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ABSTRACT This report evaluates a dietary manipulation approach to suppress the
severity of ocular infections caused by herpes simplex virus infection. The virus
causes chronic damage to the cornea that results from a T-cell-orchestrated inflam-
matory reaction to the infection. Lesion severity can be limited if cells with regula-
tory activity predominate over proinflammatory T cells and nonlymphoid inflamma-
tory cells. In this report, we show that this outcome can be achieved by including
the short-chain fatty acid (SCFA) salt sodium propionate (SP) in the drinking water.
Animals given the SP supplement developed significantly fewer ocular lesions than
those receiving no supplement. Corneas and lymphoid organs contained fewer CD4
Th1 and Th17 T cells, neutrophils, and macrophages than those of controls, but a
higher frequency of regulatory T cells (Treg) was present. The inclusion of SP in cul-
tures to induce CD4 T cell subsets in vitro reduced the magnitude of Th1 and Th17
responses but expanded Treg induction. Dietary manipulation was an effective
approach to limit the severity of viral immuno-inflammatory lesions and may be
worth exploring as a means to reduce the impact of herpetic lesions in humans.

IMPORTANCE Herpetic lesions are a significant problem, and they are difficult to con-
trol with therapeutics. Our studies show that the severity of herpetic lesions in a
mouse model can be diminished by changing the diet to include increased levels of
SCFA, which act to inhibit the involvement of inflammatory T cells. We suggest that
changing the diet to include higher levels of SCFA might be a useful approach to
reducing the impact of recurrent herpetic lesions in humans.

KEYWORDS HSV-1, sodium propionate, proinflammatory, anti-inflammatory immune
cells

As the coronavirus disease 2019 (COVID-19) pandemic reminds us, virus infections
have major consequences, especially if there are no effective vaccines or antiviral

therapies to control them. Except for varicella-zoster virus, none of the eight human
herpesviruses are controllable by vaccines, and antiviral therapies, when available, are
not fully effective. Perhaps the best-known human herpesviruses are herpes simplex vi-
rus 1 (HSV-1) and HSV-2, which mostly cause surface lesions on the face or genitalia.
These usually manifest as recurrences of productive replication from persistent latent
infection in the peripheral nerve ganglia (1). Of particular concern are recurrent lesions
in the eye, since they often culminate in severe vision impairment (2, 3). Recurrent
lesions in the cornea are in large part immunopathological and are managed with anti-
inflammatory drugs, but there is a need for alternative therapies. Investigations, largely
from studies in animal models, have defined many of the cellular and mediator events
involved in damaging the cornea (4–6). These studies have identified steps that could
be counteracted to minimize tissue damage. It is evident that lesion severity is most
severe when the inflammatory T cell population is dominated by CD41 Th1 and Th17 T
cells and is ameliorated if T cells with regulatory function (Treg) are expanded or
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activated (7, 8). Procedures, such as drug therapy, that succeed in adjusting the repre-
sentation of proinflammatory versus counterinflammatory cell types and their products
are useful for diminishing lesion severity (9, 10). Other ways of achieving cellular reba-
lancing could be to exploit major metabolic differences employed by cells with differ-
ent immune functions. This approach has largely been explored in the autoimmunity
and cancer fields (11–13), but it also represents a logical way of managing lesions
caused by infectious agents (14, 15). Our group has reported that differences in glu-
cose metabolism between proinflammatory T cells and those with regulatory function
(Treg) can be exploited therapeutically. Thus, therapy with 2-deoxy-glucose (2DG),
which diminishes proinflammatory T cells but has no effect on Treg activities, can limit
the extent of ocular lesions following HSV infection of mice (16).

Additional approaches that could benefit from metabolic differences among the
cell types reacting to infections merit evaluation. A potentially useful strategy is to
exploit differences in fatty acid metabolism, since this metabolism can be readily
modulated by dietary manipulation. Accordingly, proinflammatory T cells (Th1 and
Th17 cells) mainly take in long-chain fatty acids (12, 17); these are metabolized first in
the cytoplasm to form acyl coenzyme A (acyl-CoA), which enters the mitochondrial tri-
carboxylic acid cycle and acts as a source of energy via the oxidative phosphorylation
process. On the other hand, anti-inflammatory cell types are more dependent on
short-chain fatty acids (SCFA), which can enter the mitochondria by diffusion, and simi-
larly participate in energy generation (18). The SCFA mainly come from bacterial break-
down of dietary complex carbohydrates such as inulin and pectin, a process that
becomes more prominent if the diet includes high levels of fiber (19, 20). In the auto-
immune-disease field, feeding high-fiber diets, as well as incorporating additional
SCFA in the diet, has been shown to limit the extent of lesions. These approaches favor
the generation of Treg and counterinflammatory cytokines, thus diminishing lesion se-
verity (12, 13).

The dietary manipulation approach to controlling inflammatory lesions caused by
viral infections has so far received minimal attention. In the present report, we address
the issue of supplementing the diet with additional SCFA in a test system in which
HSV-1 infection causes severe tissue-damaging inflammatory reactions in the cornea of
the eye. Our data show that animals which received a standard mouse chow diet sup-
plemented with sodium propionate (SP) developed significantly diminished ocular
lesions compared to animals fed the control diet. The lesions in the SP recipients
showed reduced angiogenesis, a necessary step in stromal keratitis (SK) pathogenesis
(21), and had fewer inflammatory Th1 and Th17 T cells, However, SP recipients showed
an increased representation of Treg compared to those fed the control diet.
Furthermore, feeding of SP decreased the numbers of nonlymphoid inflammatory cells
(neutrophils and macrophages) in lesions. The pattern of results observed in vivo was
reflected by in vitro analyses where T cells of various phenotypes were induced from
naive T cell precursors in a differentiating medium or in the same medium that con-
tained additional levels of SP. The inclusion of SP significantly enhanced the Treg
response and reduced the induction of proinflammatory T cells. Taken together, our
results indicate that the severity of virus-induced inflammatory lesions can be dimin-
ished by dietary manipulation. Additional approaches to achieve such effects, which
we are currently exploring, merit further evaluation.

