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A B S T R A C T   

Coronavirus disease 2019 (COVID-19) has a broad range of clinical manifestations, highlighting the need for 
specific diagnostic tools to predict disease severity and improve patient prognosis. Recently, calprotectin 
(S100A8/A9) has been proposed as a potential biomarker for COVID-19, as elevated serum S100A8/A9 levels are 
associated with critical COVID-19 cases and can distinguish between mild and severe disease states. S100A8/A9 
is an alarmin that mediates host proinflammatory responses during infection and it has been postulated that 
S100A8/A9 modulates the cytokine storm; the hallmark of fatal COVID-19 cases. However, it has yet to be 
determined if S100A8/A9 is a bona-fide biomarker for COVID-19. S100A8/A9 is widely implicated in a variety of 
inflammatory conditions, such as cystic fibrosis (CF) and chronic obstructive pulmonary disorder (COPD), as well 
as pulmonary infectious diseases, including tuberculosis and influenza. Therefore, understanding how S100A8/ 
A9 levels correlate with immune responses during inflammatory diseases is necessary to evaluate its candidacy as 
a potential COVID-19 biomarker. This review will outline the protective and detrimental roles of S100A8/A9 
during infection, summarize the recent findings detailing the contributions of S100A8/A9 to COVID-19 patho
genesis, and highlight its potential as diagnostic biomarker and a therapeutic target for pulmonary infectious 
diseases, including COVID-19.   

1. Introduction 

Coronavirus disease 2019 (COVID-19), an infectious disease that 
affects the lungs and the immune system, has spread to hundreds of 
countries and territories since its outbreak in December 2019 [1]. Since 
then, the global burden of the disease has risen to nearly 145 million 
cases and it is estimated that over 3 million deaths, globally, can be 
attributed to COVID-19 [2]. In 2020, COVID-19 was the third leading 
cause of death in the United States and fourth leading cause of death 
globally [3,4]. 

Infection with severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), the causative agent of COVID-19, results in heterogenous 
clinical manifestations ranging from asymptomatic, mild disease 
(including fever, cough, fatigue, sore throat, muscle ache, diarrhea, 
dyspnea, and headache) to severe illness (such as disseminated intra
vascular coagulation, respiratory failure, septic shock, multiorgan fail
ure (MOF), and death) [5–7]. Patients that present with mild disease 
typically develop an efficient immune response. However, approxi
mately 15% of patients progress to severe pneumonia while about 5% of 
patients must be admitted to the intensive care unit (ICU) following the 
development of critical complications, such as acute respiratory distress 

syndrome (ARDS) [5]. Determining the factors that influence patient 
risk for disease progression is vital for developing a strategy to monitor 
the treatment of COVID-19 patients and decrease mortality rates. 

A hallmark of poor COVID-19 prognosis includes hypercytokinemia, 
often termed as cytokine storm, which results in the sudden worsening 
of COVID-19 patients due to a dysregulated immune response can result 
in severe COVID-19 disease, sepsis, MOF, and death [8–10]. Cytokine 
storm is characterized by the overproduction and release of over 150 
inflammatory cytokines due to overactivation and hyperproliferation of 
T cells, macrophages, and NK cells. Accumulating evidence suggests that 
interleukin-6 (IL-6) may be a potential therapeutic target to mediate the 
cytokine storm in patients with severe COVID-19, as IL-6 serum levels 
correlate with disease mortality in patients with fatal COVID-19 cases 
[11,12]. However, while IL-6 has previously been implicated as a 
notable marker of the cytokine storm, other recent studies have also 
described the cytokine storm to be associated with expression of an 
alarmin called calprotectin (S100A8/A9) [13,14]. 

2. Structure and biological functions of alarmin S100A8/A9 

Alarmins are endogenous, immune-activating proteins that are 

* Corresponding author. 
E-mail address: khader@wustl.edu (S.A. Khader).  

Contents lists available at ScienceDirect 

Cytokine and Growth Factor Reviews 

journal homepage: www.elsevier.com/locate/cytogfr 

https://doi.org/10.1016/j.cytogfr.2021.10.004 
Received 5 October 2021; Accepted 14 October 2021   

mailto:khader@wustl.edu
www.sciencedirect.com/science/journal/13596101
https://www.elsevier.com/locate/cytogfr
https://doi.org/10.1016/j.cytogfr.2021.10.004
https://doi.org/10.1016/j.cytogfr.2021.10.004
https://doi.org/10.1016/j.cytogfr.2021.10.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cytogfr.2021.10.004&domain=pdf


Cytokine and Growth Factor Reviews 63 (2022) 90–97

91

released to initiate and amplify inflammatory immune responses [15, 
16]. Following microbial infection, alarmins relay intercellular defense 
signals by interacting with pattern recognition receptors (PRRs) to 
activate immune responses, which involves the recruitment of neutro
phils and monocytes to eliminate foreign microorganisms, the activation 
of resident leukocytes, and the production of inflammatory mediators 
[15–19]. However, uncontrolled production or sustained expression of 
alarmins can be harmful or even fatal to the host by inducing cytokine 
storm or excessive inflammation, as is observed in severe COVID-19 
cases [8,20–25]. 

