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Abstract: In a previous study, we observed an increase in the severity of cryptosporidial infection
corresponding to decreased levels of short-chain fatty acids (SCFAs). Therefore, we decided to
examine the effect of SCFAs on Cryptosporidium growth in human ileocecal adenocarcinoma (HTC-8)
cells. HTC-8 cells were infected with 1 x 10° C. parvum oocysts. After 48 h of incubation with selected
SCFAs, cells were fixed and labeled with monoclonal antibody directed to all intracellular stages, and
the number of parasites was quantitated using a fluorescent microscope. Acetate, butyrate, propionate
and valproate significantly inhibited growth, with an ECsy between 4 and 10 mM. Additionally, when
combined, butyrate, acetate and propionate showed increased efficacy. Butyrate also inhibited growth
when incubated with sporozoites prior to infection of host cell monolayers. In addition, we looked
at possible mechanisms of action of inhibition. A combination of C. parvum infection and butyrate
treatment led to increases in apoptosis and certain inflammatory cytokines. We conclude that acetate,
propionate and butyrate have direct inhibitory activities in host cells against C. paroum, and butyrate
can also affect sporozoite infectivity directly. While not preventing infection, SCFAs may help in
keeping the infection low or in check.

Keywords: Cryptosporidium; microbiome; short-chain fatty acid; antibiotics; cloxacillin; apoptosis;
histone deacetylase inhibitors; autophagy

1. Introduction

Cryptosporidium spp. are opportunistic protozoan parasites that infect epithelial cells of
the small intestine, causing diarrheal illness in humans. While in immunocompetent indi-
viduals, the disease may be mild to moderate and usually self-limiting, cryptosporidiosis in
immunocompromised individuals can be severe and life threatening [1]. Additionally, it is
the second major cause of diarrheal illness in children globally [2], and repeated infections
can lead to long-term growth deficits and cognitive impairment [3].

Differences in infection severity may be due to multiple factors, including immuno-
logical status of the host, malnutrition, prior exposure to the parasite or changes in host
microbiota. While cryptosporidiosis is the result of Cryptosporidium colonizing the gut
epithelium, an environment adjacent to trillions of bacteria, the impact of said microbiome
on cryptosporidial infection is poorly understood. In one study, microbiota variations in
the stools of immunocompetent human volunteers experimentally infected with C. paroum
correlated with metabolite composition and differences in susceptibility to infection, impli-
cating the importance of gut microflora in infection [4].

Resident bacterial taxa affect resistance to experimental cryptosporidial infections in
mouse models. SCID mice with established conventional gut flora are more resistant to
infection by C. paroum than germ-free SCID mice [5]. A TCR-a-deficient mouse model of
cryptosporidiosis reportedly developed IBD-like lesions following infection [6]. Interest-
ingly, TCR-«x-deficient mice exhibited more severe mucosal lesions when infected germ-free
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versus mice bearing conventional gut flora [6], suggesting microbiome influences on the
pathology of disease.

In previous work, we determined how differences in microbiota affect resistance and
susceptibility to cryptosporidial infections [7]. C. parvum parasite loads increased after
cloxacillin treatment, suggesting decreases in certain commensals (predominantly Gram
positives) are important in maintaining resistance to infection and for maintaining a heathy
gut environment since they generate many important metabolites [7]. In particular, certain
short-chain fatty acids were found to be significantly reduced in cloxacillin-treated mice.
Alternatively, C. parvum infections may alter the microbiota and thus metabolites such
as short-chain fatty acids (SCFAs). In one report, the SCFA butyrate was depleted in
C. parvum-infected goats [8].

While SCFAs are known to affect immune cells such as type 3 innate lymphoid cells
(ILCBs), B cells and the regulating activity of regulatory T cells [9], they can also have a
direct effect on host epithelial cells [10]. Potential mechanisms include gene expression,
autophagy and inducing apoptosis [11]. In this study, we examined the effect of SCFAs on
cryptosporidial growth in infected human ileocecal adenocarcinoma (HCT-8) cells and also
potential mechanisms of action by which these SCFAs may facilitate host resistance.

