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In recent years, restoring anti-tumor immunity has garnered a 
growing interest in cancer treatment. As potential therapeutics, 
immune checkpoint inhibitors have demonstrated benefits in 
many clinical studies. Although various methods have been 
applied to suppress immune checkpoints to boost anti-tumor 
immunity, including the use of immune checkpoint inhibitors, 
there are still unmet clinical needs to improve the response rate 
of cancer treatment. Here, we show that acetate can suppress 
the expression of poliovirus receptor (PVR/CD155), a ligand 
for immune checkpoint, in colon cancer cells. We demonstrated 
that acetate treatment could enhance effector responses of CD8+ 
T cells by decreasing the expression of PVR/CD155 in cancer 
cells. We also found that acetate could reduce the expression 
of PVR/CD155 by deactivating the PI3K/AKT pathway. These 
results demonstrate that acetate-mediated expression of PVR/ 
CD155 in cancer cells might potentiate the anti-tumor immunity 
in the microenvironment of cancer. Our findings indicate that 
maintaining particular acetate concentrations could be a com-
plementary strategy in current cancer treatment. [BMB Reports 
2021; 54(8): 431-436]

INTRODUCTION

Colorectal cancer is one of the most highly ranked cancers 
causing death in the U. S. (1). With the boom of anti-PD-1 
blockade antibody treatment for various cancers, pembroli-
zumab, an anti-PD-1 antibody, has been applied to a small 
proportion of colorectal cancer patients with microsatellite 
instability-high tumors (2). Although the approach of anti-PD-1 

antibody therapy can improve the median overall survival of 
colorectal cancer patients with mismatch-repair deficiency, it 
cannot improve the overall survival of mismatch-repair profi-
cient patients (3). Many other immune checkpoint inhibitors 
have been developed to broaden clinical benefits of immuno-
therapy. However, new immune-modulating strategies offering 
enhanced therapeutic outcomes are still needed. 

Short-chain fatty acids (SCFA) as microbial metabolites are 
involved in normal gastrointestinal functions, including immune 
regulation and host metabolism. SCFA are fatty acids containing 
fewer than six carbons produced during the digestion of indi-
gestible fiber by gut microbiota (4). As the most abundant SCFAs, 
acetate accounts for about 50% of SCFAs in the colon. Main-
taining acetate concentration is crucial for normal colon home-
ostasis (4). The concentration of acetate in feces from a healthy 
adult is 30-50 mM (5). Altered acetate concentration has been 
shown in various diseases. A high concentration of acetate can 
induce apoptosis of colorectal cancers (6). Reduced concen-
tration of acetate has been found in fecal samples of colorectal 
cancer patients (7). Although a negative correlation between colo-
rectal cancers and acetate concentration has been found, de-
tailed molecular mechanisms associated with an immunological 
function of acetate remain unclear. 

As a member of the nectin-like molecule family, CD155 
functions as a receptor of poliovirus. A poliovirus receptor (PVR)/ 
CD155 is a Type 1 transmembrane glycoprotein in the immuno-
globulin superfamily. It has been shown that PVR/CD155 is 
frequently overexpressed in human malignant cancers. Over-
expressed PVR/CD155 promotes cancer cell survival and mig-
ration (8). The function of PVR/CD155 has also been studied 
in cancer immune evasion. As a ligand for T-cell immunoreceptor 
with Ig and ITIM domains (TIGIT), PVR/CD155 expressed on 
either DC or cancer cells can bind to TIGIT and suppress T cell 
activation. Due to its immune escape function, PVR/CD155 
recently has gained great interest as a therapeutic target for 
cancer immunotherapy.