S100 proteins are recognized as a major category of alarmins, among 
defensins, interleukins, heat shock proteins, high-mobility group pro
teins, cathelin-related anti-microbial peptides, and eosinophil derived 
neurotoxins [16,26]. S100A8 and S100A9, also known as 
myeloid-related protein 8 (MRP8) and MRP14, are members of the S100 
protein family [1]. Similar to other S100 proteins, both S100A8 and 
S100A9 have a helix-loop motif containing charged amino-acid residues 
that result in high affinity for divalent ions, such as Ca2+ and Zn2+ [1]. 
Together, S100A8 and S100A9 form the calcium-binding heterodimer 
known as calprotectin (S100A8/A9), which makes up approximately 
45% of the cytoplasmic proteins present in human neutrophils [11]. 
While both S100A8 and S100A9 form non-covalent homodimers, the 
heterodimer formation is more stable and prominent at higher calcium 
concentrations as compared to either homodimer configuration [27]. 
It’s small size (24 kDa) allows it to easily diffuse between the tissue and 
blood and its resistance to degradation emphasizes its usefulness as a 
sensitive and dynamic marker for neutrophil activation throughout the 
body [1,28,29]. Upon binding divalent ions, S100A8/A9 undergoes a 
conformational change that allows it to exert many of its functions, such 
as regulating leukocyte migration and trafficking, amplifying inflam
matory responses, and modulating cell chemotaxis [1,28,30]. Intracel
lularly, high levels of S100A8/A9 are stored in neutrophils and 
myeloid-derived dendritic cells, where it is involved in cytoskeleton 
rearrangement and arachidonic acid metabolism [1]. 

Following neutrophil activation, S100A8/A9 is released extracellu
larly during neutrophil extracellular trap (NET) formation and can also 
be passively released from neutrophils dying of necrosis. However, 
S100A8 and S100A9, like other S100 proteins, lack a secretion signal 
sequence for the classic endoplasmic reticulum/golgi transport. Instead, 
S100A8/A9 release relies on an alternative energy-dependent pathway 
whereby activated monocytes/macrophages and neutrophils require an 
intact cytoskeleton, activation of protein kinase C (PKC), and microtu
bule formation for S100A8 and S100A9 secretion [27]. Furthermore, the 
increased release of S100A8 and S100A9 are inversely related to their de 
novo synthesis, which suggests that S100A8/A9 extracellular signaling is 
restricted to distinct differentiation stages of monocytes [31]. 

While S100A8/A9 functions in a protective capacity to mediate the 
host response against pathogens, its detrimental role in promoting 
enhanced disease states has also been documented. S100A8/A9 is an 
endogenous ligand of Toll-like receptor 4 (TLR4) and the receptor for 
advanced glycation end products (RAGE). It binds upstream of TNFα and 
CXCL8 secretion to promote NF-κB signaling and the secretion of in
flammatory proteins, such as IL-6 [1,22,29,32–34]. However, tissue 
damage can sustain amplified S100A8/A9 production, which promotes 
autocrine production, resulting in a hyperinflammation loop that pre
vents the protein from exerting its protective function [29,35–38]. This 
sustained over-expression of S100A8/A9 can contribute to uncontrolled 
inflammation and cytokine storm, as has been observed in COVID-19 
cases. 

3. S100A8/A9 modulates pro-inflammatory responses during 
host infection 

Due to its role in inflammation, S100A8/A9 has been investigated 
and associated with a number of inflammatory conditions such as 
arthritis, chronic obstructive pulmonary disorder (COPD), and 

inflammatory bowel disease (IBD) [39–41]. While S100A8/A9 secretion 
can occur due to inflammation caused by metabolic inflammatory con
ditions, autoimmune diseases, and degenerative diseases, S100A8/A9 is 
also notably upregulated following infection. In response to microbial 
infection, neutrophils, macrophages, and monocytes induce the 
expression and secretion of S100A8/A9 to mediate pro-inflammatory 
responses by stimulating leukocyte recruitment and inducing cytokine 
release [29]. This section will detail a comprehensive overview of 
S100A8/A9 in response to both viral and bacterial infections. 

