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Abstract

SARS-CoV-2, the virus causing COVID-19, has infected millions and has caused hundreds of
thousands of fatalities. Risk factors for critical illness from SARS-CoV-2 infection include male
gender, obesity, diabetes, and age >65. The mechanisms underlying the susceptibility to critical
illness are poorly understood. Of interest, these comorbidities have previously been associated
with increased signaling of Th17 cells. Th17 cells secrete IL-17A and are important for clearing
extracellular pathogens, but inappropriate signaling has been linked to acute respiratory distress
syndrome. Currently there are few treatment options for SARS-CoV-2 infections. This review
describes evidence linking risk factors for critical illness in COVID-19 with increased Th17 cell
activation and IL-17 signaling that may lead to increased likelihood for lung injury and respiratory
failure. These findings provide a basis for testing the potential use of therapies directed at
modulation of Th17 cells and IL-17A signaling in the treatment of COVID-19. The Journal of
Immunology, 2020, 205: 892-898.

Severe acute respiratory syndrome coravirus 2 (SARS-CoV-2), the cause of COVID-19, has
infected over 8 million people globally and caused over 400,000 deaths. The mechanisms
underlying susceptibility to critical illness with COVID-19 are still poorly understood.
Roughly 80% of people infected with SARS-CoV-2 are either asymptomatic or mildly
symptomatic (1), suggesting that in most individuals, the immune system is able to control
viral replication and eliminate the virus appropriately. However, in up to 20% of infections,
patients manifest more severe illness with respiratory involvement requiring oxygen support
in ~14% of those infected and critical illness requiring intensive care unit (ICU) admission
in ~5% of those infected (2). Those who develop critical illness most often have severe
hypoxemia and may also develop shock requiring vasopressors and acute renal failure
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requiring hemodialysis (3). Risk factors for developing these severe manifestations of
COVID-19 are age >65, hypertension, diabetes, obesity, and male sex, among others (4, 5).
Many of these risk factors have been previously associated with increased Th17 cell
numbers and/or increased IL-17A signaling. Considerable evidence demonstrates that Th17
cells/IL-17A signaling are important for bacterial and fungal host responses and may also be
involved in the pathogenesis of acute respiratory distress syndrome (ARDS). This review
aims to describe the current state of knowledge of Th17 cells and IL-17A signaling in both
lung pathophysiology and COVID-19 comorbidities and discusses the rationale for
therapeutic inhibition of Th17 cells and/or IL-17A signaling in COVID-19.

SARS-coronavirus infections: pathogenesis

Although the clinical characteristics of SARS-CoV, the cause of SARS, and SARS-CoV-2
differ, particularly in terms of transmission (higher for SARS-CoV-2) and mortality (higher
for SARS-CoV), they do exhibit similarities in terms of mechanism of viral entry and host
immune evasion. Evidence shows that SARS-CoV can avoid detection in most cell types
through the avoidance of a type-I IFN response, which is necessary for inhibition of viral
replication in host cells (6). A notable exception are plasmacytoid dendritic cells that have
been shown to secrete type-I IFNs in response to ssSRNA via TLR-7 signaling in endosomes
(6). As the virus evades immune recognition, there is a lag in immune response, allowing
time for viral replication. Siddigi and Mehra (7) have suggested that patients with
COVID-19 start to manifest symptoms at the time of immune system activation during
initial cellular recognition and initiation of a viral elimination program in host cells and then
progresses to more severe symptoms as immune cell recognition and activation/
hyperactivation occurs. Hyperactivation can be seen in critically ill patients with COVID-19
in a process that has been termed “cytokine storm” leading to profound hypotension, severe
hypoxemia, and multiorgan system failure (7). Therapies directed at neutralization of IL-6
(anti-IL-6 or anti—-IL-6R—neutralizing Abs) have been proposed as a treatment for “cytokine
storm,” but randomized clinical trials demonstrating efficacy have not emerged.
Uncontrolled studies have suggested a survival benefit in in patients with COVID-19 and
ARDS treated with high dose rIL-1R antagonist (rlL-1RA) therapy (8). Notably, these
proinflammatory pathways may be upregulated as a result of activation of Th17 cells and
increased I1L-17A- induced signaling in response to SARS-CoV-2 infection.

