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ABSTRACT Short-chain fatty acids (SCFAs) are the main metabolites produced by
the gut microbiota via the fermentation of complex carbohydrates and fibers.
Evidence suggests that SCFAs play a role in the control of infections through direct
action both on microorganisms and on host signaling. This review summarizes the
main microbicidal effects of SCFAs and discusses studies highlighting the effect of
SCFAs in the virulence and viability of microorganisms. We also describe the diverse
and complex modes of action of the SCFAs on the immune system in the face of
infections with a specific focus on bacterial and viral respiratory infections. A grow-
ing body of evidence suggests that SCFAs protect against lung infections. Finally, we
present potential strategies that may be leveraged to exploit the biological proper-
ties of SCFAs for increasing effectiveness and optimizing patient benefits.
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Short-chain fatty acids (SCFAs), namely, acetate (C2), propionate (C3), and butyrate
(C4), are the main metabolites produced by the gut microbiota (in a 60:20:20 pro-

portion, respectively). These compounds are derived from the anaerobic fermentation
of nondigestible polysaccharides, such as resistant starches and dietary fibers. The
SCFA concentration in the intestine can be as high as 10 to 100mM, and the SCFAs
exert many physiological functions (1–4). For example, butyrate and (to a lesser extent)
the other two SCFAs are major energy sources for colonocytes and act as key factors in
intestinal epithelial cell growth and function. SCFAs regulate inflammatory responses,
and SCFA supplementation can reduce the severity of intestinal disorders such as coli-
tis (5, 6). It is important to note that the effects of microbiota-derived SCFAs are not
limited to the intestinal compartment. In fact, SCFAs can cross into the blood and act
at distal sites, such as the lungs (7). Many studies have reported that SCFAs protect
against infections. Various modes of action have been reported in this context, ranging
from a direct effect on the growth and/or virulence of microorganisms to an indirect
effect on the host immune system.

Infections. Despite the advent and widespread use of vaccines, antibiotics, antiviral
drugs, and antifungal drugs, microbial infections still constitute a major public health
issue, exemplified by the recent coronavirus disease 19 (COVID-19). In 2019, a report
from World Health Organization stated that 26% of deaths worldwide are caused by
communicable diseases. With 3 million deaths per year, lower respiratory tract infec-
tions constitute the fourth leading cause of death overall and the deadliest communi-
cable disease. Nowadays, there is an increasing number of infections caused by multi-
resistant microorganisms that can mutate and spread easily. Given the impact of
infections on mortality and morbidity rates worldwide, it is extremely important to
study these diseases. As mentioned above, we lack effective means of preventing and
treating many infections. The rise in antibiotic resistance, the large number of bacterial
serotypes, and viral shift and drift are major concerns for physicians and researchers.
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Furthermore, the general therapeutic time frame to treat patients with antivirals and
antibiotics is short. If the treatment is not administered early enough, an exacerbated
inflammatory response will lead to tissue damage, loss of function, and greater mor-
bidity. Thus, we need to find alternative approaches that boost host defenses and
keep inflammation under control.