4. Viral infections 

Infection with SARS-CoV-2 results in the activation of innate and 
adaptive immune responses that, when dysregulated, can cause local 
and systemic tissue damage [42,43]. Neutrophils are typically the first 
responders to acute infection and amplify the host inflammatory 
response by releasing pro-inflammatory cytokines. However, sustained 
increase in pro-inflammatory signaling can lead to cytokine storm, 
which can result in MOF and death, as is observed during fatal 
COVID-19 infection [8,9]. Patients with severe or critical COVID-19 
have increased neutrophil accumulation due to recruitment by inflam
matory cytokines, with 100% of patients (n = 82) experiencing neu
trophilia within 24 h of their death [44,45]. 

Recent studies have investigated the mechanisms of uncontrolled 
immune activation associated with aberrant cytokine responses to better 
understand COVID-19 pathogenesis. SARS-CoV-2 infection has been 
shown to significantly decrease B-cell counts and induce genes that are 
involved in neutrophil chemotaxis and anti-bacterial humoral responses, 
rather than inducing canonical type I IFNs [46]. Additionally, 
SARS-CoV-2 infection has been shown to induce the formation of a 
group of immature, non-canonical, aberrant neutrophils [46–48]. 

Patients with severe COVID-19 cases exhibit significantly increased 
neutrophil counts and are depleted of B cells, NK cells, and CD4+ and 
CD8+ T cells [23,48–52]. Because neutrophils are typically activated 
during bacterial infection to phagocytose, kill, and digest invading 
pathogens, it was originally postulated that the observed increase in 
neutrophils in severe COVID-19 patients was due to coinfection of 
bacteria, such as Streptococcus pneumoniae. However, accumulating ev
idence suggests that the increase in neutrophil counts may be attributed 
to the presence of an aberrant, immature neutrophil subset induced by 
SARS-CoV-2 infection [46–48,53]. 

CD10 and CD101 are neutrophil markers of maturation, where 
CD10lowCD101- neutrophils represent an immature cell subsets, and 
patients with varying COVID-19 severity displayed distinct phenotypes 
of these circulating innate immune cells [48,54]. Severe COVID-19 pa
tients had an expansion of circulating neutrophils in the peripheral 
blood coupled with a higher amount of circulating CD10lowCD101- 

neutrophils as compared with controls or patients with mild disease 
(Fig. 1) [48]. Similarly, patients with severe COVID-19 who progressed 
to ARDS had elevated levels of immature neutrophils, which were 
termed “developing neutrophils” as they lacked the canonical neutrophil 
markers CXCR2 and FCG3RB [46,47]. While the function and derivation 
of this aberrant neutrophil subset is still under investigation, it has been 
determined that the formation of this abnormal neutrophil group is 
induced specifically by coronavirus infection. 

Ly6G is a widely used marker for neutrophils and low Ly6G levels 
suggest neutrophil cell immaturity. Mice infected with either murine 
coronavirus (mouse hepatitis virus, MHV) or SARS-CoV-2 accumulated a 
subset of CD45+CD11b+Ly6Gvariable neutrophils in comparison to mice 
in the control group, which contained the typical CD45+CD11b+Ly6
Ghigh neutrophils. Furthermore, when challenged with other infectious 
stimuli (including influenza A virus (IAV), encephalomyocarditis virus 
(EMCV), herpes simplex virus (HSV), and lipopolysaccharide (LPS)), the 
neutrophil population remained CD45+Cd11b+Ly6Ghigh despite the 
fluctuation in neutrophil count between groups. These observations 
supported the notion that invasion and formation of the aberrant 
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neutrophil group was specifically induced by SARS-CoV-2 infection 
(Fig. 1) [46]. 

In addition to the presence of the abnormal immature neutrophil 
subset, S100A8 and S100A9 expression is elevated in peripheral blood 
nucleated cells from patients with severe COVID-19 as compared with 
controls and patients with mild disease [48]. The same trends are 
observed in non-human-primate (NHP) studies as well, where 
SARS-CoV-2-infected macaques exhibited robust expression of S100A8 
between 3 and 5 days post infection (dpi) [46]. In fact, S100A8 was the 
most significantly induced gene among all known alarmins and its 
upregulation corresponded with an increase in the viral lung burden 
[46]. Consistent with these findings, the lung samples from post-mortem 
COVID-19 patients also had elevated expression of S100a8 and neutro
phil marker genes [46]. In COVID-19 positive patients, S100A8 
expression was markedly higher compared to healthy subjects, sup
porting previous findings that indicate the potential of S100A8/A9 as a 
biomarker for COVID-19 disease severity and clinical outcomes. 
Consistent with the observations from the NHP experiment, 
SARS-CoV-2-infected human ACE2 transgenic mice exhibited robust 
anti-bacterial humoral response, neutrophil chemotaxis, and upregu
lated transcription of S100a8 and neutrophil marker genes (Ly6G, 
Mmp8 etc.) at 5 dpi, corresponding to when mice became sicker. 