2. Materials and Methods
2.1. Preparation of Compounds

Short-chain fatty acid compounds (Sigma-Aldrich Inc., St. Louis, MO, USA) were
prepared as stock solutions (50 mM) in dimethyl sulfoxide and diluted to working concen-
trations in culture media for evaluation in our in vitro culture assay.

2.2. C. parvum In Vitro Culture Assay

Growth of C. parvum in cell culture was performed as described previously [12]. Briefly,
purified C. paroum IOWA isolate oocysts were washed with phosphate-buffered saline
(PBS, pH 7.4) to remove the storage buffer (2.5% w/v aqueous potassium dichromate)
and resuspended in RPMI 1640 media supplemented with 0.75% sodium taurocholate
and incubated for 30 min at 37 °C. The excystation mixture containing oocysts, oocyst
shells and free sporozoites was diluted with RPMI 1640 with 10% fetal bovine serum
(FBS). Approximately 1 x 10° oocysts and sporozoites were dispensed per well in 24-well
plates containing confluent HCT-8 cells. Host cells inoculated with the parasite mixture
were incubated for 3 h and subsequently washed with PBS to remove free parasites (those
that had not invaded host cells). PBS was replaced with fresh RPMI 1640 with 10% FBS
with or without test compounds and the cultures were incubated for 48 h. In addition,
RPMI 1640 with 10% FBS supplemented with DMSO (same concentration used with test
compounds) was evaluated to determine the effect of inhibition or toxicity on cultures.
Culture wells were washed with PBS, and then PBS was replaced by Bouin’s solution.
After fixation of cultures, the Bouin solution was removed and decolorized with 70%
ethanol, followed by 5 washes with PBS. Culture wells were labeled with an anti-C. parvum
fluorescein-labeled monoclonal antibody (C3C3-FITC) and parasites were enumerated
via quantitative fluorescent microscopy at 400 x magnification using an Olympus IX73
microscope (Waltham, MA, USA). Twenty-four sequential, non-overlapping fields per well
were captured as digital images, constituting a representative subsample of the entire well.
The parasites were quantified using OpenCFU (https:/ /sourceforge.net/projects/opencfu/,
accessed on 4 October 2014) software [13] based on the size of the fluorescing parasites and
the parasite-specific fluorescent signal. Data were obtained from four well replicates, and
each experiment was repeated at least twice. Dose—effect curves and the median effective
concentration (ECsp) of each compound alone or in combination was determined using
CompuSyn (ComboSyn, Inc., Paramus, NJ, USA, ver. 2.1 for Microsoft Windows) computer
software. The ECsy was defined as the concentration required for reducing the number of
parasites by 50% compared with the untreated control.
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CompuSyn software was used in combination studies to calculate the effect of multiple
short-chain fatty acids. The analyses were based on the Chou-Talalay method [14] for
drug combinations, which calculates the combination index (CI). The CI is a quantitative
representation of pharmacological interactivity of multiple drug combinations, where <1 is
antagonistic, =1 is additive and >1 is synergistic.

2.3. Preparation of Live Sporozoites and SCFA Treatment

Sporozoites were prepared according to You et al., 1998 [15]. Briefly, after excystation,
the C. parvum oocysts and sporozoite mixture was filtered through a 3.0 uM filter using a
syringe and centrifuged, washed and counted. Isolated sporozoites were incubated with
different SCFAs for 45 min, then washed several times to remove SCFAs before plating on
cell monolayers. Sporozoites were then inoculated onto HCT-8 cells and incubated for 3 h.
Monolayers were then washed, media was replaced and parasites were allowed to develop
for 48 h, as described in the culture assay above. Cells were fixed and labeled and parasitic
stages were quantitated as described above.

2.4. Measurement of Compound Toxicity for Host Cell Cultures

Test compound toxicity for HCT-8 cell cultures was assessed using the CellTiter 96 Non-
Radioactive Cell Proliferation/Cytotoxicity assay as recommended by the manufacturer
(Promega Corporation, Madison, WI, USA). Briefly, after cultured cells were incubated with
compounds for 48 h, a tetrazolium dye solution was added and cultures were incubated for
an additional 4 h to allow for the conversion of the assay substrate to the formazan product
MTT [(3(4,5-dimethyl-thiazol-2-yl)]. A “stop solution” added to each sample solubilized
the formazan product over a 1 h period at room temperature. The absorbance of the
formazan product was measured at 570 nm using a 96-well plate reader. The cytotoxicity
concentration (CCsg) was defined as the concentration required to reduce cell viability by
50% compared with the untreated control.