SARS-CoV-2 infection of the lower respiratory tract causes pulmonary inflammation
leading to cough, shortness of breath, and hypoxemia. COVID-19 commonly manifests as
hypoxemia and ARDS in patients admitted to the ICU (3). Histologic findings in the lungs
from COVID-19 autopsies differ by phase of disease ranging from edema and pneumocyte
hyperplasia in infections found incidentally to diffuse alveolar damage and exudates with
robust mononu-clear, predominantly lymphocytic, inflammation in critically ill patients (9).

A case for targeting Th17 cells and IL-17A signaling

Several groups have identified high levels of Th17 cells in the periphery of patients infected
with SARS-CoV-2 (10, 11). This may have been expected given that prior to the COVID-19
pandemic, evidence supported a relationship between IL-17A and severe respiratory
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infection and respiratory failure. In patients with ARDS, we have shown that there exists a
strong relationship between alveolar IL-17A levels and alveolar protein, an important
correlate of severity of lung injury (12). We also demonstrated an association between
IL-17A levels and the degree of organ dysfunction (12). Increased IL-17A signaling or
increased Th17/ T regulatory cell (Treg) ratios have also been correlated with disease
severity in mouse models of LPS-induced acute lung injury (13) and in respiratory syncytial
virus (RSV) infections in children (14). In contrast, we have also reported that higher levels
of Th17 cells in alveolar fluid from patients being invasively mechanically ventilated is
associated with protection from ventilator associated pneumonias (15) and Almansa et al.
(16) reported that detectable circulating IL-17A within the first 24 h of 2009 pandemic
influenza infections predicted better outcomes. These somewhat conflicting relationships
between IL-17A and susceptibility and severity of respiratory failure might be explained by
differences in pathogen (viral versus bacterial) or timing (early versus late) of sampling. An
understanding of the relationship between circulating IL-17A or Th17 activation in host
response to SARS-CoV-2 is still emerging, but given its prior demonstrated association with
poor outcomes in critically ill patients with Middle East respiratory syndrome (12, 17), we
hypothesize that increased activity of Th17 cells early in the course of infection with SARS-
CoV-2 and subsequent signaling through IL-17A leads to worse critical illness, either
directly via action of IL-17A signaling or indirectly by inhibiting a Th1 or Treg response
that would have led to viral clearance. The mechanisms driving the pathology in COVID-19
pneumonia are currently poorly understood and will require further study, however our
hypothesis of Th17 cell and IL-17A involvement is based on animal models of acute lung
injury as well as human studies of cytokine signaling in the setting of ARDS.

Th17 and susceptibility to infection

Th17 cells are a subset of Th cells that are important for host defense against fungal and
extracellular bacterial infections (18). Th17 cell signaling leads to secretion of
proinflammatory cytokines such as IL-17A. In the lungs, Th17 cell signaling has also been
associated with release of antibacterial peptides, chemokines that lead to neutrophil
recruitment, and increased expression of cell adhesion molecules such as ICAM-1 (19).
Patients that lack functional Th17 cells (hyper-IgE syndrome or “Job syndrome”) are at
increased risk for recurrent and often severe pulmonary infections, pneumatoceles, eczema,
staphylococcal abscesses, mucocutaneous candidiasis, and abnormalities of bone and
connective tissue (18). In murine models, IL-17A is necessary for Klebsiella pneumoniae
and Mycoplasma pneumoniae clearance (20, 21); in HIV-infected rhesus macaques, Th17
cells are preferentially depleted from the gastrointestinal tract, which is thought to place
them at risk for increased mucosal permeability, resulting in bacterial translocation (22).
Following influenza infections, there is a high risk for secondary bacterial pneumonia with
Staphylococcus aureus which may be a result of increased type-I IFN signaling inhibiting
Th17 cell signaling as has been shown in mice (23). An important consideration is that
although Th17 cells are a major source of IL-17A, it is also produced by CD8* T cells (24),
NK T cells (25), y6-T cells (26), innate lymphoid cells (27), mucosa-associated invariant T
cells (28), and neutrophils (29, 30). Production of IL-17A by these other cell types may, in
part, explain the fact that there does not appear to be a strong correlation between Th17 cell
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numbers and IL-17A levels in bronchoalveolar lavage fluid as we have shown in patients
with nosocomial pneumonia (15). There is a paucity of evidence that fully explores the
compartment-specific aspects to Th17 cells and IL-17A production (e.g., alveolar versus
circulating). However, we have found that levels of IL-17A in the periphery correlated well
with levels of IL-17A in bronchoalveolar lavage fluid (31). There is no current published
information regarding the relative number and function of Th17 cells in the lung and
intravascular spaces during respiratory infections or lung injury, nor are there studies that
investigate how levels of IL-17A in the periphery correlate to numbers of Th17 cells in the
airways.