These increases in expression and atypical anti-viral responses are 
specific to SARS-CoV-2 infection. Exposure to influenza A virus (IAV), a 
single-stranded RNA virus, can also result in severe respiratory tract 
infections. In high-risk individuals, including the elderly and immuno
compromised patients, IAV infection causes exacerbated airway 

inflammation that can develop into severe cases of pneumonia [41]. 
During IAV infection, toll-like receptors (TLRs) and cytosolic PRRs are 
required for an effective innate immune response [41]. While these re
ceptors are necessary to surmount a strong immune response against 
pathogens, PRRs can also be detrimental to the host [41]. TLR4 is 
activated during IAV infection but has previously been shown to 
contribute to exacerbated lung disease and mortality in animal models 
[41]. S100A8/A9 interacts with TLR4 to mediate proinflammatory re
sponses, and it has been demonstrated that DDX21/TRIF and 
TLR4/MyD88 pathways are required for S100A9 expression and activity 
[41]. However, IAV infection induced canonical anti-viral responses by 
activating type I IFN signaling and did not result in elevated expression 
of S100a8 expression nor neutrophil marker genes as had been observed 
following SARS-CoV-2 expression (Fig. 1) [46]. 

Similarly, S100a8 expression was measured in the blood and lungs of 
C57BL/6 mice infected with EMCV or HSV-1, but neither viral infection 
resulted in the induction of S100A8 or neutrophil chemotaxis tran
scription. However, when interferon-gamma alpha receptor (IFNAR)- 
deficient mice were infected with MHV-59, S100a8 and Ly6G expression 
were sharply upregulated and genes induced by MHV were enriched in 
neutrophil chemotaxis and anti-bacterial pathways, suggesting the 
upregulation of S100a8 and observed chemotaxis is attributed specif
ically to infection with coronaviruses and is involved in the formation of 
fatal SARS-CoV-2 infections [46]. 

However, it is possible that mature neutrophils harboring large 
amounts of S100A8/A9 migrate to the lungs where S100A8/A9 is 
released, which amplifies the aberrant innate anti-viral response in a 

Fig. 1. SARS-CoV-2 infection induces a dysregulated antiviral innate immune response. (A) Typical antiviral response following exposure to influenza. (B) Aberrant 
CD45+CD11b+Ly6Gvariable neutrophil subset induced following exposure to SARS-CoV-2. Immune response in (C) mild and (D) severe COVID-19 cases where patients 
with severe COVID-19 had increased circulating levels of S100A8/A9 that drives emergency myelopoiesis and the formation of an aberrant immature neutrophil 
subset. (E) Treatment with S100A9 inhibitors blocks S100A8/A9-mediated TLR4 signaling and decreases viral replication, S100a8 expression, and diminish the 
number of aberrant CD45+CD11b+Ly6Gvariable neutrophils in mice. Created with Biorender.com 
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positive feedback loop. The uncontrolled, excessive production of 
S100A8/A9 may strongly stimulate the TLR4 signal, which then results 
in the induction of an aberrant neutrophil subset and imbalance of im
mune response as observed during SARS-CoV-2 infection [46]. 
S100A8/A9 binds to TLR4 and RAGE to mediate pro-inflammatory re
sponses and mice lacking MyD88, an essential adaptor protein which 
acts as a signal transducer in the IL-1 and TLR signaling pathways, 
exhibit suppression of TLR4 signaling. However, when COVID-infected 
mice were treated with recombinant S100A8/A9, expression of 
S100a8 and neutrophil chemokine Cxcl2 are induced in a 
TLR-4/Myd88-dependent manner, reflecting the ability of S100A8/A9 
to induce expression of itself. Taken together, these results support the 
notion that a positive loop could be the source of observed aberrant 
immune responses [46]. 

Alternatively, it has been postulated that the burst of S100A8/A9 
detected in COVID-19 patients may trigger downstream NF-KB-driven 
emergency myelopoiesis, which could also account for the generation 
of immature cells (Fig. 1) [55,56]. In contrast, it has also been proposed 
that SARS-CoV-2 directly stimulates the expression of S100A8/A9 by 
TLR4 signaling. It has been predicted that the binding of antigenic epi
topes within the full-length S protein of SARS-CoV-2 could bind to TLR4 
to activate an immune response [57]. While the function and derivation 
of this aberrant neutrophil subset is still under investigation, under
standing how S100A8/A9 mechanistically contributes to the emergence 
of this population will provide valuable insight into how the targeted 
inhibition of S100A8/A9 could improve COVID-19 outcomes. 