The SCFAs’ anti-infective modes of action. The ability of SCFAs to protect against
infections has long been known; it has been extensively studied since the 1930, when
SCFAs in sweat were first described as having potential fungicidal and bactericidal
activities (8, 9). Thanks to scientific and technological progress, SCFAs can now be
detected in high concentrations in the gut, where the compounds have several essen-
tial roles. The SCFA concentrations in the gut are directly related to the respective com-
positions of the diet and the microbiota. Many studies have shown that a high SCFA
concentration in the gut is correlated with resistance to infections (10–12). SCFAs can
exert effects on infections in two ways. First, they can act directly on the pathogen’s
growth or virulence (13, 14). Second, they can act indirectly by modulating the host’s
defenses (i.e., its immune or epithelial cells) through three different mechanisms (Fig.
1). The first mechanism to be discovered (and the best studied to date) is direct bind-
ing of SCFAs to free fatty acid receptor 2 (FFAR2) and FFAR3 and to the hydroxycarbox-
ylic acid receptor, which are also referred to as G protein-coupled receptors 43, 41, and
109A, respectively. SCFA binding causes the receptor to couple with various G protein
alpha subunit classes (Gai/o, Gaq/11, and Ga12/13), which in turn activate signaling cas-
cades and modulate the host’s defensive response. Furthermore, the receptors can
form homodimers or heterodimers—an action that further amplifies the range of
responses (15, 16). SCFAs can also enter cells via transporters (such as the monocarbox-
ylate transporter, the sodium monocarboxylate transporter, and aquaporin) or by pas-
sive diffusion across the cell membrane (17, 18). Once inside the cell, SCFAs can exert a
second action, namely inhibition of histone deacetylase (HDAC), which opens up the
chromatin, upregulates gene expression, and thus regulates the host’s defenses (19).
The third mechanism is due to cellular metabolism of the SCFAs, which can culminate
in cell activation (20). The SCFAs either enter the fatty acid b-oxidation or are directly
converted to acetyl-coenzyme A (CoA) by acetyl-coenzyme A synthetase (5, 6).
Hence, SCFAs have a broad range of mechanisms of action and targets. It is therefore
important to (i) gain a better understanding of how SCFAs boost host defenses and

FIG 1 Modes of action of SCFAs. SCFAs can activate G protein-coupled receptors (no. 1) and/or enter
cells, where they inhibit HDAC (no. 2) or influence metabolic pathways (no. 3). MCT, monocarboxylate
transporter; SMCT, sodium-dependent monocarboxylate transporter; GPCR, G-protein-coupled receptor;
HDAC, histone deacetylase.
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(ii) determine whether these compounds can be used to treat infections (e.g., in com-
bination with antibiotics or immunomodulators) in general and lung infections in
particular.

THE ROLE OF SCFAs DURING INFECTION
Direct effects of SCFAs on microorganisms. (i) Effects on microbial growth. The

potential of SCFAs for direct microbicidal activity was already being investigated in the
1930s. At that time, researchers found that sweat had antimicrobial activity and that
this was due to the presence of SCFAs (21). During the same period, the antifungal
activity of SCFAs was also described (9). Since that time, the microbicidal activity of
SCFAs has been extensively investigated; these compounds are now known to kill
or to slow the growth of Enterococcus faecalis (22), Pseudomonas aeruginosa (23),
Mycobacterium tuberculosis (24), Cryptococcus neoformans (14), and several other
bacteria (10, 25–32). However, few of these studies reported on the mechanism by
which the bacterial growth was abrogated or impaired. It has been shown that pro-
pionate can diffuse across the cell membrane of Gram-negative bacteria (e.g.,
Salmonella enterica subsp. enterica serovar Typhimurium); the resulting change in
cytoplasmic pH causes an acid stress response and ultimately inhibits bacterial
growth (10). Another research group reported that acetate’s bactericidal effect on
Shigella flexneri was due to an impairment of glucose metabolism (31). The growth
of Escherichia coli growth in acid medium was also inhibited by SCFAs, and especially by
acetate (33). Due to intracellular accumulation of acid anions, acetate affected the E. coli
cell’s anion balance and contributed to growth inhibition (27). It was subsequently
reported that acetate could also reduce methionine levels, increase the concentration of
methionine’s toxic intermediate (homocysteine), and thus cause a reduction in the cyto-
plasmic pH in E. coli (26). Despite metabolic differences that depend on the SCFA and the
microorganism in question, all SCFAs have to enter the cell if they are to inhibit growth.
To do so, the extracellular pH must be low. The toxicity of SCFAs at low pH is due to
uncoupling. At a low pH, greater amounts of undissociated (i.e., lipid-soluble) SCFAs can
diffuse across the cell membrane. Once in the alkaline cytoplasm, the SCFAs dissociate
and thus raise the intracellular concentrations of SCFA anions and protons. The resulting
perturbation of the cell’s anion balance changes the osmotic balance, reduces the intra-
cellular pH, dissipates the proton motive force, and thus compromises cell metabolism.
Gram-positive bacteria are usually more resistant than Gram-negative bacteria to SCFAs,
because they are more tolerant to a low intracellular pH. Thus, the influx of undissociated
SCFAs is not as great in Gram-positive bacteria as it is in Gram-negative bacteria.
Furthermore, Gram-positive bacteria have higher concentrations of potassium ions, which
pair with the SCFA anions (27, 34). Thus, the antimicrobial activity of SCFAs requires an
acid pH and high SCFA concentrations.