2.5. Measurement of Cytokine Production in Response to Butyrate, C. parvum Infection or the
Histone Deacetylase (HDAC) Inhibitor, PCI 34051

For the cytokine assay, the in vitro infection assay was performed as described above.
Supernatants from 24-well plates were collected and stored at —80 °C. Luminex multiplex
assays were completed by Eve Technologies using the Human Cytokine discovery Array
48-plex Panel (Calgary, AB, Canada).

2.6. Apoptosis Assay

In vitro assays were performed as described above. Briefly, HCT-8 cells were infected
with C. paroum and/or treated with 1 mM butyrate for 24 h, after which the cells were
analyzed for percent apoptosis. Control wells (uninfected, untreated) were compared with
treated wells and infected wells. Apoptosis in HCT-8 cell cultures was measured using a
commercially available assay (Promega Corporation, Madison, WI, USA). Caspase-Glo3/7
reagent was added directly to the assay wells. This results in cell lysis, followed by caspase
cleavage of the DEVD substrate and the generation of luminescence. The peptide z-Val-
Ala-Asp-fmk (z-VAD-fmk), a cell-permeant pan-caspase inhibitor that irreversibly binds
to the catalytic site of caspase proteases and inhibits the induction of apoptosis (Promega,
Madison, WI, USA), was used at a concentration of 20 pM for the inhibition of caspase, per
the manufacturer’s recommendations. The amount of luminescence (proportional to the
amount of apoptosis) is displayed as relative light units.

2.7. Autophagy Assay

In vitro assays were performed as described above. Briefly, HCT-8 cells were infected
with C. parvum and/or treated with 1 mM butyrate for 24 h, after which the cells were
analyzed for percent apoptosis. Control wells (uninfected, untreated) were compared
with treated wells and infected wells. An autophagy assay was used following the recom-
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mendation of the manufacturer (Sigma-Aldrich, St. Louis, MO, USA). The medium was
removed from the wells and 100 pL of the proprietary autophagosome detection reagent
was added directly to each well. The plate was then incubated for 45 min at 37 °C and 5%
COs. The detection reagent was then removed, and each well was washed 3 times with
the provided wash buffer before measuring fluorescence (Aex = 360/Aem = 520 nm) with a
microplate reader. The intensity of the fluorescence correlates directly with the amount of
autophagy observed.

3. Results
3.1. Short-Chain Fatty Acids Inhibit Growth of C. parvum In Vitro

To examine the effect of SCFAs on the growth of the parasite, we infected HCT-8 cells
with C. parvum and treated cells with either butyrate, propionate, acetate or valproate for a
period of 48 h. As shown in Table 1, acetate, butyrate and propionate had activities in the
2-8 mM range (physiologically relevant concentrations), while valproate was less active
with an ECs of 10 mM. We also examined the effect of SCFAs on the extracellular stage of
the parasite, the sporozoites (Table 1). Incubation time with SFCAs was limited to 45 min
because of the short-term viability of sporozoites outside a host cell. However, this time
frame should be sufficient to model the time between the excystation of oocysts in the gut
and the invasion of epithelial cells. We found that there was no inhibition of sporozoites by
acetate, propionate or valproate, while butyrate was inhibitory with an ECsg of 2 mM.

Table 1. Effects of short-chain fatty acids on infected HCT-8 cells. EC5y and CCsp of HCT-8 cells
infected and treated with different SCFAs.