RESULTS
Effect of dietary supplementation with sodium propionate on the severity of

herpetic ocular lesions. To observe the effect of SP on the pathogenicity of HSV-1 oc-
ular infection, lesions were compared in a group of animals that received SP in the
drinking water and a group fed the same diet, but without the SP supplement. Animals
were evaluated daily after ocular infection with virus for signs of lesions, which
appeared initially as mild angiogenesis and corneal cloudiness and eventually mani-
fested as marked corneal scarring. Lesions, in the form of mild angiogenesis, first
became evident around day 4 in the eyes of some mice from the control group but
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not until day 6 in a minority of the mice that received SP (data not shown). Peak lesion
severity in the control group eyes occurred on day 15 in the experiment for which
results are shown in Fig. 1; the mean lesion score was 3.2, with 19 of 20 eyes showing
detectable lesions (lesion score, #1). Moreover, almost 75% of eyes showed a lesion
score of 3 or greater. In the SP recipients, lesions at day 15 had a mean score of 0.8,
with only 6 of 18 eyes showing detectable lesions (score, #1). In this experiment, only
3 of 18 eyes showed notable lesions (score, #3) and pathological angiogenesis (Fig. 1A
to D). Three additional experiments of the same design involving 12 to 20 eyes per
group per experiment showed similar patterns of results. Thus, our results clearly show
that supplementing the diet with SP markedly reduced the severity of ocular lesions
that resulted from HSV infection.

In one experiment, virus levels were compared in ocular swabs taken from SP-fed
and control animals at different times after infection. There were no significant differ-
ences between the two groups at days 2 and 4, and by day 7, virus was no longer pres-
ent in either group (data not shown).

Supplementing the diet with SP changes the nature of ocular inflammatory
reactions to infection. Corneas were collected at 15 days postinfection (p.i.) from ani-
mals in both the SP supplement-fed and regular-diet groups in order to compare the
magnitudes and natures of the cellular responses to HSV-1 infection. Individual sam-
ples of the corneas were compared for their cellular compositions.

For the control group, the average total-leukocyte level in the cornea was 21.7-fold
(P# 0.001) higher than that in the SP-fed group (Fig. 2A to D). Levels of neutrophils
were reduced by 210-fold (P# 0.001) in the SP-fed group from those in controls (Fig.

FIG 1 Feeding SP reduces the development and severity of SK and angiogenesis after HSV-1
infection. SK and angiogenesis were recorded for each eye of C57BL/6 mice orally fed SP (n, 9 mice)
or not (control group; n, 10 mice) after infection with HSV-1. (A, B) The severity of SK (A) and
angiogenesis (B) were recorded at days 0, 7, 11, and 15 p.i. (C, D) The severity of SK (C) and
angiogenesis (D) was recorded for individual eyes at the 15th day p.i. Data represent mean results 6
SEM. All data were analyzed by an unpaired Student t test, and significance levels were determined
(*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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2E to H). The numbers of macrophages were reduced by 17-fold (P# 0.01) in the cor-
neas of the SP-fed group (Fig. 2I to K) from those in control corneas.

Levels of CD41 T cells in corneal tissue were 12.3-fold (P# 0.0001) higher in the
control group than in the SP-fed group (Fig. 3A to D). The mean numbers of Th1 and
Th17 cells infiltrating the corneas of control animals were 16.9-fold (P# 0.0001) and
5.3-fold (P# 0.0001) higher, respectively, than those in the SP-fed group (Fig. 3E to I).
The numbers of Treg in the SP- and control-diet-fed mice were also compared, but
these were not significantly different (Fig. 3J and K), likely because of a large variation
in lesion severity between samples. However, when samples with positive SK responses
in both groups were compared, the Treg/Th17 cell and Treg/Th1 cell ratios were 2.3-
fold (P# 0.01) and 1.5-fold higher, respectively, in the SP-fed group than in controls
(Fig. 3L and M).

We can conclude that at the corneal level, feeding SP to HSV-1-infected mice inhib-
ited inflammatory responses and changed the cellular balance within inflamed tissue.

Dietary supplementation with SP changes the nature of immune cell responses
in lymphoid organs after HSV infection. Lymphoid organs were also collected from
SP-fed and control mice at 15 days p.i. in order to measure and compare the magni-
tudes and natures of cellular responses to HSV infection. We focused on lymph nodes

