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 9 
Abstract: SARS-CoV-2, first identified in December 2019, caused a global pandemic, 10 
resulting in over 6.8 million deaths by March 2023. The elderly, or individuals over 65, 11 
accounted for the majority of COVID-19 deaths, with 81% of fatalities in the US in 2020 12 
occurring in this group. Beyond mortality, aging populations are also at higher risk for 13 
long-term cardiovascular complications and acute respiratory distress syndrome (ARDS). 14 
Although these outcomes may be influenced by comorbidities common in the elderly, age 15 
has been found to be a standalone risk factor for severe COVID-19 infection. Therefore, 16 
investigating age-related factors in COVID-19 outcomes is crucial to protect this 17 
vulnerable group. Of particular interest is the cytokine storm phenomenon, an excessive 18 
inflammatory response that contributes to severe COVID-19 symptoms, including ARDS 19 
and cardiovascular damage. Elevated levels of multiple cytokines are common in severe 20 
cases of COVID-19. We propose that changes that occur to cytokine profiles as we age 21 
may contribute to these aberrant inflammatory responses. This review specifically 22 
explores the interleukin class cytokines IL-1, IL-6, IL-17, and IL-23 and considers the 23 
potential of biologics targeting these cytokines to alleviate severe outcomes in both 24 
COVID-19 and aging individuals. 25 

Keywords: COVID-19; elderly; cytokine storm, biologics, therapeutics. 26 
 27 

1. Introduction 28 

In 2019, the novel virus SARS-CoV2 was first detected. It would go on to ravage the 29 
population leading to over 6.8 million deaths worldwide between its conception in De- 30 
cember 2019 and March of 2023. These deaths were not equally distributed, however, with 31 
the elderly population, or those over the age of 65, making up the majority of the death 32 
toll [1]. In the US in 2020, 350,381 people died of COVID-19 with 81% of those people 33 
being elderly [2]. Beyond mortality, the clinical consequences for aging populations are 34 
also of concern. 26% of very elderly COVID-19 patients had long-term cardiovascular 35 
complications including atrial fibrillation, pulmonary thromboembolism, deep vein 36 
thrombosis, myocardial ischemia, and myocarditis [3]. Additionally, the elderly were 37 
more likely to develop acute respiratory distress syndrome (ARDS), which was not only 38 
a risk factor for mortality but also comes with risk for numerous long-term complications 39 
such as cognitive impairment and physical weakness [4,5]. Finally, the elderly population 40 
may experience long COVID, a syndrome in which symptoms attributed to COVID-19 41 
infection persist for more than 12 weeks [6]. Despite age not being associated with in- 42 
creased risk for long covid symptoms, it still presents a problem for the elderly population, 43 
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and additionally reporting may suffer numerous biases including survivor bias given the 44 
high rates of death in the elderly population [7]. Although some of these differences in 45 
morbidity and mortality may be attributed to comorbidities common in the aging popu- 46 
lation, the observed differences are only part of the picture given that age is a standalone 47 
risk factor for severe infection [8]. Thus, the impact of age on COVID-19 outcomes war- 48 
rants further investigation to better protect the vulnerable aging population. 49 