SCFA

ECs5 for Intracellular Stages ECs5 for Sporozoite Stages

Cytotoxicity Concentration
(CCs5p) for HCT-8 Host Cells

Acetate
Butyrate
Propionate
Valproate

4.0 mM >100 mM >200 mM
3.0-8.0 mM 2.0mM >200 mM
3.04.0mM >100 mM >200 mM

10.00 mM >100 mM >200 mM

We then examined short-chain fatty acids in combination with one another, which
would better simulate the environment of the intestinal tract. We chose to examine
acetate, propionate and butyrate, which account for 90% of the short-chain acids in
the gut. We found a slight increase in efficacy with an additive effect at a 3:1:1 (ac-
etate:propionate:butyrate) concentration (Table 2). Additionally, cytotoxicity assays were
performed using a tetrazolium-based assay to look for cellular viability. No toxicity was
observed with treatment of either single or a combination of short-chain fatty acids at
concentrations of less than 200 uM (Table 2). Because butyrate inhibited both the sporozoite
stage and intracellular stages and more is known about possible butyrate mechanisms of
action, subsequent studies were focused on it.

Table 2. Effects of combination of short-chain fatty acids on infected HTC-8 cells. EC5g and CCsg of
HCT-8 cells infected and treated with a combination of acetate, propionate and butyrate.

SCFA

ECs for Intracellular Cytotoxicity Concentration Combination Index
Stages (CCsp) for HCT-8 Host Cells (CI) at EC5g

Acetate:Propionate:Butyrate (3:1:1 ratio) 0.65 mM >200 mM 1.01

3.2. Butyrate and C. parvum Infection Increases Expression of IL-8 and IL-1a in HCT-8 Cells

Short-chain fatty acids are known histone deacetylase (HDAC) inhibitors. Butyrate,
in particular, is reported to specifically inhibit HDACS8 and HDACY in keratinocytes [16].
Interestingly, this led to an increase in inflammatory response in these cells [16] and
sebocytes [17]. To determine if butyrate and a more specific inhibitor of HDACS8 and
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HDACY, PCI 34051, might generate a similar inflammatory response in HCT-8 cells, we
evaluated the cytokine response after a 48 h treatment. Prior to that, we evaluated the
anti-cryptosporidial activity of PCI 34,051 and two other broad spectrum HDAC inhibitors,
trichostatin A and apicidin, which were previously reported to have anti-cryptosporidial
activity at 30 ng/mL [18]. We found that apicidin and trichostatin A had ECsj of 20 and
40 nM, respectively, while PCI 34,051 had potent anti-cryptosporidial activity in the range
of 1-7 nM, with no toxicity observed below 200 nM (Table 3).

Table 3. Effects of HDAC inhibitors on infected HCT-8 cells. ECs5y and CCsy of HCT-8 cells infected
and treated with different HDAC inhibitors.

. Cytotoxicity Concentration

HDAC Inhibitor ECs5 of Intracellular Stages (CCso) for HCT-8 Host Cells
Trichostatin A 0.02 uM >200 uM
Apicidin 0.04 uM 150 uM
PCI 34051 1-7nM >200 nM

We then compared cytokine responses in the presence of butyrate and with a known
HDAC 8 inhibitor, PCI 34051. Overall, the majority of cytokines (including IL-6 and
TNF-«, key inflammatory cytokines) in the 48-plex assay were not significantly altered
by butyrate or PCI 34,051, either alone or in combination with infection. However, we
did find significant increases in IL-8 and IL-1« in C. parvum-infected wells. Additionally,
when cells were infected with C. parvum and then treated with butyrate and compared to
butyrate treatment alone or C. parvum infection alone, a significant increase was observed
over infection or butyrate treatment alone (Figure 1).
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Figure 1. Effects of short-chain fatty acids on cytokine expression. HCT-8 cells were infected with
C. parvum and/or treated with 1 mM butyrate for 48 h, after which supernatants were analyzed
for cytokine production using the Luminex 100 system (Luminex). Amounts of cytokines, IL-1a
(left figure) and IL-8 (right figure) are shown above. Values are reported as relative light units.
Control wells (uninfected, untreated) were compared with treated and infected wells. Values are
means £ SEM, n = 4. * Different from control, p < 0.05. ** Different from the experimental group as
indicated by bar, p < 0.05.
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3.3. Butyrate and C. parvoum Infection Increases Apoptosis in HCT-8 Cells