5. Bacterial infections 

Tuberculosis (TB) is a global health threat, with nearly a quarter of 
the world’s population estimated to be infected with Mycobacterium 
tuberculosis (Mtb), the causative agent of TB. Mtb proliferates in the lungs 
and individuals with active TB (ATB) disease can transmit the bacteria to 
other individuals. Understanding what drives TB pathogenesis is crucial 
for decreasing mortality and transmission rates, especially in low- 
resource and high TB-incidence areas. Elevated serum S100A8/A9 
levels have been implicated in enhanced TB disease, along with 
increased neutrophil accumulation [58]. Not only are S100A8/A9 levels 
correlated to neutrophil accumulation, but it has also been determined 
that the alarmin directly mediates neutrophil accumulation by regu
lating CD11b expression on myeloid cells [59]. When neutrophils from 
WT Mtb-infected mice were extracted and adoptively transferred to 
Mtb-infected mice that lacked a functional copy of S100A9, CD11b 
expression increased significantly, suggesting that 
S100A8/A9-deficiency is directly involved in regulating CD11b 
expression on neutrophils. In addition, S100A8/A9-deficiency depleted 
neutrophil accumulation to the lung as well as in granulomas and was 
associated with decreased lung bacterial burden and increased 
host-control over Mtb infection. 

Cystic fibrosis (CF) is a genetic condition which can affect the lungs, 
pancreas, liver, kidneys, and intestine. Cells involved in mucous pro
duction are primarily affected by the disorder, which can result in 
persistent lung infections. CF is characterized by chronic, neutrophil- 
dominated inflammation, and S100A8/A9 has been implicated as a CF 
antigen where elevated sputum and serum S100A8/A9 levels have been 
reported in exacerbated CF patients [60]. However, S100A8/A9 levels 
from the sputum of CF patients are comparable to those analyzed from 
COPD patients and may not be ideal for CF diagnostics. Fecal 
S100A8/A9 levels have also been implicated in CF enteropathy, which 
occurs due to pancreatic insufficiency (PI) and resulting maldigestion 
and malabsorption of nutrients [61]. In CF patients, antibiotic treatment 
for respiratory exacerbation reduced fecal S100A8/A9 levels as 
compared to pre-treatment values, suggesting that treating inflamma
tion in the respiratory system induced changes in the gastrointestinal 
tract [62]. These findings are intriguing, as they indicate that 
S100A8/A9 levels can be affected by external treatment of inflammatory 

conditions in other systems. 

6. S100A8/A9 as a potential clinical biomarker 

To improve the treatment of COVID-19 patients, the determinants of 
fatal outcomes of severe COVID-19 patients must be identified [14]. 
Identifying and utilizing a predictive biomarker that is indicative of 
disease severity can allow physicians to treat patients effectively for 
better prognosis. While recent studies have identified several bio
markers that are significantly associated with poor prognosis in 
COVID-19 patients (such as lymphopenia, C-reactive protein (CRP), 
calcitonin (CT), D-dimer, creatine kinase, aspartate aminotransferase, 
alanine transaminase, and creatinine and serum amyloid A) accumu
lating evidence suggests that S100A8/A9 may be a better biomarker 
than those previously identified [1,14,48,63–66]. 

S100A8/A9 is more appealing as biomarker over commonly used 
inflammatory biomarkers, such as CRP and CT, which require de novo 
protein biosynthesis. However, S100A8/A9 is synthesized and secreted 
locally at the inflammatory site before being released into the blood
stream, giving it a decisive kinetic advantage as it may be the first host 
response to inflammatory conditions [1,6]. S100A8/A9 has a docu
mented half life of 5 h and its stability at room temperature contributes 
favorably to its potential as a clinical biomarker in inflammatory dis
eases, including COVID-19 [1,48,51]. The local production and secre
tion is beneficial, as S100A8/A9 can be detected in several bodily fluids 
(such as stool, serum, synovial, and salivary media) and has already 
been investigated as a potential biomarker for a number of inflammatory 
conditions, such as CF, IBS, and rheumatoid arthritis [1,30,67]. Due to 
its elevated levels in other bodily samples and its use as a biomarker in 
other diseases, the specificity of S100A8/A9 must be determined to 
indicate if poor prognosis in patients with COVID-19 can be accurately 
predicted in the presence of other inflammatory comorbidities. 

Plasma S100A8/A9 levels are significantly higher in control, mild, 
and severe COVID-19 patients with comorbidities as compared to those 
without comorbidities [48]. However, the observed increase in 
S100A8/A9 in patients with severe COVID-19 far exceeded correlations 
associated with comorbidities, which included obesity, diabetes melli
tus, cardiovascular and respiratory disease, and cancer [48]. Further
more, when S100A8/A9 plasma levels were modeled using 
multivariable linear regression to take into account potential con
founding factors (such as age, sex, and comorbidities), the previously 
observed correlations with neutrophil count, fibrinogen, and D dimers, 
remained statistically significant [48]. Therefore, further studies are 
needed to determine potential confounding factors should S100A8/A9 
be used as a clinical biomarker. 