FIG 2 Supplementation of the diet with SP reduces the innate inflammatory response in the cornea. C57BL/6 mice that were orally fed SP
or used as controls were infected with HSV-1, and FACS analysis was performed after 15 days p.i. (A, B) Total-leukocyte response in corneal
tissue, shown as frequencies (A) and numbers (B) of leukocytes. (C, D) Representative FACS plots showing frequencies of total CD451 cells
infiltrating corneal tissue at 15 days p.i. (E, F) Neutrophil accumulation in the cornea, shown as frequencies (E) and numbers (F) of
neutrophils. (G, H) FACS plots revealing frequencies of neutrophil (CD451 CD11b1 Ly6G1) infiltration in corneas. (I) Total numbers of
macrophages present in corneas. (J, K) FACS plots showing frequencies of macrophages (CD451 CD11b1 F4/801) infiltrating corneas. Data
represent mean results 6 SEM. All data were analyzed by an unpaired Student t test, and significance levels were determined (*, P# 0.05;
**, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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draining the eye as well as the mesenteric lymph node (MLN) draining the location of
SP administration. In the ocular draining lymph node (DLN), the mean numbers of neu-
trophils and macrophages were 3.4- and 1.5-fold lower (P# 0.05), respectively, in the
SP-fed group than in the control group (Fig. 4A to G). With regard to CD41 T cells in
the DLN, SP recipients showed a 3-fold reduction (P# 0.01) from levels in controls (Fig.
5A and B), and the numbers of Th1 and Th17 T cells were reduced by 2.6-fold
(P# 0.05) and 2.4-fold (P# 0.05), respectively (Fig. 5C to G). The numbers of Treg in the
corneas of the SP fed group were reduced by 1.7-fold from those in the control group
(not significant) (Fig. 5H to K). However, the ratios of total Treg to Th1 cell numbers
and total Treg to Th17 cell numbers were significantly (P# 0.05) higher (1.8- and 1.4-
fold, respectively) in the SP-fed group than in controls (Fig. 5L and M). Thus, SP feeding
reduced the frequency of proinflammatory cells and increased that of anti-inflamma-
tory Treg.

A similar analysis of cells in the MLN revealed a mean 1.4-fold reduction in total

FIG 3 Oral SP feeding resulted in diminished proinflammatory T cell responses in corneas. Orally SP-fed and control C57BL/6 mice were infected with
HSV-1, and FACS analysis was performed after 15 days p.i. (A, B) Total CD41 T cell frequencies (A) and numbers (B) in corneal tissue. (C, D) Representative
FACS plots showing frequencies of CD41 T cell infiltration in corneal tissue. (E and F) Th1 cell frequencies (E) and numbers (F) in corneas. (G, H) FACS
plots representing frequencies of Th1 (CD41 IFN-g1) cell infiltration in corneas. (I) Total numbers of Th17 (CD41 IL-17A1) cells in corneas. (J, K) Treg (CD41

Foxp31) frequencies (J) and numbers (K) in corneas. (L, M) Treg/Th1 cell (L) and Treg/Th17 cell (M) ratios in corneas. For Th1 and Th17 cell enumeration,
stimulation was performed for 4 h with PMA-ionomycin. Data represent mean results 6 SEM. All data were analyzed by an unpaired Student t test, and
significance levels were determined (*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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leukocytes (Fig. 6A) and 7.5-fold and 3-fold reductions in neutrophils and macro-
phages, respectively, in the SP-fed group from levels in controls (Fig. 6 B to I). SP feed-
ing also resulted in a reduction (P# 0.001) in total CD41 T cells (1.8-fold) (Fig. 7A and
B). With regard to T cell subsets, Th1 and Th17 cells were reduced by 1.4- and 2.7-fold,
respectively (P, #0.05 and #0.001) (Fig. 7C to G). There was also a difference in Treg
numbers, with SP feeding increasing the Treg/Th17 cell ratio and, to a lesser extent,
the Treg/Th1 cell ratio (not significant) (Fig. 7L and M). The number of Treg in the MLN
was also 1.2-fold reduced in the SP-fed group, but not at a significant level (Fig. 7H to
K). A similar pattern of cellular changes as a consequence of SP feeding was also
observed in the spleen (data not shown).

Thus, a result of SP feeding was to change the representation of different cell types
in lymphoid tissues, diminishing inflammatory cells more than Treg.

Feeding of SP diminishes proinflammatory cytokines and chemokines after
HSV-1 infection. To gain molecular insight into the effects of SP feeding on the inflam-
matory response to HSV infection, corneas with average responses from both the SP-
fed and control groups were collected at day 15 p.i. and were processed to quantify
the expression levels of several mRNAs by real-time PCR (RT-PCR). The focus was on
some cytokines and chemokines previously shown to play critical roles in the pathoge-
nesis of stromal keratitis or angiogenesis. In corneal samples from SP-fed mice, there
were reductions in the expression levels of interleukin 6 (IL-6) (reduced 19-fold
[P# 0.001]), IL-12 (reduced 2.2-fold [P# 0.05]), IL-1b (reduced 4-fold [P# 0.01]), tumor
necrosis factor alpha (TNF-a) (reduced 1.9-fold [P# 0.05]), matrix metallopeptidase 9
(MMP-9) (reduced 6-fold [P# 0.01]), CXCL1 (reduced 3-fold [P# 0.05]), and CCL3
(reduced 6.5-fold [P# 0.01]) from those in controls. However, IL-10 and transforming
growth factor b (TGF-b) levels were increased in SP-fed samples by 1.7- and 1.5-fold
(P# 0.05), respectively. These data indicate that SP feeding reduced the expression of
several SK proinflammatory cytokines and chemokines and increased the levels of two
cytokines that perform anti-inflammatory functions (Fig. 8).

