 0.1 M Tris-HCl pH 7.4, 0.5% Tween 20, and stained with donkey anti-mouse-AF647-conju-

gate (Thermofisher, Monza, Italy) and donkey anti-rabbit AF555-conjugate (Thermofisher). Nuclei were counterstained with DAPI

(1:45,000, Thermofisher, 1306). Sections were mounted with Vectashield mounting medium and analyzed with a Leica TCS SP8II

Laser scanning confocal microscope 40X/1.30 oil immersion objective (Leica). All images were analyzed with Fiji (ImageJ) software

version 2.3.0.

LTA quantification

LTA quantification in postbiotic mix was performed using a competitive ELISA. To do so, 100 mg of PB were resuspended in 1 mL

sterile water and plated at a 1:1, 1:9, and 1:27 dilution on a pre-coated ELISA plate (MBS288308, MyBioSource). Assay was then

carried out following manufacturer’s instructions. The final quantity of LTA was 0.5 ng in 100 mg PB; therefore, we calculated that

1 mg PB contains 0.005 ng (or 5 pg) LTA.

Biosurfactant purification

Biosurfactants were purified following the protocol described by Chander et al.70 Briefly, HCl 6N was added to the postbiotics to

reach a pH of 2.0. After an overnight incubation at 4�C, the resulting precipitation was centrifuged at 10,000 rpm for 20 min at

4�C. Next, 10 mL of chloroform methanol (2:1 v/v) was added to precipitated pellet and incubated in a rotatory shaker at 30�C for

15 min with 250 RPM agitation. The material was then centrifuged at 10,000 rpm for 20 min while cooling. The final pellet was resus-

pended in PBS and evaporated by air drying prior to resuspending in DMSO.

Metabolomics analysis

Global metabolomics profiling was performed by Metabolon Inc. In brief, samples were prepared using an automated MicroLab

STAR system (Hamilton Co). Sample preparation was conducted using methanol extractions to remove the protein fraction while

allowing maximum recovery of chemically diverse metabolites. The resulting extract was divided into five fractions: two for analysis

by two separate reverse phase (RP)/UPLC-MS/MS methods with positive ion mode electrospray ionization (ESI), one for analysis by

RP/UPLC-MS/MSwith negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and one sample

was reserved for backup. Samples were placed briefly on a TurboVap (Zymark) to remove the organic solvent. All methods utilized a

Waters ACQUITY ultra-performance liquid chromatography (UPLC) and a Thermo Scientific Q-Exactive high resolution/accurate
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mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000

mass resolution. The sample extract was dried then reconstituted in solvents compatible to each of the four methods. Each recon-

stitution solvent contained a series of standards at fixed concentrations to ensure injection and chromatographic consistency. Raw

data were extracted, peak-identified and QC processed using Metabolon’s hardware and software. Compounds were identified by

comparison to library entries of purified standards or recurrent unknown entities that contains the retention time/index (RI), mass to

charge ratio (m/z), and chromatographic data (including MS/MS spectral data) for all molecules present in the library. For each

metabolite, the raw values in the experimental samples were divided by themedian of those samples in each instrument batch, giving

each batch and thus the metabolite a median of one. Batch-normalized data, simply reflecting the median-scaled raw data, were

divided by the value of the normalizer. Then, each metabolite has been normalized to osmolarity and was rescaled to have median

¼ 1 (divide the new values by the overall median for each metabolite). Data were expressed as a scaled intensity value. Welch’s

2-sample t-test is used to test whether 2 unknown means are different from 2 independent populations.

RNA QC, library pre�ıparation and sequencing

RNA quality control was performed with the Agilent 4200 Tape Station system using the High Sensitivity RNA ScreenTape analysis kit

(Agilent, Santa Clara, CA, USA), only RNAs having a RIN>8 were used for library preparation. Libraries for mRNA sequencing were

prepared using the SMART-Seq v4Ultra Low Input RNAPlus Kit (Clontech-Takara). The full-length cDNA synthetized with this kit was

processed with the Nextera XT DNA Library Preparation Kits (Illumina, San Diego, CA, USA). Final libraries were checked using the

Agilent TapeStation 4200 using the High Sensitivity DNA ScreenTape analysis kit. All samples were sequenced on an Illumina

NextSeq 550 producing on average 33.33 ± 3.89 M 76-bp single-end reads per sample.

RNA-seq data analysis

Quality control of raw data was performed with fastqc v0.11.8. Quality filtering was performed with trimmomatic v0.39 setting the

following parameters: ILLUMINACLIP:Adapter_Nextera_custom.fa:2:30:7 MINLEN:50 AVGQUAL:25. High-quality reads were

aligned to the human reference genome (GRCh38 primary assembly genome) using STAR (v2.6.1a). Reads were assigned to genes

with featureCounts (v1.6.4) using the Homo_sapiens.GRCh38.100.gtf gene transfer file (GTF) as a reference annotation file for

genomic feature boundaries. Processing of raw counts and exploratory data analysis were performed using DESeq2 (v1.28.1) R

package. Changes in expression levels were evaluated calculating the log2 of the ratio of the normalized counts in the two conditions

in analysis. Gene Set Enrichment Analysis (GSEA) was performed to investigate the biological processes changing according to treat-

ment. The files used as input for pre-ranked GSEA analysis were the list of genes of the experiment ranked by log2FoldChange and

the reference file c5.all.v7.1.symbols.gmt.
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