As previously mentioned, it was originally thought that co-infection 
with bacteria caused the increase in neutrophil count in patients with 
severe COVID-19. During infection with Mtb, S100A8/A9 is implicated 
in mediating neutrophil accumulation by regulating CD11b expression, 
resulting in enhanced TB disease. Furthermore, serum S100A8/A9 levels 
are indicative of TB disease state [58,59]. Therefore, it is not unrea
sonable to assume that bacterial co-infections may decrease the capacity 
for S100A8/A9 to specifically predict COVID-19 progression. Although 
some patients with severe COVID-19 had co-infections with bacteria, it 
did not significantly modify S100A8/A9 levels [48]. Together, these 
results indicate that plasma levels of S100A8/A9 can discern between 
severe COVID-19 patients and patients with mild COVID-19. Impor
tantly, the increase observed in severe cases is independent of con
founding factors for prognosis, including advanced age, comorbidities, 
or concurrent bacterial infection, which have only minor effects on 
plasma S100A8/A9 levels [48]. 

It has been previously demonstrated that S100A8/A9 levels are 
indicative of COVID-19 disease severity, where mild, moderate, and 
severe cases of COVID-19 correspond to low, mid-range, and high 
S100A8/A9 levels, respectively [48]. While serum levels in healthy in
dividuals are typically below 1 ug/mL, these levels are reported to rise 
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by nearly 100-fold following inflammation [1,30]. Though multiple 
studies have found that serum samples from clinical COVID-19 patients 
contain elevated S100A8/A9 levels that correspond to disease severity, 
Bauer et al. investigated S100A8/A9 levels in regard to prediction of 
prognosis in COVID-19 positive patients admitted to the emergency 
department (ED) [6,46,48,68]. The authors demonstrated that patients 
that suffered from MOF within 72 h of sample collection had increased 
S100A8/A9 levels compared to patients that did not suffer from MOF 
[6]. The area under the receiver operating characteristic curve (AUROC) 
was calculated for S100A8/A9, which was compared to biomarkers that 
are routinely used for clinical evaluation after admission to the ED. 
Compared to lactate, CRP, and CT, S100A8/A9 had the highest AUROC 
value (0.87) for capacity to predict MOF in patients within 72 h of 
sample collection (lactate, 0.79; CRP, 0.70; CT, 0.75). In patients who 
experienced MOF at any point after ICU admission, the calculated 
AUROC of S100A8/A9 increased to 0.91, in comparison to lactate 
(0.82), CRP (0.83), and CT (0.76) [6] (Table 1). 

Similar studies have investigated the predictive capacity of S100A8/ 
A9. Serum S100A8/A9 levels, while increased in fatal COVID-19 cases, 
had an AUROC value of 0.80 in comparison to ferritin (0.69), CRP 
(0.791), D-dimer (0.869) and GDF-15 (0.892) [69]. Similarly, serum 
S100A8/A9 levels were significantly higher in patients admitted to the 

ICU, with a predictive AUROC value of 0.64. However, it should be 
noted that its predictive power was not compared to other clinically 
relevant biomarkers [70]. Lastly, S100A8/A9 levels were increased in 
patients who required ventilation as compared to those who did not. The 
capacity of S100A8/A9 to predict ventilation needs had a calculated 
AUROC value of 0.794 in contrast to LDH (0.699), CRP (0.614), and 
ferritin (0.562) [68] (Table 1). Together, these initial findings provide 
promising evidence that S100A8/A9, as compared to other biomarkers, 
may have better predictive capacity for multiple aspects of COVID-19 
prognosis. 

Clinically, S100A8/A9 is currently used to distinguish between in
flammatory bowel disease (IBD) and irritable bowel syndrome (IBS). 
Individuals with IBD have inflammation or destruction of the bowel 
wall, which can lead to lesions or narrowing of the intestines. IBD is a 
broad term which encompasses two major forms of chronic intestinal 
inflammation: Crohn’s disease and ulcerative colitis (UC) [71]. In 
contrast, IBS does not cause ulcers nor lesions within the bowel and is 
mainly associated with the colon. Both IBD and IBS have similar 
symptoms, such as abdominal pain and diarrhea, and can be difficult to 
distinguish from one another without endoscopy. Because S100A8/A9 is 
heavily implicated in inflammation, relatively stable for days at room 
temperature, and non-invasive, it was investigated as a potential 
biomarker where samples could be collected at home and analyzed at 
the lab. Recently, technological advances have made it possible to 
rapidly quantify fecal S100A8/A9 by benchtop machinery following 
sample analysis via lateral flow assay. While these machines can rapidly 
detect and analyze S100A8/A9 levels, they are only calibrated for fecal 
samples and cannot be used to accurately detect S100A8/A9 in other 
human samples. However, the existence of rapid S100A8/A9 quantifi
cation technology is promising, as perhaps the technology can be 
modified for use for other inflammatory conditions and human samples 
to improve patient outcomes. 