Th1l7 and the inflammatory response

Th17 cells differentiate in the setting of a proinflammatory cytokine milieu and secrete
several proinflammatory cytokines, including IL-17A, IL-17F, and IL-22 (19). In mice,
TGF-p and IL-6 increase Th17 cell differentiation via activation of the transcription factor
STAT3 (32). In humans, the exact combination of cytokines necessary for initiation of Th17
cell differentiation is not established, but IL-1f and IL-23 both contribute to Th17 cell
differentiation with possible contributions from TGF-g and IL-6 (19, 32) (Fig. 1). STAT3
activates transcription of retinoic acid receptor—related orphan receptor yt (ROR-yt). RORt,
also known as the “master regulator” of Th17 cell differentiation, activates transcription of
genes such as IL-17A, IL-17F, and IL-22 (19). In humans, TGF-p has dose-dependent
effects on T cell differentiation. At low levels, TGF-B increases RORyt transcription, but at
higher levels, TGF-p promotes transcription of FOXP3, a regulator of differentiation of
Tregs, leading to inhibition of RORyt transcription (19) and suppression of Th17 cell
differentiation. Studies suggest that there is inhibition between different Th cell pathways as
Th1 cytokines (IFN-vy) and Th2 cytokines (IL-4 and IL-12) are able to inhibit Th17 cell
differentiation (32, 33) and TGF-p inhibits differentiation of Th1 and Th2 cells (33).

There are also links between I1L-17A and angiotensin-converting enzyme (ACE) 2, the
receptor used by SARS-CoV-2 to enter cells. Sodhi et al. (34) reported that in a murine
model of severe bacterial pneumonia, ACE2 regulates neutrophilic infiltration in the lungs in
an IL-17A-dependent manner. These investigators found that recombinant ACE2 inhibited
IL-17A-induced activation of STAT3, leading to reduced neutrophil infiltration (34) and
they proposed a model in which ACE2 expression is downregulated early in infection and
then upregulated during resolution of infection to assist with recovery. Furthermore, they
suggested that if ACE2 expression is interrupted during recovery, there is a tendency toward
prolonged inflammation (34). Glowacka et al. (35) showed that in vitro infection with
SARS-CoV-2 downregulates the expression of ACE2 after 24-72 h. This suggests a
potential mechanism whereby SARS-CoV-2 interrupts ACE2 expression in the lung, leading
to disinhibition of IL-17A expression, resulting in prolonged lung inflammation as has been
observed in severe COVID-19. Th17 cell differentiation may also be regulated by hypoxia
that occurs during the course of severe lung injury and IL-17A has been shown in vitro to
induce human lung microvascular cell migration leading to angiogenesis (36). Hypoxia
inducible factor (HIF)-1a, a transcription factor upregulated by hypoxia, can induce RORyt
transcription, which tips the balance of Th17/Treg differentiation to favor increased Th17
activity (37). Hypoxia can also induce expression of microRNA (miR)-155 (38), a miR that
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upregulates Th17 cell differentiation and activity (39, 40). These studies suggest that Th17
cell differentiation may be potentiated by reduced ACE2 levels and the extremely hypoxic
environment seen in severe COVID-19.