(ii) Effects on microbial virulence. Along with a direct effect on growth, SCFAs are
also potent modulators of virulence factors. As mentioned above, SCFAs can decrease
the intracellular pH in Salmonella, which then slows the flagellar motor and reduces
bacterial motility (35). Furthermore, SCFAs can reduce Salmonella biofilm formation by
impairing the extracellular production of polysaccharides and cell-cell communication
(i.e., antiquorum activity) (35, 36). More specifically, it was shown that butyrate can
downregulate the expression of pathogenicity island genes in Salmonella strains and
impair bacterial invasion and translocation from the intestine to the bloodstream
(37–39). Thus, SCFAs reduce Salmonella virulence and might attenuate the severity of
infections in various ways. In contrast to their action in Salmonella, SCFAs upregulate
virulence genes in Borrelia burgdorferi. Lin and colleagues suggested that increased
expression of RpoS, OspC, and DbpA proteins resulted in greater sensing of the bacteria
by the adaptive immune system and thus in enhanced bacterial clearance (13). Butyrate
was shown to also suppress Listeria monocytogenes virulence factors and compromise
the bacterium’s ability to evade the phagosome. Accordingly, macrophages efficiently
eliminated butyrate-treated L. monocytogenes (40). Similarly, butyrate inhibited biofilm
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formation by C. neoformans, Candida albicans, and Trichosporon spp. (14, 25) and reduced
filamentation in C. albicans and capsule formation in C. neoformans (14). Taken as a
whole, these mechanistic data suggest that SCFAs modulate virulence factors in various
species of bacteria and yeasts and thus enhance the host’s recognition and elimination of
pathogenic microorganisms. It has also been reported that variations in SCFA concentra-
tions in the avian intestinal tract modulate colonization by commensal bacteria such as
Campylobacter jejuni; higher SCFA concentrations in the lower intestinal tract activate ace-
togenesis-dependent genes, which allow bacteria to adhere and colonize the region (41).
A similar effect is also seen on enterohemorrhagic Escherichia coli (EHEC) strains. Tobe
and colleagues showed that high concentrations of SCFAs (mostly acetate) activate flagel-
lar genes and other genes related to the motility of EHEC strains. Given the known intes-
tinal concentrations of SCFAs, bacteria might migrate to the distal ileum, where bu-
tyrate concentrations are higher; next, genes related to bacterial adherence might
be activated (42, 43). Collectively, SCFAs mainly limit bacterial and fungal virulence
by altering gene expression. To date, direct effects of SCFAs on viruses or parasites
have not been reported. Although the above-mentioned (mostly in vitro) studies
provide information on the effects of SCFAs on microorganism virulence and may
explain the beneficial effects on infections, it is extremely important to validate
these observations effects in vivo.

Preclinical and clinical studies of the effects of SCFAs on infections. SCFAs are
reportedly beneficial in several infective settings. This section focuses on preclinical
and clinical studies of nonrespiratory infections. Thanks to their antibacterial and anti-
fungal properties, SCFAs have been used since 1947 to successfully treat “external”
infections, such as conjunctivitis (8), dermatomycosis (44), and vulvovaginitis (45).
More recently, SCFAs have been studied in animal models of colitis, necrotic enteritis,
and septic arthritis, among other diseases (Table 1). Most of these studies looked at
bacterial infections. However, a few studies showed that SCFAs can also have an effect
on fungal, viral, and parasitic infections.