Here, we identify acetate as a potent anti-cancer immuno-
modulatory molecule that can suppress the expression of 
PVR/CD155, a ligand for TIGIT, in colorectal cancer cells. We 
demonstrate that acetate treatment can enhance effector re-
sponses of CD8+ T cells via reduced expression of PVR/CD155 
in cancer cells. Our study reveals that acetate can reduce the 
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Fig. 1. Cell viability upon stimulation with SCFAs at varying con-
centrations. Viabilities of HCT116, HT-29 and SW-480 cancer 
cells upon treatment with acetate (25, 50, and 100 mM), butyrate 
(10, 20, and 40 mM), or propionate (10, 20, and 40 mM) were 
measured by CCK8 assay (A). AnnexinV and 7AAD in HCT116 
cells were analyzed after treatment with varying concentrations of 
acetate, butyrate, and propionate by flow cytometry (B). P-value 
was calculated by a t-test. **P ＜ 0.01; ***P ＜ 0.001.

expression of PVR/CD155 via PI3K/AKT deactivation. Our results 
demonstrate that acetate can regulate the expression of PVR/ 
CD155 through PI3K/AKT pathway in cancer cells, thereby 
enhancing effector responses of CD8+ T cells. These results sug-
gest that targeting strategies considering acetate concentration 
could provide benefits to the treatment of solid tumors, in-
cluding colon cancers.

RESULTS

Inhibition of colorectal cancer cell proliferation by 
short-chain fatty acids 
Short-chain fatty acids are known to be cytotoxic to cancers 
(6). However, the function of short-chain fatty acids in anti- 
cancer immunity is poorly understood. Physiological concentra-
tions of short-chain fatty acids in human large intestine range 
from 43.5 to 63.4 mmol/kg for acetate, from 14.2 to 26.7 
mmol/kg for propionate, and from 14.7 to 24.4 mmol/kg for 
butyrate (4). Among acetate, propionate, and butyrate, acetate 
has the highest concentration in the colon, followed by pro-
pionate and butyrate (9). To explore the function of short-chain 
fatty acids in cancer progression, we first checked cell viability 
after treatment with each short-chain fatty acid at varying 
concentrations (low, medium, and high physiological levels 
ranging from 10 mM to 100 mM). Consistent with the previous 
research (6), viabilities of colorectal cancer cells HCT116, 
HT-29, and SW-480 were decreased upon SCFA treatment in a 
dose-dependent manner (Fig. 1A). Although the physiological 
concentration of acetate might inhibit colorectal cancers evi-
denced by the data shown in Fig. 1A, the function of acetate as 
a therapeutic target needs to be further investigated. Among 
the three cancer cell lines, SW-480 showed the most decrease 
in cell viability upon treatment with acetate or propionate and 
HT-29 showed the highest reduction of cell viability upon 
treatment with butyrate. Additionally, apoptosis of HCT116 
cells was enhanced upon treatment with short-chain fatty acids 
in a dose-dependent manner (Fig. 1B). Among SCFAs, acetate 
was the least cytotoxic one at a low concentration of 25 mM, 
with cell viability of 85% for HCT116 cells. Taken together, 
these results indicate that acetate, propionate, and butyrate 
can inhibit cell proliferation and induce apoptosis of colorectal 
cancer cells at physiological concentrations.

Effect of SCFAs on expression levels of ligands for immune 
checkpoints in colorectal cancer cells
To validate the function of short-chain fatty acids in anti-cancer 
immunity, we first tested the effect of short-chain fatty acids on 
expression levels of ligands for immune checkpoints. As shown 
in Fig. 2, each short-chain fatty acid showed different effects 
on the expression of immune checkpoint ligands. At a low con-
centration of 25 mM, acetate reduced expression levels of 
PD-L1 and PD-L2 while butyrate and propionate induced the 
expression of PD-L1 and PD-L2 (Fig. 2A). At the highest con-
centration of 100 mM, butyrate and propionate slightly reduced 