IL-17A and ARDS

ARDS is a major driver of mortality in the setting of many infections, including influenza,
SARS-CoV-2, and bacterial sepsis. ARDS is characterized by noncardiogenic pulmonary
edema as a result of increased alveolar endothelial and epithelial damage with resultant
hypoxemia (41). IL-17A has been implicated as a possible driver of the disease process in
ARDS via neutrophil-dependent and -independent mechanisms. Neutrophils are recruited in
the setting of lung injury during infection as part of pathogen clearance but may cause tissue
damage by secreting oxidants and proteases (13, 42). In a murine model of LPS-induced
acute lung injury, Ag-dependent aBTh17 cells were identified as a source of IL-17A. In
mice with engineered deficiency in apTh17 cells, there was decreased permeability of the
epithelial barrier in experimental lung injury (13). Similar results were observed in mice
deficient in IL-17RC (13) or that were treated with anti—-IL-17A (43). There was no
difference in lung neutrophils after LPS challenge in the apTh17-deficient mice who were
protected against lung injury (13). Another study showed that a genetic deficiency of IL-17A
is also protective in murine LPS-induced lung injury but found that the primary source of
IL-17A was innate lymphoid cells and, in contrast with the prior study, found that this
protection was strongly associated with reduced lung neutrophil recruitment (44). As
mentioned above, we have shown that circulating and alveolar levels of IL-17A are
associated with increased numbers of alveolar neutrophils, alveolar permeability, and organ
dysfunction in patients with ARDS (31). Others have reported that increased circulating
IL-17A levels measured early in the course of sepsis-related ARDS is associated with death
by day 7, and increased IL-17A levels were also associated with a lower PaO,/FiO5 ratio
(43). These data strongly link the 1L-17 pathway to more severe lung injury, although the
mechanism by which this occurs is not completely elucidated.

Th17 cell signaling and IL-17A involvement in the pathogenesis of other
viral infections

There is evidence supporting a role for the IL-17 pathway in ARDS in the setting of
influenza A. Li et al. (45) used a mouse model of HIN1 infection to show that IL-17A~
neutralizing Abs, but not TNF-a—neutralizing Abs, greatly decreased acute lung injury.
Similarly, mice genetically deficient in IL-17A had less weight loss and higher survival after
challenge with influenza A (46). In humans, patients hospitalized with HLN1 Influenza A,
had elevated circulating Th17 (IL-8, IL-9, IL-17A, IL-6) cytokines compared with patients
infected with HLN1 that did not require hospitalization (47); however, as mentioned
previously, others have shown that detection of IL-17 early in the disease course correlated
to better outcomes (16). Although there are clearly differences in the epidemiologic risk
factors for pandemic influenza (48) and COVID-19, these data support a role for the IL-17
pathway in viral-induced ARDS.

J Immunol. Author manuscript; available in PMC 2021 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Orlov et al.

Page 6

Outside of influenza, Th17 cells and the IL-17 pathway have been implicated in several
other forms of viral infections. Th17 cells have been implicated in the pathogenesis of RSV
infections in children who do not commonly develop ARDS but can develop respiratory
distress as a result of severe bronchiolitis (14). Studies have shown increased levels of
IL-17A in tracheal aspirates and plasma of children infected with RSV (14). However, it
appears that the imbalance of Th17 cells to Tregs is most highly associated with clinical
severity of RSV infection (14). IL-17A has also been reported to be a mediator of hepatic
tissue injury in murine models of HSV and dengue infections, potentially via its role in
recruiting neutrophils to the liver (49). These findings provide evidence supporting the
clinical relevance of the IL-17 pathway in severe lower respiratory viral infections.

Risk factors associated with critical illness in SARS-CoV-2 infections

Risk for COVID-19 is strongly associated with sex, obesity, diabetes, hypertension, and
chronic kidney disease (CKD), and prior evidence suggests all of these characteristics are
associated with higher Th17 cell or IL-17A signaling activity. Case series from Italy (4) and
the United States (3) show that 60-80% of the patients admitted with critical illness from
COVID-19 were men. Evidence from mice suggests that reduced IL-17 pathway activity,
due to estradiol-induced impairment of dendritic cell production of IL-23 and, in turn, Th17
activity, may lead to susceptibility to Candida albicans (50). Notably, estrogen deficiency
can lead to increased differentiation of Th17 cells and downregulation of Tregs (51). This is
thought to occur by the release of estradiol-mediated inhibition of RORyt induction of Th17
cell differentiation (52). In a murine model of coxsackievirus B3-induced myocarditis, an
inflammatory disease that exhibits a male predominance, male mice show augmented
induction of Th17 cells relative to females, and the male-specific increase in myocarditis can
be ameliorated by an IL-17A-neutralizing Ab (53). These data suggest a relative
suppression of Th17 responses in females compared with males and support the hypothesis
that an increased Th17 response might contribute to the increased risk for severe COVID-19
illness in men.