FIG 4 Mice fed SP presented diminished innate inflammatory responses in ocular DLN tissue samples. Orally SP-fed and control C57BL/6 mice were
infected with HSV-1, and FACS analysis was performed after 15 days p.i. (A) Total numbers of leukocytes in the DLN. (B) Numbers of neutrophils
accumulating in the DLN. (C, D) FACS plots showing the frequencies of neutrophils (CD451 CD11b1 Ly6G1) in the DLN. (E) Numbers of macrophages in
the DLN. (F, G) FACS plots revealing frequencies of macrophages (CD451 CD11b1 F4/801) in the DLN. Gating for neutrophils and macrophages in the DLN
was carried out as described elsewhere (59, 60). Data represent mean results 6 SEM. All data were analyzed by an unpaired Student t test, and
significance levels were determined (*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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Effects of SP on the differentiation in vitro of Th1 cells, Th17 cells, and Treg. To
measure the effects of SP on the induction of CD4 T cell subsets in vitro, naive spleno-
cytes from DO11.10 RAG22/2 mice were cultured under conditions previously shown
to induce either Th1 cells, Th17 cells, or Treg with test cultures containing different
concentrations of SP. As shown in Fig. 9, the inclusion of SP at concentrations ranging
from 100mM to 3.2mM inhibited the magnitudes of both Th1 and Th17 T cell
responses in a dose-dependent manner, although above 400mM SP, cell viability was
diminished (Fig. 9A and B). With the Treg induction cultures, responses were increased
when SP was included from 100mM to 400mM but declined at higher concentrations,
with cells losing viability (Fig. 9C).

FIG 5 Feeding SP decreases the level of proinflammatory T cells and enhances the magnitude of anti-inflammatory over proinflammatory cells in the
ocular DLN. Orally SP-fed and control C57BL/6 mice were infected with HSV-1, and FACS analysis was performed after 15 days p.i. (A, B) Total CD41 T cell
frequencies (A) and numbers (B) in the DLN. (C, D) Th1 cell frequencies (C) and numbers (D) in the DLN. (E, F) FACS plots representing frequencies of Th1
(CD41 IFN-g1) cell infiltration in the DLN. (G) Total numbers of Th17 (CD41 IL-17A1) cells in the DLN. (H, I) Treg (CD41 Foxp31) frequencies (H) and
numbers (I) in the DLN. (J, K) FACS plots displaying frequencies of Treg (CD41 Foxp31) in the DLN. (L, M) Treg/Th1 cell (L) and Treg/Th17 cell (M) ratios in
the DLN. For Th1 and Th17 cell enumeration, stimulation was performed for 4 h with PMA-ionomycin. Data represent mean results 6 SEM. All data were
analyzed by an unpaired Student t test, and significance levels were determined (*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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The results of these in vitro assays demonstrate that the addition of SP to induction
cultures serves to compromise inflammatory T cell induction but, at an appropriate
dose, expands Treg.

DISCUSSION

In this report, we have explored a dietary manipulation approach to controlling the
severity of an immuno-inflammatory reaction in the eye to HSV infection. We show
that supplementing the diet with SP significantly diminished the severity of SK lesions,
raising the prospect that dietary manipulation could represent an approach to dimin-
ishing the impact of herpetic lesions in the natural host, humans. Stromal keratitis in
humans, as well as in the mouse model used to study the disease, is a lesion which is
the consequence of an immunological reaction to the infection (1, 3, 4). A consensus
notion is that the immunopathology is orchestrated by T cells but that additional cellu-
lar and molecular participants are also involved (7). The T cell orchestrators include
CD4, Th1, and Th17 T cells, and perhaps CD8 T cells (22–25), but the tissue damage
also involves nonlymphoid cells, particularly neutrophils and macrophages (26, 27). Of
interest, the extent of lesion expression can be modulated by cells with regulatory
function (Treg), as well as by some cytokines (28, 29). The most studied regulatory cells
have been Foxp31 CD4 T cells, but IL-10-producing T cells and some subtypes of mac-
rophages (M2) may also control the extent of inflammation (29, 30). Hence, an objec-
tive of therapy and control is to diminish proinflammatory participants and to expand
those components, such as Treg, that inhibit the inflammatory tissue-damaging pro-
cess. As we show in this report, incorporating the SCFA salt sodium propionate into
the diet is an effective way of achieving this objective. Accordingly, mice receiving the
SP supplement had diminished SK lesions, and the nature of the ocular inflammatory
responses was changed. Such lesions contained fewer neutrophils and macrophages,
and the balance of T cell subsets present changed to reflect more representation of

FIG 6 Oral feeding of SP reduces neutrophil and macrophage responses in MLN tissue samples. Orally SP-fed and control C57BL/6 mice were infected
with HSV-1, and FACS analysis was performed after 15 days p.i. (A) Total numbers of leukocytes in the MLN. (B, C) Frequencies (B) and numbers (C) of
neutrophils present in the MLN. (D, E) Representative FACS plots showing the frequencies of neutrophils (CD451 CD11b1 Ly6G1) in the MLN. (F, G)
Frequencies (F) and numbers (G) of macrophages in the MLN. (H, I) FACS plots showing frequencies of macrophages (CD451 CD11b1 F4/801) in the MLN.
Gating for neutrophils and macrophages in the MLN was carried out as described elsewhere (59, 60). Data represent mean results 6 SEM. All data were
analyzed by an unpaired Student t test, and significance levels were determined (*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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Treg relative to Th1 and Th17 cells. Additionally, in comparison to control diet recipi-
ents, mice fed the SP supplement had diminished expression of several inflammatory
cytokines and chemokines and of some other protein components involved in
inflammation.