Propionate’s antibiotic properties, lack of side effects, and broad spectrum of action
against bacteria and fungi meant that it was used to treat human eye infections as
early as the 1940s. Theodore and colleagues showed that propionate prevents eye
infections and helps corneal ulcers to heal without causing opacity (8). Propionate was
also used to treat vulvovaginitis caused by Candida spp., with symptom relief and elim-
ination of the pathogen in almost all treated patients (45). Recently, acetic acid was
used in a clinical trial of wounds infected by P. aeruginosa; the treatment shortened
the healing time and eliminated the pathogen (46). Likewise, propionate ameliorated
skin infections caused by methicillin-resistant Staphylococcus aureus by reducing cyto-
kine production, bacterial loads, and abscess size (29).

Along with their antibacterial effects, SCFAs can also help the host’s defense mecha-
nisms to combat infections. Protective effects of this type have been described in sev-
eral models of intestinal infections. Colonic infusion of SCFAs in a rabbit model of acute
S. flexneri-driven colitis was shown to attenuate clinical symptoms (such as blood in
the feces and mucosal congestion) and reduce cellular infiltration and bacterial counts
in the colon (11, 47). The latter study was followed by clinical trial in shigellosis.
Butyrate treatment was associated with a lower level of inflammation in the rectum
and greater expression of antimicrobial peptides (48). Treatment with butyrate has
also shown beneficial effects in murine models of intestinal Citrobacter rodentium and
Clostridioides difficile infections. Relative to untreated mice, the treated animals gained
more weight, had less intestinal inflammation, and upregulated the expression of
genes related to pathogen clearance and epithelial repair (49–51).

The beneficial effects of SCFAs are not restricted to humans and rodents. Local
treatment with butyrate ameliorated necrotic enteritis in broilers infected with Eimeria
maxima and then Clostridium perfringens and showed a protective effect in hemolytic
uremic syndrome caused by E. coli O157 in piglets (52, 53). Under both conditions, bu-
tyrate relieved clinical symptoms and reduced intestinal inflammation. In the piglet
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study, a lower bacterial load and greater production of host defense peptides were
observed. In addition to their effects on bacterial and fungal infections, SCFAs also
have a beneficial effect in the context of parasitic infections. Mista and colleagues
reported that in a murine model of Trichinella spiralis infection, animals treated with
SCFAs had a lower number of parasites in the intestine, fewer histopathological
changes, and less extensive parasite invasion (54).

However, a few studies have evidenced a detrimental effect of SCFAs. For instance,
SCFA treatment increased the load of Aggregatibacter actinomycetemcomitans in a mu-
rine subcutaneous chamber model (55). In the context of Chikungunya virus infection
in a murine model, butyrate increased edema and altered endothelial barrier repair in
the paw (56).

In summary, the administration of SCFAs in humans and other animals is generally
beneficial in the context of infection. The predominant effect of SCFAs is a decrease in
the pathogen load and the level of inflammation. This is the result of a stronger
immune response in which the clearance mechanisms are more effective and drive a
mild inflammatory response. The above-mentioned data illustrate the therapeutic
potential of SCFAs.