Another possible mechanism of inhibition is through either apoptosis or autophagy.
Butyrate, in particular, was reported to induce autophagy and apoptosis in colon cells
in vitro [19]. We therefore looked at apoptosis and autophagy in HCT-8 cells following
24 h incubation with butyrate in the presence and absence of C. parvum infection. We
found that C. parvum infection resulted in an increase in apoptosis, and treatment with
1.0 mM butyrate alone resulted in a significantly higher percentage of apoptosis (p < 0.05)
when compared to control (Figure 2). The combination of C. parvum infection and butyrate
treatment 3 h after infection resulted in an additional increase in apoptosis, which was also
significantly different than the control (p < 0.05) and the infected alone group (p < 0.05),
but, while increased, was not significantly different than the butyrate treatment alone.

Apoptosis in HCT-8 Cells
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Figure 2. Amount of apoptosis in C. parvum-infected and butyrate-treated cells. HCT-8 cells were
infected with C. parvum and/or treated with 1 mM of butyrate for 24 h, after which the cells were
analyzed for percent apoptosis. Control wells (uninfected, untreated) were compared with treated
wells and infected wells. The peptide Z-VAD-FMK, which inhibits apoptosis, served as a positive
control. Values are means £ SEM, n = 4. * Different from control, p < 0.05.

3.4. Autophagy Is Decreased in HCT-8 Cells Infected with C. parvum and Treated with Butyrate

We also looked at the amount of autophagy in C. parvum-infected or butyrate-treated
HCT-8 cells. As shown in Figure 3, we found in no difference in the infected or butyrate-
treated cells alone. However, there was a significant decrease in autophagy in cells that
were infected with C. paroum and treated with butyrate, which may relate to an overall
increase in apoptosis when infection and treatment are combined.



Microorganisms 2022, 10, 1822

7 of 10

Autophagy in HCT-8 Cells
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Figure 3. Amount of autophagy in C. parvum-infected and butyrate-treated cells. HCT-8 cells were
infected with C. parvum and/or treated with 1 mM of butyrate for 24 h, after which the cells were
analyzed for percent autophagy. Control wells (uninfected, untreated) were compared to treated
control wells. Values are means + SEM, n = 4. * Different from control, p < 0.05.

4. Discussion

Short-chain fatty acids are important metabolites that provide fuel to epithelial cells,
regulate gene expression and modulate the immune response. Changes in the microbiome
due to drug or antibiotic treatment or malnutrition may lead to a depletion in SFCAs. The
depletion of certain SFCAs may affect susceptibility to C. parvum infection or may have a
beneficial effect on the growth of the parasite [7].

In addition to their effect on immune cells, SFCAs have been shown to have an effect
on several protozoa, either directly or on the infected host cell. For example, acetate,
butyrate and propionate inhibited encystment of E. invadens when incubated individually
in a range of 622 mM [20]. Valproate, butyrate and 4-phenylbuyrate were reported to
inhibit T. gondii in vitro [21]. More recently, treatment of mice with valproate was reported
to reduce the number of T. gondii cysts in the brains of mice [22].

In the present study, we found that all of the SCFAs tested inhibited C. parvum with an
ECs5p between 1 and 8 mM, concentrations that are at physiological levels in the intestinal
tract [23]. This is comparable to activity reported against T. gondii, which found ICsps in the
range of 1-5 mM when cell monolayers were infected and then treated with either sodium
butyrate or valproate [21]. Since all short-chain fatty acids had activity and are present
in the lower small intestine, we examined the combination of the top 3 abundant SCFAs
(accounting for 90% of the total SCFAs found in the intestinal tract) [24] on the inhibition
of epithelial cells. Acetate is found at higher concentrations in the gut (4-10 times higher
than butyrate or propionate [10]). When SCFAs were combined at a 3:1 ratio, there was an
additive increase in efficacy.

Additionally, one SCFA, butyrate, inhibited the sporozoite stage of C. parvum with an
ECsp of 2.0 mM. Since butyrate inhibited both the intracellular and the sporozoite stages, it is
possible that either the host cell or the inhibition of parasitic histone deacetylases (HDACs)



Microorganisms 2022, 10, 1822

8 of 10

were partially responsible for the anti-cryptosporidial activity. HDACs play an important
role in transcription and regulation, and at concentrations between 1 and 2 mM, butyrate
and SCFAs can have a direct effect on histone deacetylases [25,26]. Additionally, inhibitors
of histone deacetylase have been shown to decrease C. parvum growth in vitro [27].