Infection with Mtb, the causative agent of tuberculosis, can result in 
either latent infection (LTB) or ATB disease. While latently infected in
dividuals are likely not able to transmit the disease to others, there re
mains a 10% lifetime risk that LTB patients may progress to ATB disease. 
Currently, there is an unmet clinical need for rapid, point-of-care TB 
diagnostic tests to decrease mortality and transmission rates, as avail
able TB diagnostics are limited in their capacity to rapidly distinguish 
between TB disease states and may also require lab settings to analyze 
samples, which can be challenging in high TB-incidence, low-resource 
settings. 

S100A8/A9 has been implicated as a driver of TB pathogenesis in 
both human and animal models, whereby exacerbated lung inflamma
tion can be attributed to S100A8/A9-mediated neutrophil accumulation 
[58,59]. Furthermore, S100A9-deficient mice had lower rates of LTB 
reactivation and bacterial lung burden when compared with B6 mice, 
indicating that S100A8/A9 protein expression is also associated with 
LTB progression S100A8/A9 [59]. In addition, serum S100A8/A9 levels 
increase with TB disease severity and can distinguish between ATB and 
HC (AUC = 0.9083) and, to a lesser extent, ATB and LTB (AUC = 0.8575) 
[59]. While there are currently no tests that can distinguish between LTB 
and ATB disease, the knowledge that serum S100A8/A9 levels can 
distinguish between these disease states is promising for the develop
ment of a new diagnostic test. Excitingly, serum mRNA levels of S100A8 
and S100A9 have been shown to increase in LTB progressors six months 
prior to ATB diagnosis as compared to LTB non-progressors, who did not 
significantly increase S100A8 or S100A9 expression [59]. These results 
are encouraging for the potential future development of a new TB 
diagnostic test that may be able to distinguish between LTB progressors 
and non-progressors, allowing patients to receive treatment before the 
onset of ATB disease to improve their prognosis and reduce TB 
transmission. 

Table 1 
Biomarker prediction of COVID-19 patient outcomes.  

Prediction Biomarker AUC 
value 

95% CI p-value Author 

MOF in 
patients 
(within 
72 h)       

S100A8/ 
A9 

0.87 0.63–1.00 0.03 Bauer et al. 
[6]  

Lactate 0.79 0.38–1.00 0.09  
CRP 0.70 0.34–1.00 0.26  
CT 0.75 0.37–1.00 0.15 

MOF in 
patients       

S100A8/ 
A9 

0.91 0.77–1.00 < 0.01 Bauer et al. 
[6]   

0.64  0.03 Kaya et al. 
[70]  

Lactate 0.82 0.56–1.00 0.02 Bauer et al. 
[6]  CRP 0.83 0.58–1.00 0.08  

CT 0.76 0.47–1.00  
ICU 

Treatment       
S100A8/ 
A9 

0.70 0.42–0.99 0.15 Bauer et al. 
[6]  

Lactate 0.80 0.58–1.00 0.03  
CRP 0.66 0.36–0.96 0.27  
CT 0.60 0.29–0.90 0.51 

90 Day 
Mortality       

S100A8/ 
A9 

0.85 0.54–1.00 0.14 Bauer et al. 
[6]  

Lactate 0.88 0.71–1.00 0.10  
CRP 1 1 0.01  
CT 1 1 0.03 

Survivors v. 
Fatal       

S100A8/ 
A9 

0.80 0.691–0.894 0.001 De Guadiana 
Romualdo 
et al.[69]  Ferritin 0.69 0.566–0.800 0.080  

CRP 0.791 0.673–0.881 0.003  
D-dimer 0.869 0.763–0.939 < 0.001  
GDF-15 0.892 0.792–0.955 < 0.001 

Ventilation       
S100A8/ 
A9 

0.794 N/R N/R Shi et al.[68]  

LDH 0.699 N/R N/R  
CRP 0.614 N/R N/R  
Ferritin 0.562 N/R N/R  
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7. S100A8/A9 as a potential therapeutic target 

As previously discussed, aberrant neutrophil groups account for the 
emergence of COVID-19 symptoms in mice and may be responsible for 
the formation of fatal infections by SARS-CoV-2. Both S100A8 and 
S100A9 have been shown to influence neutrophil accumulation in in
flammatory infectious diseases, such as tuberculosis [59]. Therefore, 
S100A8/A9 has recently been investigated as a potential target for small 
molecule therapeutics to suppress the uncontrolled immune response 
associated with severe COVID-19 cases [46]. 