Mechanisms of action of the SCFAs. As described above, SCFAs have antimicrobial
effects and other beneficial effects. It has been demonstrated that the activity of SCFAs
depends on the host cell, the host tissue, and the infectious agent. The vast majority of
these compounds’ actions are exerted through epithelial and immune cells, culminat-
ing in beneficial effects on the host and detrimental effects on the pathogen. It has al-
ready been mentioned that, in vitro, SCFAs reduced cell colonization, translocation,
and invasion by C. jejuni, EHEC, and Salmonella Typhimurium. Cellular invasion by bac-
teria is a major event in enteritis in humans, and thus enteritis might be a promising
target for future treatments with SCFAs (57–59). Internalization of bacterial bovine
mammary epithelial cells is an important step in the development of mastitis. Two
research groups showed that butyrate and acetate inhibited S. aureus internalization
and induced the expression of antimicrobial peptides by mammary epithelial cells.
Butyrate and acetate inhibited bacterial internalization in different ways, as follows:
with butyrate, the inhibition resulted from greater histone acetylation; with acetate,
the inhibition involved a reduction in nuclear factor kB activation (60, 61). As seen
with mastitis, butyrate and acetate also ameliorate C. difficile infections via different
mechanisms. Butyrate treatment was associated with less intestinal inflammation and
a tighter epithelial barrier via activation of hypoxia-inducible factor 1 alpha in intestinal
epithelial cells (50). In contrast, acetate acted through FFAR2 by accelerating neutro-
phil recruitment and inflammasome activation, and thus interleukin (IL)-1b production.
Furthermore, acetate enhanced the production of interleukin 22 (IL-22), known to
induce antimicrobial and epithelial repair mechanisms by innate lymphoid cells (51). In
some contexts, different SCFAs can have the same effect. In a study of S. aureus, butyr-
ate and propionate were both found to inhibit nuclear factor kB activation and induci-
ble nitric oxide synthase expression by murine macrophages and thus decrease the
level of inflammation (62). In contrast, the production of proinflammatory cytokines
did not change in murine macrophages treated with butyrate and challenged with S.
enterica, adherent-invasive E. coli, S. aureus, or C. rodentium; however, increased antimi-
crobial peptide expression was observed (19, 63, 64). Schulthess and colleagues
reported that macrophages differentiated in the presence of butyrate showed greater
antimicrobial activity against S. enterica, adherent-invasive E. coli, S. aureus, and C.
rodentium as a result of HDAC3 inhibition (64). This inhibition reduced glycolysis,
increased the activity of autophagy protein microtubule-associated protein 1 light
chain 3 alpha, and potentialized antimicrobial peptide production. Butyrate has a
direct effect on lung pulmonary cells by imprinting an antibacterial program in macro-
phages during their differentiation from monocytes (64). The latter findings are in line
with a report by Trompette and colleagues, in which butyrate impacted the differentia-
tion of bone marrow progenitors and influenced monocyte/macrophage functions
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(65). In another study, butyrate increased the phagocytosis and killing of C. albicans
and C. neoformans by raising nitric oxide production (14). In contrast, butyrate was
shown to reduce the neutrophils’ production of reactive oxygen species and thus the
ability to kill C. albicans (66). Although many researchers have described the SCFAs’
effects on infection, mechanistic data are scarce. At present, the best-characterized
mechanisms are HDAC3 inhibition (culminating in greater production of antimicrobial
peptides) and FFAR activation (with nuclear factor kB inhibition and downregulation
of inflammation).

SCFAs IN RESPIRATORY INFECTIONS

The first evidence of gut-lung cross talk came from studies showing a correlation
between perturbation of the gut microbiota and airway disease. The dysbiosis caused
by antibiotic administration or chronic disease was associated with greater susceptibil-
ity to allergic diseases and lung infections (67–69). Accordingly, germfree mice are
more susceptible to lung diseases than are conventional mice harboring commensal
bacteria (70–72). This finding indicates that factors produced by the gut microbiota
have a remote effect on the lung’s immune status. In this setting, SCFAs are potential
drug candidates. Patients with intestinal disorders have lower levels of SCFAs and are
more susceptible to lung diseases (73). As mentioned above, SCFAs can be microbici-
dal and can modulate the immune response. It is well known that SCFAs produced in
the gut can pass into the circulation and disseminate to distal organs (7). However,
there is no consensus about the SCFAs’ source, concentrations, and direct effects on
the lungs. Most of the research data suggest that SCFAs are produced by the gut
microbiota and can diffuse into the blood, and only a few studies have suggested that
lung microbiota can produce SCFAs. Trompette and colleagues believed that lung-resi-
dent bacteria did not contribute to SCFA production because (i) their substrates are
lacking, and (ii) SCFAs could not be detected in the lungs. SCFAs produced by gut
microbiota might therefore have systemic effects—especially on progenitor cells in the
bone marrow or on circulating immune cells—that subsequently act on the lung com-
partment (74). In contrast, Segal and colleagues’ study of people living with HIV found
that the SCFA concentration was 370 times higher in the lungs than that in the blood
(75). The researchers suggested that anaerobic microorganisms in the lungs can form
multicellular complexes in a biofilm, which might enable them to survive and produce
SCFAs through fermentation. Thus, it is likely that SCFAs are not solely produced by
the gut microbiota. Furthermore, there is no consensus on the SCFA level in the lung
compartment; depending on the study, it ranges from 0 to 3mM/g of lung tissue in
mice and from 30 to 10,000mM in bronchoalveolar lavage or sputum from humans
(23, 72, 74–76). Regardless of the source and lung concentration of SCFAs, these com-
pounds have a broad range of immunomodulatory functions and have often been
studied in the context of lung infection (Fig. 2).