Stromal keratitis is an important clinical problem in humans and is managed mainly
by the use of anti-inflammatory drugs. Since herpetic infections are sustained

FIG 7 Supplementation with SP decreases proinflammatory T cells and changes the ratio of anti-inflammatory to proinflammatory cells in the MLN. Orally
SP-fed and control C57BL/6 mice were infected with HSV-1, and FACS analysis was performed after 15 days p.i. (A, B) Frequencies (A) and numbers (B) of
CD41 T cells in the MLN. (C) Numbers of Th1 cells in the MLN. (D, E) Th17 cell frequencies (D) and numbers (E) in the MLN. (F, G) FACS plots of Th17 cells
(CD41 IL-17A1) in the MLN. (H, I) Treg (CD41 Foxp31) frequencies (H) and numbers (I) in the MLN. (J, K) FACS plots displaying frequencies of Treg (CD41

Foxp31) in the MLN. (L, M) Treg/Th1 cell (L) and Treg/Th17 cell (M) ratios in the MLN. For enumeration of Th1 and Th17 cells, stimulation was performed
for 4 h with PMA-ionomycin. Data represent mean results 6 SEM. All data were analyzed by an unpaired Student t test, and significance levels were
determined (*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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indefinitely in infected hosts in the form of latency, periodic outbreaks of productive
infection, often lesion producing, can be expected to occur. Decreasing the frequency
and severity of these episodes, especially in critical locations such as the eye, repre-
sents a major objective for those involved in managing herpesvirus infections. Our cur-
rent results and a previous report demonstrate that this objective can be achieved by
making metabolic changes in the infected host (16). Thus, using a mouse model of SK,
which, unfortunately, represents a response to primary infection rather than reactiva-
tion from latency, as is usually the case with human SK, we show that manipulating
metabolism can result in diminished SK lesions. The previous observations had shown
that inhibiting glucose utilization with the drug 2DG achieved this effect (16), but there
were potential complications if mice were treated with 2DG when replicating virus was
still present. In that circumstance, the infection could spread to the central nervous
system (CNS) and result in herpes encephalitis (16). The results of the present investiga-
tion would seem to have even more promise for practical application. These results
clearly show that SK lesions can be markedly diminished merely by supplementing the
diet with the SCFA salt sodium propionate. The recipients of such a diet had signifi-
cantly reduced lesions, likely the consequence of diminished proinflammatory T cell

FIG 8 Effects of dietary SP supplementation on cytokine and chemokine expression levels in the corneas of
HSV-1-infected animals. Orally SP-fed and control C57BL/6 mice infected with HSV-1 were sacrificed on day 15
p.i., and corneas were collected for measurement of the mRNA expression levels of various cytokines (IL-1b , IL-
12, IL-6, TNF-a, MMP-9, IL-10, and TGF-b) and chemokines (CXCL1/KC and CCL3) in pooled corneal samples by
quantitative RT-PCR. Samples consisted of four corneas per group from control and SP-fed animals. Data
represent mean results 6 SEM. All data were analyzed by an unpaired Student t test, and significance levels
were determined (*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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responses, which our group and others had demonstrated act as the usual orchestra-
tors of ocular damage, although other cell types, such as neutrophils and macro-
phages, may be the actual mediators of the tissue damage (26, 31, 32). Management of
the consequences of tissue damage using nutritional modification has so far received
minimal investigation with microbial infections, but reports are attesting to the value
of this approach. For example, a report showed that the innate neutrophil response of
mice to influenza virus infection was diminished upon feeding of SCFA (33), and a sec-
ond report showed that mice fed a high-fiber diet (which generates SCFA, as described
below) resulted in diminished pulmonary inflammatory responses to respiratory syncy-
tial virus infection in mice. This outcome was explained by elevated interferon
responses protecting against the virus (15). It is also of interest that feeding additional

FIG 9 Effects of addition of SP to induction cultures for Th1 cells, Th17 cells, and Treg. Splenocytes from RAG2–/– mice were cultured ex vivo in the
presence of 1mg/ml of anti-CD3/CD28 Abs as well as rIL-2 (100 U/ml) and TGF-b (0.5 ng/ml) for Treg induction, IL-12 (5 to 10 ng/ml) and anti-IL-4 (10mg/
ml) for Th1 induction, and IL-6 (25 ng/ml) and TGF-b (1 ng/ml) for Th17 induction, along with various concentrations of SP (100mM to 3.2mM). After 5
days, cells were harvested and analyzed for the expression of the respective immune phenotype. (A to C) Histogram analysis to measure the effects of SP
on the differentiation of Th1 cells (CD41 IFN-g1) (A), Th17 cells (CD41 IL-17A1) (B), and Treg (CD41 Foxp31) (C) and on their viability, presented as bar
graphs (left) and FACS plots (right). For Th1 and Th17 cell enumeration, stimulation with PMA-ionomycin was performed for 4 h. Data represent mean
results 6 SEM. All data were analyzed by ANOVA, and significance levels were determined (*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001).
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SCFA can overcome the detrimental effects that high ambient temperatures can have
on the outcome of a viral infection, a useful effect in our warming world (34). Those
results showed that influenza virus-infected mice were more susceptible at 36°C than
at room temperature, but the increased susceptibility was abrogated when the diet
was supplemented with SCFA. Additionally, mice infected with influenza virus show
changes in their gut microflora and produce less SCFA; as a consequence, they become
more susceptible to secondary bacterial infection (35). Interestingly, supplementing
the diet with acetate reduced the consequences of secondary superinfection. Thus, evi-
dence is accumulating to attest to the potential value of dietary manipulation in
changing the outcome of virus infections.