Obesity is another risk factor for critical illness in COVID-19 that has potential links to
IL-17. Winer et al. (54) have shown that obesity predisposes to a Th17 bias in mice via
increased signaling of IL-6 without an effect on Th1, Th2, or Treg cell populations. In
humans, it has been shown that obese women have higher circulating levels of IL-17A, but
not IFN-y or I1L-12, compared with lean women (55). These data suggest increased activity
of the IL-17 pathway in the setting of obesity which could predispose to worse outcomes in
CovID19.

Two other common comorbidities linked to risk for COVID19 are CKD and hypertension.
Both have been linked to altered IL-17 pathway activity. Patients on hemodialysis have been
reported to have increased levels of IL-17A as well as an imbalance in Th17/Treg cell
subsets with increased Th17 cell activity and decreased Treg activity (56). Presence of CKD
has been linked to higher IL-17RA protein levels and individuals with CKD have higher
levels of Th17 cell subsets (57). In murine models, Th17 cells and IL-17A have been
associated with hypertension in the setting of angiotensin 1l signaling. Studies have shown
that in an experimental mouse model of angiotensin Il induced hypertension, genetic
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deficiency in IL-17A leads to lower blood pressures (58), and an imbalance in Th17/Tregs
has also been associated with increased blood pressure (59). In humans, increased levels of
IL-17A are observed in the serum of hypertensive diabetic patients compared with
nonhypertensive diabetic controls (58) and in patients with hypertension compared with
healthy controls (60). These studies suggest that individuals with either CKD or
hypertension may be predisposed to increased Th17 cell and/or IL-17 pathway activity that
may be relevant to COVID-19 outcomes.

Patients with diabetes may also have altered Th17 activity. Higher levels of Th17 cell
activity are observed in individuals with type-I and type Il diabetes compared with controls
(61, 62) and evidence suggests that this increase may be a result of signaling via miRs such
as miR-146a. miR-146a negatively regulates the expression of proinflammatory cytokines
such as IL-1R-associated kinase 1 (IRAK1), TNF receptor—associated factor 6 (TRAF6),
IL-21, and IL-6 (63). Li et al (64) have shown that miR-146a regulates Th17 cell
differentiation via negative regulation of IL-6 and I1L-21. Lower levels of miR-146a are
present in the serum of individuals with diabetes and are associated with increased
proinflammatory cytokine signaling and poor glycemic control (63, 65). Thus, lower
miR-146a levels and, in turn, higher Th17 activity might be a characteristic of diabetes that
might influence risk for severe COVID-19.

Increased age (>65) is a strong risk factor for critical illness in COVID-19, and evidence
exists that the IL-17A/Th17 pathway is altered in the elderly. Several groups have shown
increased percentages of Th17 cells or IL-17A signaling in PBMCs in healthy elderly
individuals compared with healthy middle aged and young controls [>65 compared with <65
(66); 70-80 compared with 20-30 y olds (67)]. Others have shown that percentages of
circulating Th17 cells are decreased in the elderly (>65), but the ratio of Th17 cells to Tregs
also changed with age to favor increased signaling through Th17 cells relative to Tregs (68).
Serrano et al. (69) investigated responses to Helicobacter pyloriinfections in adults and
children and they found that whereas healthy gastric mucosa had equal levels of Th17 cells,
in the setting of an H. py/oriinfection, adults had higher levels of Th17 cell activation and
increased IL-17A in the infected mucosa relative to children. They also found that Th1 cell
activity was increased whereas Treg activity was lower in the gastric mucosa of adults (69).
These findings suggest older adults may be predisposed to increased Th17 activity via
increased cell numbers or in the dysregulation of the balance between Th17 and Treg cell
activity.