Bacterial infections. At present, there is no consensus on the impact of SCFAs on
bacterial infections of the respiratory tract. However, a growing body of evidence sug-
gests that some SCFAs are involved in the host’s defense against these infections.
Butyrate and phenylbutyrate (PBA; a butyrate derivative used to treat hyperammone-
mia in patients with urea cycle disorders) have been evaluated in the context of tuber-
culosis (77). PBA had already been shown to increase the production of antimicrobial
peptides by lung epithelial cells (78). Thus, PBA has been combined with vitamin D3, a
well-known regulator of the immune response that boosts antimicrobial peptide pro-
duction and has already been used to treat tuberculosis (79). This combination was first
administered orally to healthy people. PBA and vitamin D3 had synergistic effects on
the macrophages’ and lymphocytes’ production of the antimicrobial peptide LL-37.
Furthermore, the PBA-vitamin D3 combination was associated with the enhanced kill-
ing of M. tuberculosis by macrophages (79). In the same context, another study showed
that the major antibacterial effect seen was due to PBA, which directly inhibited M. tu-
berculosis growth in vitro and boosted macrophage-mediated bacterial killing (24). In
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phase 2 clinical trials, the treatment of patients infected with M. tuberculosis using PBA
and vitamin D3 led to better clearance of the infection, less inflammation, and symp-
tom relief (77, 80, 81). Despite the presence of a clear improvement in treated patients,
the PBA-vitamin D3 combination is no longer being studied in the clinic. In a murine
model of pneumonia, it was demonstrated that acetate treatment reduced Klebsiella
pneumoniae proliferation and lung inflammation by acting through FFAR2 (82). In this
setting, acetate increased the phagocytosis and killing of bacteria by alveolar macro-
phages and neutrophils. These data are in line with our recent observation in which ac-
etate treatment accentuated the ability of macrophages to kill S. pneumoniae in vitro
and ex vivo (68). In the context of prior influenza infection, the drop in acetate produc-
tion by the gut microbiota could also be overcome by treatment with acetate or a
highly selective FFAR2 agonist, resulting in protection against secondary S. pneumo-
niae infection. In another study, however, propionate treatment failed to protect
against S. pneumoniae and K. pneumoniae (83). Thus, the SCFAs appear to differ in their
efficacy against respiratory bacterial infections. Accordingly, Tian and colleagues dem-
onstrated that the dysbiosis caused by antibiotic treatment resulted in a higher propio-
nate concentration and ultimately worsened S. aureus pneumonia (84). In contrast,
low-dose propionate supplementation did not affect the S. aureus burden. These
results show that altering the SCFA balance can influence the lung’s immune and
inflammatory responses. Indeed, the pulmonary dysbiosis caused by antiretroviral ther-
apy in people with HIV led to anaerobic bacteria overgrowth and high concentrations
of SCFAs (especially butyrate and propionate) in the lungs (75). Patients with higher
concentrations of SCFAs in the lungs were more likely to develop tuberculosis. This
increase in susceptibility was linked to a lower CD41 T-cell count and a higher regula-
tory T-cell count in the lungs. Butyrate also reduced the in vitro production of gamma
interferon (IFN-g) and IL-17A by the patients’ macrophages and lymphocytes. These
observations testify to an impairment of the host’s defenses against M. tuberculosis.
Together, pulmonary and intestinal dysbioses directly influence SCFA concentrations
and heighten the host’s susceptibility to infection. Furthermore, supplementation with