Far more investigations using dietary manipulation to influence inflammatory reac-
tions have been performed using noninfectious models of inflammatory disease, with
the focus on models of autoimmunity (12, 13, 36, 37). A common approach has been
to feed animals a diet rich in fiber, or to provide supplements of SCFA salts, which we
used in the present study, and to compare the outcome with that for animals fed a
control diet. Studies have shown that feeding fiber-rich diets or an SCFA supplement
results in diminished inflammatory lesions. How such effects occur has been investi-
gated by several groups; the consensus explanation is that fiber-rich diets favor the
expansion of bacterial components of the gut flora, such as Bacteroidetes and
Firmicutes species (19, 33). These bacteria can degrade complex carbohydrates such as
inulin and pectin into SCFA, which include acetic, butyric, and propionic acids. These
products, in turn, are taken up by reacting cells of the immune system and can influ-
ence their metabolism, expansion, and function. For example, exposure of developing
CD4 Th1 T cells to SCFA affects their amino acid metabolism, although the mechanism
by which this occurs needs to be ascertained (38). Developing Th17 cells are inhibited
because the nuclear factor erythroid 2-related factor 2/heme oxygenase 1/IL-6 receptor
pathway is downgraded (39). Moreover, the presence of SCFA acts to compromise the
function of these cells by effects on Rorgt and STAT3 expression (40, 41). Of interest, ex-
posure of Treg to SCFA during their development acts to expand this population of
cells and also increases their function via effects on their pivotal transcription factor
Foxp3. This is the consequence of enhancement of histone H3 acetylation and inhibi-
tion of histone deacetylase (42–44).

In our studies, we also noted reduced numbers of neutrophils and macrophages in
the lesions of SP-fed animals. As others have shown, this effect likely occurred by vari-
ous mechanisms, which include enhancement of neutrophil apoptosis by inducing cas-
pase activity and also downregulation of NF-κB in neutrophils and macrophages,
resulting in their reduced responses to chemokines (33, 37, 45, 46). In our studies, too,
we detected reduced expression levels of several molecules, including the chemokines
CXCL1/KC and CCL3. Additionally, reduced levels of MMP-9, a molecule involved in vas-
cular angiogenesis, an essential step in SK pathogenesis, have been noted (47). Levels
of other crucial cytokines, including IL-1b , IL-12, IL-6, and TNF-a, were also reduced in
the SP-supplemented group. Moreover, feeding of SCFA enhanced levels of some cyto-
kines, including IL-10 and TGF-b , which are known to have an anti-inflammatory effect
(48). Stromal keratitis is an excellent example of a virus-induced lesion that occurs as a
consequence of an inflammatory reaction (5). In SK, reports have shown that lesions
are minimized in situations where the balance between the T cells participating in the
response favors cells with regulatory functions (Treg) (28). Furthermore, certain subsets
of Treg, such as those that are able to produce amphiregulin (AMP), may be more
instrumental in controlling SK lesion severity than AMP-negative Treg (49). Our studies
showed that the consequence of SP supplement feeding was to diminish the numbers
of proinflammatory Th1 and Th17 T cells but not to inhibit cells with regulatory func-
tion, such as Foxp31 Treg. In fact, whereas the numbers of Treg were not markedly
expanded in vivo, their frequency relative to that of Th1 and Th17 cells was signifi-
cantly increased. This was evident in corneal tissue with SK lesions as well as in the
DLN. A similar pattern of results was also reported in studies on feeding high-fiber
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diets and propionate or butyrate supplements in autoimmune models of inflammation
(12, 13). We could also show, using in vitro T cell induction systems, that the presence
of SP in cultures served to reduce inflammatory T cell induction but, in contrast, mar-
ginally expanded Treg induction. Accordingly, the expression of inflammatory
responses to viruses and some other inflammatory processes can be limited by dietary
manipulation. However, it remains to be determined how this approach to lesion man-
agement compares with other approaches to the same problem. These include modu-
lating other metabolic events, such as glycolysis, glutamine metabolism, and fatty acid
metabolism (50), modulating microRNA (miRNA) responses (51, 52), expanding Treg
using some activators (32), and other approaches discussed in a previous review (50).
Some of these alternative approaches might be more effective in achieving immune
cell rebalancing, but they lack the simplicity of the approach we describe in this report.
It is also relevant that uncontrolled inflammatory effects in the lung are a severe, often
lethal consequence of COVID-19 infection in some patients (53). This problem is cur-
rently treated with steroids or expensive monoclonal antibodies against proinflamma-
tory cytokines such as IL-6 (54, 55). One wonders if the simple and quite inexpensive
maneuver of feeding diets rich in fiber or providing nutritional supplements such as SP
could be a useful way to diminish the inflammatory consequences of COVID-19 lesions.
It is also possible that those persons who suffer from severe and frequent genital her-
petic lesions could receive relief if their diets were changed or if they received appro-
priate supplements. Such issues merit further investigation.

MATERIALS ANDMETHODS
Mice. Three- to 4-week-old C57BL/6 mice were purchased from Envigo (USA). DO11.10 RAG22/2

mice were previously purchased from Taconic, and breeding pairs were maintained to continue the
strain. All mice were kept in a pathogen-free facility where food, water, bedding, and instruments were
autoclaved. All the animals were housed in American Association for Laboratory Animal Science-
approved facilities at the University of Tennessee, Knoxville. All investigations followed the guidelines of
the Institutional Animal Care and Use Committee and adhered to the guidelines of the Association for
Research in Vision and Ophthalmology.