Paquinimod is an S100A9-specific small molecule inhibitor that 
prevents the binding of S100A9 to TLR4, suggesting that it can be used 
to block the function of S100A8/A9 [72,73]. Mice treated with paqui
nimod had lower amounts of pulmonary interstitial damage, inhibited 
viral replication, and a reduced accumulation of aberrant neutrophil 
subsets. Specifically, the aberrant neutrophil subset returned to normal 
CD45+ CD11b+Ly6Ghigh neutrophils following treatment with paquini
mod, and both S100a8 and Ly6g expression were reduced in mice. Mice 
infected with IAV that lacked excessive S100a8 expression and the 
abnormal myeloid cell subset did not have improved outcomes 
following paquinimod treatment. In short, it is postulated that the in
hibitor blocked the function of S100A8/A9 specifically and prevented 
the accumulation of aberrant neutrophils and fatal outcome [46]. 

Because paquinimod treatment rescued mice from severe COVID-19, 
likely by preventing the interaction between S100A8/A9 and TLR4 from 
occurring, it was suggested that the TLR4 signaling pathway could play 
an important role in critical SARS-CoV-2 infections. Administration of 
resatorvid, a selective TLR4 inhibitor that downregulates the expression 
of downstream TLR4 signaling molecules, to control mice and mice 
infected with SARS-CoV-2, resulted in a decrease to the aberrant 
neutrophil subset, the viral replication in the lungs, and both S100a8 
and Ly6g expression (Fig. 1) [46]. However, S100A8/A9 is also known to 
interact with RAGE. To determine the importance of S100A8/A9-RAGE 
interactions in severe COVID-19 cases, mice were treated with azelir
agon, a RAGE inhibitor. Azeliragon treatment did not significantly 
prevent the production of the aberrant neutrophil subset or viral repli
cation, indicating that the TLR4 pathway may play a critical role in fatal 
COVID-19 cases [46]. Together, these results highlight the therapeutic 
target potential of S100A8/A9 in improving host control over the 
infection by suppressing the abnormal immune response caused by 
SARS-CoV-2 infection. 

Because S100A8, S100A9, and S100A8/A9 are implicated in several 
inflammatory conditions, a variety of S100-specific inhibitors have been 
developed for therapeutic treatment. Notably, quinoline-3-carboxamide 
derivatives, such as tasquinimod, have been shown to bind to S100A9 
and the S100A8/A9 complex to block the interaction of S100A9 with 
TLR4 and RAGE [1,28]. Aside from treating inflammatory infectious 
diseases, inhibiting S100A8/A9 has been shown to decrease lung 
inflammation during IAV infection, prevent liver injury and bacterial 
dissemination during human sepsis and endotoxemia, and improve the 
clinical score of rheumatoid arthritis patients by nearly 50% [41,74]. 
Additionally, S100A8/A9 inhibition has been shown to alleviate wors
ening of disease in other inflammatory conditions, such as tuberculosis, 
where Mtb-infected B6 mice treated with FPS-ZM1, another RAGE in
hibitor, decreased the bacterial lung burden to levels comparable to 
Mtb-infected S100A9-deficient mice [59]. 

8. Conclusions 

Although S100A8/A9 has been implicated in inflammatory condi
tions, such as IBS, CF, and rheumatoid arthritis, it acts distinctively 
during SARS-CoV-2 infection to drive the formation and chemotaxis of a 
group of aberrant neutrophils, which are thought to drive fatal coro
navirus infections and cytokine storm. While its role in chemotaxis has 
previously been identified in TB disease pathogenesis, S100A8/A9 
notably affects the formation of immature neutrophil subsets during 

SARS-CoV-2 infection, possibly through its interactions with TLR4. 
Furthermore, while elevated serum and plasma levels of S100A8/A9 are 
indicative of worsening COVID-19 prognosis, it is possible that pre
venting S100A8/A9-TLR4 interactions through paquinimod or resa
torvid treatment may improve disease outcome by limiting excessive 
S100a8 and Ly6g expression, thus reducing viral lung burden and 
diminishing the aberrant neutrophil population as has been observed in 
mice. However, additional studies are needed to confirm the changes in 
disease phenotype in other models following treatment of paquinimod 
or resatorvid. Future research should be aimed at distinguishing the 
function and mechanism of induction of the aberrant neutrophil subset, 
as it will provide valuable information on potential contributions to 
deteriorating COVID-19 cases and how to prevent the subset from 
worsening disease outcomes. 
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