Three class II HDAC enzymes have been identified in C. parvum [28]: CpHDACI,
CpHDAC2 and CpHDACS3. The latter, CpHDACS, was cloned and expressed as a recom-
binant protein and evaluated against several HDAC inhibitors. Several inhibitors were
found to have activity, including vorinostat, which had both in vitro activity and efficacy
in a mouse model [29]. However, in this same study, butyrate did not inhibit CpHDACS,
suggesting that another CpHDAC was inhibited, or another target is responsible for the
inhibitory activity we observed in our study.

Butyrate has also been shown to activate inflammatory signaling in keratinocytes, re-
sulting in increased cytokine production. It has recently been reported that in keratinocytes,
butyrate inhibited HDAC 8 and HDAC 9 specifically, and that this led to increased immune
cytokine expression through the MAP2K3 pathway [16]. This led us to speculate if a specific
inhibitor of HDAC8 or HDACY could inhibit C parvum parasitic growth and whether in-
creased cytokines could be generated in response to butyrate or HDAC treatment. We chose
to look at PCI 34051, a compound that more narrowly inhibits HDAC8 or HDAC9 and
has been found to be active against the HDACS of the parasitic organism S. mansoni [30].
Interestingly, we found that PCI 34051, an HDACS inhibitor, was a potent inhibitor of
C. parvum growth with an ECsy of 1 nM, more so than the more general HDAC inhibitors
trichostatin A or apicidin.

We then examined whether similar cytokines could be generated in intestinal epithelial
cells, as was described in keratinocytes in response to infection and butyrate or PCI 34051
treatment. We found that most cytokines were not altered by butyrate and C. parvum
infection, including TNF-« and IL-6, key inflammatory cytokines found to be up-regulated
in keratinocytes treated with butyrate and a toll receptor antagonist. However, IL-1o
and IL-8 were significantly increased in response to C. parvum infection, which had been
previously reported [31,32]. Moreover, there was an additional increase in IL-8 and IL-1«
when cells were infected with C. paroum and then treated with butyrate versus butyrate
treatment or C. parvum infection alone, suggesting that butyrate enhanced or boosted the
expression of these cytokines in the presence of microbial stimulation.

The more specific inhibitor, PCI 34051, however, did not increase cytokine expression in
HCT-8 cells as shown in keratinocytes. While we were unable to determine the mechanism
of action of the drug in the present study, its potent anti-cryptosporidial activity merits
further investigation.

Other mechanisms by which butyrate may deter pathogens or protect the host are
through autophagy or apoptosis. We did not observe an increase in autophagy with
either butyrate or C. parvum infection. In contrast, butyrate has been found to increase
autophagy in other human colon cell lines [33,34]. In part, differences in results may be
related to differences in methods and cell lines used in our study. Interestingly, we did find
a significant decrease in autophagy and a simultaneous increase in apoptosis with cells that
were both infected with C. parvum and treated with butyrate. Although increases/decreases
in autophagy /apoptosis often correspond to one another, these mechanisms may have
inverse effects. It has been noted that blockage of autophagy through chemical inhibitors
can result in increases in apoptosis [19].

We did find that apoptosis significantly increased with both C. parvum infection, as pre-
viously reported [35], and with butyrate treatment. Apoptosis was further increased in host
cells infected with C. parvum and treated with butyrate (significantly higher than control
cells and infected cells), but not significantly higher than cells treated with butyrate alone.

In conclusion, acetate, propionate and butyrate have direct inhibitory activities against
C. parvum in host cells, and butyrate can also affect sporozoite infectivity. Normal physio-
logical levels of SCFAs, while not preventing infection, may help in keeping the infection
low or in check. However, decreased SCFA levels (due to certain antibiotic treatments
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or other biological factors) may contribute to increased susceptibility and infection lev-
els. Additionally, butyrate may contribute to inhibition through induction of apoptosis
and priming the immune response, but future studies will help to further delineate the
mechanism of the inhibition.
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