Possible therapeutics

Based on this body of evidence, several therapies that target Th17 cell signaling warrant
consideration as potential treatments for SARS-CoV-2 infections. There are three IL-17A
inhibitors that are currently approved by the Food and Drug Administration for treatment of
dermatologic and rheumatologic diseases: secukinumab, a human anti—-IL-17A Ab;
brodalumab, a human anti-IL-17RA mAb; and ixekizumab, a humanized 1gG4 mAbD that
neutralizes IL-17A (70). There are also several IL-23 inhibitors including risankizumab,
guselkumab, and gildrakizumab, which are all selective human mAbs targeting the p19
subunit of 1L-23 (71). Guselkumab and tildrakizumab are currently approved for the
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treatment of psoriasis and risankizumab is currently undergoing clinical trials to treat
psoriasis, ulcerative colitis, and Crohn disease. There are several case reports from Italy of
patients on IL-17A or IL-23 inhibitors for dermatologic conditions that have had either mild
or asymptomatic COVID-19 (72-74). In a retrospective multicenter observational study of
5206 patients prescribed immunomodulatory medications for psoriasis (including inhibitors
of IL-17A, 1L-12/23, or 1L-23), there were only four hospitalizations and no deaths from
COVID-19 despite an overrepresentation of risk factors for severe disease, such as age and
male sex, and high prevalence in the surrounding population (75). These studies suggest that
being on an IL-17A inhibitor may be safe or even protective in the setting of exposure to
SARS-CoV-2. A related therapeutic target is the JAK/STAT pathway. JAK?2 activates STAT3,
which then induces RORvyt expression and Th17 cell differentiation and can block IL-23-
induced IL-17A production in vitro (14). There is currently an ongoing clinical trial of the
drug baricitinib, which is a JAK1/JAK2 inhibitor (76). This drug was chosen by an artificial
intelligence algorithm for its ability to inhibit viral entry into alveolar cells and its potential
to decrease inflammation in patients (77). It should be noted that several other
biopharmaceuticals are being tested that target mediators up and downstream of the 1L-17
pathway. As mentioned, treatment with anakinra, a recombinant modified IL-1R antagonist,
was reported to be associated with improved outcomes in COVID-19 in a small,
uncontrolled trial (8). Inhibitors of cytokines/chemokines that are associated with Th17 cell
signaling, such as TNF-a and IL-8 are currently being studied in the setting of SARS-CoV-2
infections. There are also small molecules that inhibit RORyt that are being investigated as
an alternative strategy for Th17 modulation in animal models (78).

Of course, there are concerns regarding the numerous side effects observed with
immunomodulatory drugs. Baricitinib has been associated with development of infections,
malignancies, and thrombosis (79). IL-17A and 1L-23 inhibitors also place patients at risk
for infections and hematologic and gastrointestinal side effects. It is important to note that
these adverse events have been observed during chronic administration of the drugs. None of
these medications have been tested for safety with acute administration in critically ill
patients, so extra care will need to be taken if applied to treat severe COVID-19. Timing of
administration will also be an important consideration. Early administration might be
preferable to maximize the chances of avoiding severe or fatal COVID-19 but with
discontinuation of the intervention before risk of opportunistic infection becomes excessive.

Conclusions

Several comorbidities have been consistently associated with poor outcomes in SARS-
CoV-2 infections, including sex, diabetes, obesity, hypertension, and CKD. Evidence
suggests that patients with these comorbidities may have pre-existing alterations in the
Th17/1L-17A axis that might be relevant to the pathology seen in COVID-19. It is possible
that increased Th17 activity, IL-17A signaling, or dysregulation in Th17/Treg cell balance
may play a causal role in the chronic inflammation seen in these conditions. We hypothesize
that the Th17/IL-17A axis may be “primed” for an overexuberant Th17 response after
SARS-CoV-2 infection, leading to both increased inflammation and impaired adaptive
immune responses. Thus, delivery of a therapy targeting the Th17/IL-17A axis early in
COVID-19 may be efficacious in dampening the disease course and improving outcomes
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such as severe respiratory failure. It will be important to think carefully about the timing and
specificity of the intervention so as to avoid adverse effects such as opportunistic infections.
On the plus side, there is considerable evidence that these candidates can be given safely in
the outpatient and acute care setting. However, care must be taken to consider the impact of
these medications in the critically ill. Nonetheless, given the ongoing high morbidity and
mortality seen in critically ill patients with COVID-19, new candidates for therapy are badly
needed. The Th17/IL-17A axis is a plausible therapeutic target for COVID-19 that should be
considered for investigation in clinical trials.
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