mRNA expression levels of Tim-3 ligands, Galectin-9, and 
CEACAM1, but acetate increased the expression of Galectin-9 
and CEACAM1 (Fig. 2B). A similar pattern was found for 
mRNA expression of Nectin-2/CD112, a TIGIT ligand, with the 
highest concentration of acetate enhancing Nectin-2/CD112 
expression. However, mRNA expression of PVR/CD155, another 
TIGIT ligand, was significantly reduced by all three SCFAs. 
Acetate reduced mRNA expression of PVR/CD155 by 50% 
and butyrate and propionate decreased its expression by about 
75% compared to the control (Fig. 2C). Inhibiting the inter-
action between immune checkpoints and their ligands is a pri-
mary strategy in the current anti-cancer immunotherapy. Since 
we observed reduced cancer cell viability and decreased mRNA 
expression of PVR/CD155 in cancer cells upon treatment with 
all three SCFAs (Fig. 1 and 2C), we further determined whether 
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Fig. 2. Effects of SCFAs on ligand expression for immune check-
points in colorectal cancer cells. Real-time PCR was performed to 
determine mRNA levels of immune checkpoint ligands in HCT116 
cancer cells after treatment with acetate, butyrate, or propionate 
(A, B and C). CD155 K/D was confirmed by real-time PCR and 
cell viability was measured by CCK-8 assay (D). mRNA expression 
of CD155 in HT-29 (E) and Caco-2 (F) cancer cells after acetate 
treatment. Protein expression of CD155 was measured by flow cyto-
metry in HT-29 (G) and Caco-2 (H) cancer cells after acetate treat-
ment. Both low and negative populations were gated in CD155 
(CD155low/-) based on pre-gated live cells (7AAD-). P-value was 
calculated by a t-test. *P ＜ 0.05; **P ＜ 0.01; ***P ＜ 0.001.

PVR/CD155 was crucial for cancer cell survival. As shown in 
Fig. 2D, the viability of cancer cells was not affected by 
PVR/CD155 knock down. As the most frequently mutated onco-
gene in cancers, KRAS mutation is a biomarker of resistance to 
anti-EGFR treatment in colorectal cancer (10). Since HCT116 
carries a KRAS mutation, effect of acetate on PVR/CD155 
expression was also tested using other colorectal cancer cell 
lines, HT-29 and CaCo-2 (KRAS WT), with distinct mutation 
profiles. It was found that PVR/CD155 mRNA expression 
levels in HT-29 and Caco-2 cells were reduced upon acetate 

treatment (Figs. 2E, F, respectively). Consistent with mRNA 
expression data, PVR/CD155 protein expression levels in HT-29 
and CaCo-2 cells were also decreased by acetate treatment 
(Figs. 2G, H, respectively). These results indicate that the regu-
lation of PVR/CD155 by acetate is KRAS mutation independent. 
Each SCFA regulated transcripts of ligands for PD-1, Tim-3, 
and TIGIT differently. Among these ligands, only PVR/CD155 
was reduced by all three SCFAs, indicating that PVR/CD155 
was the most promising therapeutic target by microbiota meta-
bolites.