Virus. HSV-1 strain RE (obtained from Robert Hendricks, University of Pittsburgh) was propagated in
Vero cell monolayers (CCL81; American Type Culture Collection, Manassas, VA, USA) as per standard pro-
tocols. Briefly, Vero cells were infected at a multiplicity of infection (MOI) of 0.01 with a virus inoculum
medium (Dulbecco’s modified Eagle medium [DMEM] without fetal bovine serum [FBS]) containing
strain RE for 90min at 37°C under a 5% CO2 atmosphere in a humidified incubator. After 90min, the old
medium was replaced with fresh medium, and final harvesting was done after 48 h postinoculation. Cell
pellets were collected after centrifugation, resuspended in phosphate-buffered saline (PBS), and then
kept at 280°C. In order to release the intracellular virus, cells were freeze-thawed three times, and at
last, centrifugation was performed at 3,000 rpm for 15min at 4°C to separate the supernatant and cellu-
lar pellet. The supernatant was collected and stored in aliquots at 280°C until use. Viral titration was
done in Vero cells, and 1.2� 108 PFU/ml was calculated after crystal violet staining.

SP administration. In line with previous studies (56, 57), mice were given sodium propionate (SP)
(catalog no. P1880; Sigma) by including it in the drinking water at a 500mM concentration starting
3weeks prior to viral infection and continuing until the termination of the study. The control mice
received the same food source (regular chow diet) but distilled water for drinking. The drinking sources
were changed twice a week for the entire duration of the study.

HSV-1 infection and clinical scoring. Seven-week-old C57BL/6 mice were given deep anesthesia (a
1.25% solution of 2,2,2-tribromoethanol; catalog no. AC421430500; Acros). The stage of deep anesthesia
was confirmed by tail and toe pinch reflex; corneal infections were done by lightly scarifying (15
scratches in checkerboard form on each eye) corneas using a 27-gauge needle; and a 3-ml drop that
contained 1� 104 PFU of HSV-1 RE was administered, followed by eyelid closing and gentle rubbing
for 45 s. The day of infection was counted as day 0. These mice were monitored daily for the devel-
opment of SK lesions. SK lesion severity and angiogenesis in the eyes of mice were examined by slit-
lamp biomicroscopy (Kowa Company, Nagoya, Japan) and were recorded at different days (days 7,
11, and 15) postinfection (p.i.). The scoring system was as follows: 0, normal cornea; 11, mild corneal
haze; 12, moderate corneal opacity or scarring; 13, severe corneal opacity but iris visible; 14, opa-
que cornea and corneal ulcer; 15, corneal rupture and necrotizing keratitis. The severity of angio-
genesis was recorded as described previously (58). According to this system, a grade of 4 for a given
quadrant of the circle represents a centripetal growth of 1.5mm toward the corneal center. The
scores of the four quadrants of the eye were then summed to derive the neovessel index (range, 0
to 16) for each eye at a given time point.

Analysis of virus on eye by swab and plaque assay. To measure the effect of oral feeding of SP on
corneal virus replication, eye swabs were taken on days 2, 4, and 7 p.i., and swabs were kept in 0.5ml of
DMEM and were stored at 280°C for future analysis. To quantify virus, a plaque assay was used as
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described elsewhere (9). Eye swab samples were titrated and serially diluted on Vero cells on 48-well
plates in triplicate. After incubation for 90min at 37°C, the plates were overlaid with 1% methylcellulose
mixed with 10% DMEM and were kept for incubation for 4 days. After 4 days, plates were fixed with 10%
formalin for 1 h, followed by staining with crystal violet (0.2% solution in alcohol) for 30 min, and pla-
ques were counted.

Reagents and Abs used. CD4 (RM4-5), gamma interferon (IFN-g) (XMG1.2), Foxp3 (FJK-16S), IL-17A
(TC11-18H10), F4/80 (BM8), CD11b (M1/70), LY6G (1A8), CD45 (30F11), anti-CD3 (145-2C11), and anti-
CD28 (37.51) antibodies (Abs), GolgiPlug (brefeldin A), and a CD16/CD32 (2.4G2) Ab were obtained from
either eBioscience or BD Biosciences. Sodium propionate, phorbol myristate acetate (PMA), and ionomy-
cin were from Sigma-Aldrich. The Live/Dead staining kit was obtained from Life Technologies.
Recombinant IL-2 (rIL-2) was from PeproTech; IL-12, IL-6, and TGF-b were from R&D Systems, and anti-
IL-4 from BioLegend.

Flow cytometric analysis of immune cells. At day 15 p.i., individual corneas were excised, suspended
in medium, and digested with Liberase (Roche Diagnostics, IN) for 45min at 37°C under a humidified atmos-
phere of 5% CO2. After incubation, the corneas were disrupted by grinding with a 1-ml syringe plunger on a
40-mm cell strainer, and a single-cell suspension was made in 10% RPMI 1640 medium. Single-cell corneal
suspensions were divided into two equal parts; one part was processed to detect Treg, and the other was
stimulated with PMA (50ng), ionomycin (500ng), and brefeldin A (10mg/ml) for 4h to enumerate Th1 and
Th17 cells. For draining lymph nodes (DLNs), the mesenteric lymph node (MLN), and spleens, single-cell sus-
pensions were made as described above without Liberase treatment, and cells were counted by hemocy-
tometer (catalog no. 02-671-51B; Hausser Scientific). One million cells were either stained directly to detect
Treg or stimulated with PMA (50ng), ionomycin (500ng), and brefeldin A (10mg/ml) for 4h in 96-well U-bot-
tom plates to detect Th1 and Th17 T cells (58).