FIG 2 Main effects of SCFAs on lung infections. SCFAs can modulate the systemic and/or local immune
response; this increases pathogen clearance and decreases the tissue damage caused by exacerbated
inflammation.
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acetate and (perhaps) with butyrate in healthy individuals might contribute to resist-
ance against respiratory bacterial infections. In contrast, propionate either accentuates
or has no impact on respiratory infections. It is therefore important to evaluate con-
comitant comorbidities that might alter the treatment outcome; for example, the
response to M. tuberculosis is improved by SCFAs in healthy patients but is impaired by
SCFAs in people with HIV.

Fungal infections. Although fungal lung infections are rare in healthy people, they
can be life-threatening for immunocompromised individuals such as cancer patients
receiving chemotherapy, people with HIV, and transplant recipients taking immuno-
suppressants (85). Hence, fungal infections in immunosuppressed patients are a major
public health concern. To the best of our knowledge, the possible effect of SCFAs on
respiratory fungal infection has not been studied. Nevertheless, it is known that dysbio-
sis can impair antifungal pulmonary immunity and that SCFAs can inhibit yeast growth
and improve the killing ability of macrophages in vitro (14, 86). More research will be
needed to delineate the potential value of the SCFAs in combating fungal infections.

Viral infections. A growing body of evidence indicates that low SCFA levels in
humans are correlated with susceptibility to viral infections. In allogeneic hematopoi-
etic stem cell transplant recipients, antibiotic treatment, chemotherapy, and radiother-
apy modified the composition of the intestinal microbiota (87). This disturbance led to
low or even null concentrations of butyrate in the feces and was correlated with
greater susceptibility to respiratory infections caused by rhinovirus, adenovirus, respi-
ratory syncytial virus (RSV), coronavirus, and other viruses (87). Experiments in animal
models have demonstrated an overall beneficial effect of SCFAs in the context of respi-
ratory viral infection. It was reported that RSV infection was ameliorated by the admin-
istration of acetate (12, 88). In these studies, acetate mediated the expression of inter-
feron-stimulated genes (ISGs) in the lungs in general and in alveolar macrophages in
particular, resulting in a lower viral load and a lower level of lung inflammation.
Although the potential effect of SCFAs was not evaluated in this setting, gut micro-
biota depletion by antibiotic treatment reduces ISG expression by stromal pulmonary
cells and heightens susceptibility to influenza A virus infection (89). Another study
showed that butyrate supplementation in mice boosted host defenses against influ-
enza (65). Butyrate affected bone marrow hematopoiesis by increasing (via FFAR3) the
number of patrolling monocytes, which then became alternatively activated macro-
phages. The latter produced lower concentrations of chemokine (C-X-C motif) ligand 1,
which limited the neutrophil recruitment and tissue damage caused by inflammation.
Furthermore, butyrate enhanced the metabolic activity of naive T cells and led to effec-
tor cell differentiation and activation. CD81 T-cell activation (via FFAR3 and fatty acid
b-oxidative metabolism) was associated with better effector function against influenza
virus (65). Last, it was recently demonstrated that SCFAs ameliorate equine herpesvirus
infection. This virus replicates primarily in the respiratory epithelium and disseminates
through the body via a leukocyte-associated viremia. Treatment with SCFAs did not
affect viral replication in the respiratory epithelium but did reduce lateral dissemina-
tion. Moreover, SCFAs inhibited the endothelial cells’ expression of adhesion mole-
cules; this decreased the transmission of viruses from infected immune cells to endo-
thelial cells and thus limited viral dissemination (90). Taken as a whole, these data (i)
highlight the beneficial effects of the SCFAs acetate and butyrate on respiratory viral
infection and (ii) underline the compounds’ complex, broad range of actions.