Enhanced effector responses of CD8+ T cells via reduced 
expression of PVR/CD155 in cancer cells treated with acetate 
Among SCFAs, acetate is the most abundant metabolic product 
of gut microbiota. It has been proven as an immune modulator 
in various biological processes such as gut homeostasis (11, 
12). Although the function of acetate related to metabolic regu-
lation in the tumor microenvironment is known, the contribu-
tion of acetate in anti-cancer immunity is unclear. Our data 
indicated that acetate only inhibited PVR/CD155 expression, 
while butyrate and propionate decreased expression of multiple 
ligands. Therefore, we decided to focus on the regulation of 
PVR/CD155 by acetate to understand specific molecular 
mechanisms underlying the decreased expression of immune 
checkpoint ligands in cancers. DNAM-1, TIGIT, and CD96 are 
well characterized receptors for CD155 and CD112 (13, 14). 
Although receptor recognition of ligands and triggered signal 
transduction pathways have been intensively investigated, the 
molecular mechanism related to ligand expression in cells is 
not well understood yet. To verify the role of PVR/CD155 in 
anti-tumor immunity, we first inhibited PVR/CD155 signaling 
using blocking antibodies and tested the induction of cancer 
cell responses by analyzing CD8+ T cells. As shown in Fig. 
3A-C, blocking PVR/CD155 signaling significantly enhanced 
the apoptotic population in HCT116 cancer cells co-cultured 
with CD8+ T cells while the blocking antibody did not affect 
cell viability. In contrast, the effect of blocking Nectin-2/CD112 
signaling on apoptosis was marginal in HCT116 cancer cells 
(Fig. 3B, C). To test the effect of acetate on PVR/CD155 
expression, PVR/CD155 protein levels in cancer cells upon 
acetate treatment were subjected to flow cytometer analysis. 
Consistent with reduced mRNA expression by acetate, protein 
levels of PVR/CD155 were also decreased as evidenced by an 
increased population of CD155low/− after treatment with 25 
mM or 50 mM acetate (Fig. 3D). We also tested the effect of 
acetate on PD-L1 protein expression to see any compensatory 
effect against the decrease of PVR/CD155 expression. However, 
protein expression of PD-L1 was low and expression changes 
were negligible in our model system, HCT116 cells, after 
acetate treatment (Fig. 3D). Tumor infiltrating T cells are mostly 
effector or memory cells. To investigate the effect of acetate on 
intrinsic regulation of memory CD8+T cell responses, CD8+ T 
cells were co-cultured with acetate-treated HCT116 cells at a 
ratio of 1:1. Acetate treatment on HCT116 increased IFN-γ 
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Fig. 3. Enhanced effector responses of CD8+ T cells via reduced 
expression of PVR/CD155 in cancer cells treated with acetate. (A) 
Viabilities of HCT116 cells after treatment with CD112 or CD155 
blocking antibodies were measured by CTG assay. (B, C) Analysis 
of AnnexinV and 7AAD was performed in HCT116 cells co-cul-
tured with CD8+ T cells after blocking with CD112 (a112) or CD155 
(a155) antibodies. (D) Expression levels of CD155 and PD-L1 in 
HCT116 cancer cells were measured after acetate treatment. Both 
low and negative populations were gated in CD155 (CD155low/−) 
based on pre-gated live cells (7AAD−). (E) Expression levels of 
GranzymeB, Perforin, and IFN-γ in CD8+ cells co-cultured with 
acetate-treated HCT116 cells were measured. P-value was calculated 
by a t-test. **P ＜ 0.01; ***P ＜ 0.001.

production of CD8+ T cells compared to the production by T 
cells stimulated with CD3/CD28 alone, supporting enhanced 
effector responses of CD8+ T cells by reduced expression of 
PVR/CD155 (Fig. 3E). Furthermore, expression levels of Granzyme 
B and Perforin were also enhanced when CD8+ T cells were 
co-cultured with acetate-treated HCT116 (Fig. 3E). Although 
reduced expression of PVR/CD155 by acetate was observed, 
only about 15% of total cells showed responses, indicating 
that other immunomodulatory molecules might be involved in 
inducing sufficient cytotoxic response. However, we believe 

that acetate as the most abundant metabolite in the colon 
might play a key role in anti-cancer immunity as evidenced by 
the expression regulation of ligands for immune checkpoints 
in Fig. 2A-C. Detailed molecular mechanisms related to the 
decreased expression of PVR/ CD155 upon acetate treatment 
and its compensatory or synergistic crosstalk with other immuno-
modulatory molecules need to be further investigated. Taken 
together, these findings suggest that acetate can reduce PVR/CD155 
expression at both transcription and protein levels in colorectal 
cancer cells and enhance IFN-γ production of CD8+ T cells that 
might contribute to an anti-cancer immunity in the cancer micro-
environment.

Inhibition of PI3K decreases PVR/CD155 expression in 
colorectal cancer cells
To further investigate the underlying mechanism of how acetate 
down-regulated PVR/CD155 expression in colorectal cancer 
cells, we next checked downstream signaling molecules upon 
acetate treatment in HCT116 cells. As shown in Fig. 4A, acetate 
decreased pAKT expression. Therefore, we next tested PVR/ 
CD155 expression in cancer cells after treatment with LY294002, 
a PI3K inhibitor (15). As expected, the population of PVR/ 
CD155low/− was increased when the 7AAD- live population 
was analyzed after HCT116 cells were treated with 10 uM 
LY294002, indicating that the PI3K/AKT pathway was involved 
in the regulation of PVR/CD155 expression (Fig. 4B). TLR- 
mediated activation of NF-kB, a transcription factor, is known 
to up-regulate PVR/CD155 expression (16). To test whether 
reduced expression of PVR/CD155 by acetate was also depen-
dent on inactive NF-kB signaling, we analyzed cells after treat-
ment with anacardic acid, an inhibitor of histone acetyltrans-
ferase of P65 (17). However, inactivation of NF-kB pathway 
was unable to increase the PVR/CD155low/− population in cancer 
cells although acetate down-regulated pp65 expression (Fig. 
4A, B). To test the possibility that cell death induced by 
LY294002 might have affected the result, we excluded the 
7AAD+ dead population and only analyzed the 7AAD- popula-
tion to confirm PVR/CD155 low population upon LY294002 
treatment. As shown in Fig. 4C, LY294002 still increased the 
PVR/CD155low/− population. These results are consistent with 
previous studies showing that CD155 expression is regulated 
by the PI3K/AKT pathway and that acetate can trigger this 
pathway (18, 19).