For flow cytometric staining, all steps were performed at 4°C. Briefly, cells (both stimulated and unsti-
mulated) were reacted with anti-mouse CD16/CD32 (Fc Block; catalog no. 553141; BD Biosciences) for 15
min to eliminate non-antigen-specific binding to the cell surface. After that, cells were reacted with a
Live/Dead staining reagent (for 30min) in PBS, followed by cell surface staining with the respective sur-
face fluorochrome-labeled Abs in fluorescence-activated cell sorter (FACS) buffer (10% FBS in PBS) for
30min. Subsequently, samples were reacted with fluorochrome-labeled Abs for the detection of intracel-
lular cytokines (IFN-g and IL-17A) or the Foxp3 transcription factor protein. Finally, the cells were washed
three times with FACS buffer and were resuspended in 1% paraformaldehyde. The labeled samples were
analyzed to enumerate the cells with different phenotypes using a FACS LSR II system (BD Biosciences, San
Jose, CA), and the data were analyzed using FlowJo software (Tree Star, Ashland, OR). For Treg determina-
tion, unstimulated single-cell suspensions were intracellularly stained for the transcription factor protein
Foxp3 by using a Foxp3 intracellular staining kit (catalog no. 00-5523-00; eBioscience) in accordance with
the manufacturer’s recommendations. To determine the number of IFN-g-, IL-17A-producing T cells from
stimulated single-cell suspensions, intracellular cytokine staining was performed according to the manu-
facturer’s recommendations (BD Cytofix/Cytoperm Plus kit; catalog no. 555028; BD Biosciences).

For the study of innate cells such as neutrophils and macrophages, individual corneas were digested
with Liberase (Roche Diagnostics, IN), and single-cell suspensions were prepared as described above.
Single cell suspensions were also made from the DLN, MLN, and spleen lymphoid tissue. Surface staining
was performed for innate cell analysis without stimulation.

During flow cytometric analysis, all doublet cells were gated out, followed by gating of live cells
using Live/Dead staining. Cells were identified as Th1 cells if they were CD41 IFN- g1, as Th17 cells if
they were CD41 IL-17A1, as Treg if they were CD41 Foxp31, as neutrophils if they were CD451 CD11b1

LY6G1 F4/802, or as macrophages if they were CD451 CD11b1 F4/801 LY6G–.
In vitro Treg, Th1 cell, and Th17 cell differentiation. To evaluate the effects of SP on the induction

of T cell responses in vitro, splenocytes from naive DO11.10 RAG22/2 mice were used as a precursor pop-
ulation as described previously, with minor modifications (16, 58). Briefly, 0.5� 106 splenocytes after
erythrocyte (RBC) lysis and several washes were cultured in 1ml of 10% RPMI 1640 medium containing
rIL-2 (100 U/ml) and TGF-b (0.5 ng/ml) for Treg induction, IL-12 (5 to 10 ng/ml) and anti-IL-4 (10mg/ml)
for Th1 induction, and IL-6 (25 ng/ml) and TGF- b (1 ng/ml) for Th17 induction. All cultures had plate-
bound anti-CD3/CD28 Ab (1mg/ml) and were kept for 5 days at 37°C in a 5% CO2 incubator. Test cultures
for the induction of Treg, Th1 cell, and Th17 cell types received different concentrations of SP, which
ranged from 100mM to 3.2mM. After 5 days, samples were analyzed by flow cytometry to enumerate
the numbers of T cells of the different phenotypes that were induced in test and control cultures by
using the methodology described in the preceding section.

RT-PCR for quantification of selected RNA levels. Total RNA was isolated from corneas. At the 15th
day p.i., four corneal samples showing average lesions were pooled, and RNA was isolated using a
mirVana miRNA isolation kit (Ambion). From corneal samples, cDNA was made by using 500ng of RNA
with the help of an ImProm-II reverse transcription system kit (Promega). A TaqMan gene expression assay
for various chemokines and cytokines was obtained from Applied Biosystems, and analysis was carried out
by using a 7900 HT Fast real-time PCR (RT-PCR) system (Applied Biosystems). Various predesigned 6-car-
boxyfluorescein (FAM)-MGM-labeled gene expression probes were purchased with the following identifi-
cation numbers: for IL-6, Mm00446190_m1; for IL-1b , Mm00434228_m1; for IL-12, Mm01288991_g1; for
TNF-a, Mm99999068_m1; for IL-10, Mm99999062_m1; for TGF-b , Mm00436955_m1; for matrix metallo-
peptidase 9 (MMP-9), Mm00442991_m1; for chemokine (C-X-C motif) ligand 1 (CXCL1), Mm04207460_m1;
and for chemokine ligand 3 (CCL3), Mm00441259_g1. Actin b (Mm00607939_s1) was used as an endoge-
nous control for all PCRs.

The expression levels of different molecules were normalized to that of b-actin using a D cycle
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threshold calculation. Relative expression for the control and SP-fed groups was calculated using the
2–DDCT � 1,000 formula.

Statistical analysis. Statistical significance was determined by either an unpaired Student t test
(comparing two groups) or analysis of variance (ANOVA). A P value of ,0.05 was regarded as indicating
a significant difference between groups (*, P# 0.05; **, P# 0.01; ***, P# 0.001; ****, P# 0.0001). All
results are expressed as means 6 standard errors of the means (SEM). GraphPad Prism software
(GraphPad Software, La Jolla, CA) was used for statistical analysis.
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