In view of the beneficial effects of SCFAs on viral infection, it might be worth study-
ing their potential effects on the prevention and/or treatment of COVID-19 caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This respiratory disease
is characterized by dysregulated cytokine production, barrier leakage, and organ dys-
function. As in influenza A virus infection (91–96), SARS-CoV-2 infection also leads to
gut dysbiosis in humans and in animal models (92, 97–102). Interestingly, influenza A
virus and SARS-CoV-2 infections both lead to a drop in SCFA production by the gut
microbiota (68, 102). As mentioned above, SCFAs can enhance the antiviral response
by promoting ISG expression and T-cell effector functions. Thus, SCFAs might also
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reduce SARS-CoV-2 viral loads, as seen in the setting of RSV infection (12, 88).
Furthermore, SCFAs are able to reduce inflammation (notably in the context of infec-
tion) and reinforce the epithelial barrier (50, 65, 73, 82). Hence, there is an urgent need
to test the potential beneficial effects of SCFAs in animal models of COVID-19 and, if
the tests are successful, in humans.

STRATEGIES FORMODULATING SCFA LEVELS

SCFAs are produced by the gut microbiota via the fermentation of nondigestible
fibers. The insufficient consumption of fiber-rich fruits and vegetables in Western coun-
tries shapes the composition and function of the gut microbiota and is likely to impair
host defenses (3, 103, 104). At present, there are three main ways of manipulating
(increasing, in most cases) the concentration of SCFAs in the body, namely, probiotics,
prebiotics, and a combination of the two. Probiotics are live microorganisms that pro-
vide health benefits when ingested. Prebiotics are nutrients (typically fibers) that can
be degraded by the microbiota. Both probiotics and prebiotics can modulate the
growth and metabolic activity of the microbiota (105, 106).

Preclinical models have shown that probiotics, prebiotics, or a combination of both,
promote protection against respiratory infections, although mechanisms have not
been characterized in details (107, 108). Most probiotic organisms are lactobacilli with
an intrinsic ability to stimulate the growth of SCFA-producing gut bacteria (109).
Probiotics such as Lactobacillus gasseri and Lactobacillus rhamnosus can protect mice
against influenza and RSV infections (106, 107, 110–113). Likewise, bacterial respiratory
infections were also shown to be ameliorated by the administration of probiotics
(114–116). Studies in mice have shown that prebiotics improve resistance to RSV and
influenza infections (12, 65). The administration of a fiber-rich diet increased the levels
of SCFAs in the gut and improved the antiviral immune responses. Similar, the inges-
tion of pectin fiber improved the outcome of P. aeruginosa pneumonia in a murine
model (117). This improvement was correlated with greater SCFA production and mod-
ulation of the immune response.

Probiotics and prebiotics have been studied in many different contexts and seem to
be beneficial for combating respiratory infections in humans (118). A meta-analysis of a
large number of clinical trials in children showed that probiotic administration decreased
the incidence of respiratory tract infections (119). Studies have also shown that adminis-
tration of prebiotics for children in early life protects them from respiratory infections
(120, 121). The combination of probiotics and prebiotics is also a good strategy. A recent
meta-analysis of studies in healthy people evidenced a relationship between administra-
tion of a probiotic-prebiotic combination and a reduction in the frequency of respiratory
tract infections (122). This approach is also under investigation for COVID-19. Ongoing
clinical trials with probiotics administration are evaluating viral loads, symptom durations,
and viral transmission in patients and in health care professionals (ClinicalTrials.gov regis-
tration no. NCT04621071, NCT04666116, and NCT04666116).

Conclusions. Due to the great impact of respiratory infections on morbidity and
mortality worldwide, it is essential to understand the corresponding susceptibility
mechanisms and to develop new therapies. The current research evidence suggests
that SCFAs reduce the incidence and severity of infections. However, the modes of
action of the SCFAs are very complex, and their effects can vary dramatically according
to the conditions. A better understanding of the biological properties of SCFAs is a pre-
requisite for the development of appropriate pharmacological approaches based on
(for example) FFAR agonism. In the meantime, the use of prebiotics and probiotics that
modulate local and systemic SCFA concentrations appears to be promising.
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