DISCUSSION

In recent years, immune checkpoint inhibitor therapy has gar-
nered increased attention due to remarkable clinical responses. 
Despite such remarkable clinical responses, only a limited 
number of cancer patients respond to current therapeutics (2). 
Therefore, various therapeutic strategies have been proposed 
to increase clinical responses to immunotherapy in cancers 
(20). Blocking TIGIT, an immune checkpoint protein on T cells 
and natural killer cells, has emerged as a promising strategy to 
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Fig. 4. Function of acetate as a repressor of PVR/CD155 expression 
via the PI3K/AKT signaling pathway. (A) pP65 and pAKT were detected 
in HCT116 cells by Western blot upon treatment with 50 mM ace-
tate (20 ug of cell lysate per sample). (B) Expression of CD155 
was measured after treatment with LY294002 (10 μM) or anacardic 
acid (10 μM). Both low and negative populations were gated in 
CD155 (CD155low/−) based on pre-gated live cells (7AAD−). Asterisks 
indicate significant differences compared to acetate 0 mM as a 
control. (C) PVR/CD155 expression upon treatment with LY294002 
(Left) or anacadic acid (Right). 7AAD+ dead cells were excluded 
to confirm the CD155 low population after LY294002 treatment 
by flow cytometry (Left). (D) The scheme describing the predicted 
function of acetate in anti-tumor immunity. Acetate inhibits PI3K/AKT, 
thereby reducing PVR/CD155 expression in cancers. The decrease 
of PVR/CD155 enhances effector responses of CD8+ T cells, relea-
sing Granzyme B, Perforin, and IFN-γ. P-value was calculated by 
a t-test. **P ＜ 0.01; ***P ＜ 0.001.

control anti-tumor immunity in cancers (21). TIGIT on T cells 
can bind to ligands, including Nectin-2/CD112 and PVR/CD155 
on cancers, thereby inhibiting the cytotoxic function of T cells 
in a tumor microenvironment (21). Since cancers can escape 
the anti-tumor immunity by overexpressing immune checkpoint 
ligands (22), limiting the expression of immune checkpoint 
ligands on cancer cells could be one of effective therapeutic 
strategies that lead to successful clinical outcomes. 

Results of our study showed the potential of acetate as an 

efficient immune modulator by reducing the expression of 
PVR/CD155, an immune checkpoint ligand in cancer cells. 
Acetate treatment on cancer cells decreased PVR/CD155 
expression through PI3K/AKT deactivation, thereby enhancing 
effector responses of CD8+ T cells (Fig. 4D). Although we con-
firmed the downregulation of PVR/ CD155 by acetate in 
cancer cells, further investigation is required to elucidate the 
detailed mechanism associated with the transcriptional and 
translational regulation of PVR/CD155 in PI3K/AKT pathways. 
We also revealed that the production of IFN-γ, a cytotoxic 
molecule secreted by CD8+ T cells, was significantly enhanced 
by acetate treatment in cancer cells, supporting the function of 
acetate in anti-cancer immunity in the tumor microenvironment. 
With great efforts to broaden clinical benefits of cancer patients, 
modulating tumor microenvironment by acetate can be used 
to complement current immune therapies with a different me-
chanism.

MATERIALS AND METHODS

Materials and methods are available in the supplemental material.
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