Cytokines are of particular interest given the role of cytokine storm in severe COVID- 50 
19 infection resulting in death or disability. Cytokine storm is a phenomenon in which the 51 
body releases cytokines at an increased rate over a short period of time resulting in a se- 52 
vere immune reaction. One of the main roles of the immune system is to identify possible 53 
harmful foreign pathogens and stage an inflammatory response that clears these agents 54 
from the body. Cytokines assist in this process by helping immune cells properly com- 55 
municate with one another. However, if this process goes awry, the inflammatory re- 56 
sponse can be great enough to cause extensive damage to native cells and tissues as well. 57 
This phenomenon can be seen in a variety of infections, autoimmune conditions, and he- 58 
matologic malignancies, and when severe may even cause end organ damage. In each of 59 
these cases, the ultimate problem is an excessive inflammatory response; however, the 60 
mechanism may differ depending on the offending agent. Generally, it is thought that the 61 
process emerges due to the presence of a positive feedback loop in which cytokines acti- 62 
vate inflammatory cell death pathways, leading to cell death, and then are also released 63 
at an increased rate as cells die [9, 10]. In infections, the immune system recognition of 64 
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular pat- 65 
terns (DAMPs) leads to activation of NF-kB, MAPK, and interferon regulatory factor 3 66 
(IF3)-IF7 and subsequent transcription of pro-inflammatory cytokine genes or through in- 67 
flammasome sensors that form inflammasome complexes containing caspases that cleave 68 
cytokines and create pores in cells, eventually releasing cytokines into the environment. 69 
On the other hand, in autoimmune conditions the immune system derangement may 70 
begin at the genetic level such as in primary Hemophagocytic Lymphohistiocytosis (HLH) 71 
where mutations impacting T cell and NK cell activity leads to excessive pro-inflamma- 72 
tory cytokine production [11]. 73 

 In COVID-19, patients that suffered from severe infection were found to have higher 74 
levels of chemokines including CXCL-10, CCL-2, CCL-4 and cytokines such as soluble IL- 75 
2R, IFN-γ, IL-6, IL-10, and TNF-Α as well as C-reactive protein (CRP) [12, 13] with reports 76 
of up to 92.3% of individuals with cytokine storm requiring treatment in the intensive care 77 
unit (ICU) [14]. Additionally, patients with cytokine storm were more likely to experience 78 
ARDS [15] and cytokine storm is suspected to be a key player in cardiovascular injury [16]. 79 
CRP levels correlated positively with inflammatory cytokines, particularly IL-6, in COVID- 80 
19 patients and served as a biomarker for disease severity [13, 15].  CRP amplified inflam- 81 
matory and pro-thrombotic processes by increasing ACE expression and activity in vari- 82 
ous tissues, while ACE-produced Angiotensin II stimulated CRP production, creating an 83 
inflammation-intensifying feedback loop. CRP also upregulated Plasminogen Activator 84 
Inhibitor-1, inhibiting fibrinolysis and promoting clotting. These interactions with the ACE 85 
system and clotting cascade contributed significantly to cytokine storm pathophysiology 86 
in COVID-19, exacerbating systemic inflammation and coagulation abnormalities. Here 87 
we will review multiple cytokines implicated in the cytokine storm phenomenon within 88 
the context of the changing cytokine landscape that occurs in aging irrespective of COVID- 89 
19 infection to examine the possible interaction between these elements. Additionally, we 90 
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will review the use of biologics to target specific cytokines and consider further directions 91 
of such research. 92 

2. Mechanisms of Cytokine Storm Induction by SARS-CoV-2 and Potential Therapeu- 93 
tic Targets 94 

SARS-CoV-2 is an enveloped positive sense RNA virus that enters host cells via the 95 
angiotensin-converting enzyme 2 (ACE2) receptor via the receptor binding domain of the 96 
spike protein [17]. Once inside the cell, the virus triggers a cascade of events that results, 97 
in part, in the release of cytokines which serve as intracellular mediators that work to 98 
increase the body’s inflammatory response. However, this aberrant response also results 99 
in a cytokine storm. One proposed pathway for this derangement focuses on dual activa- 100 
tion of NF-kappaB [18]. First, SARS-CoV-2 activates NF-κB directly via pattern recogni- 101 
tion receptors. Simultaneously, given the occupation of the ACE2 receptor by the virus, 102 
Angiotensin 2, which normally binds ACE2 and is degraded, increases in the serum and 103 
induces inflammatory cytokines such as TNF-α and IL-6 via a disintegrin and metallopro- 104 
tease 17 (ADAM17). IL-6 can independently activate the signal transducer and activator 105 
of transcription 3 (STAT3), which then synergizes with NF-κB to activate the IL-6 ampli- 106 
fier. This amplification further enhances the activation of both NF-κB and STAT3, leading 107 
to the release of numerous cytokines and chemokines. Here we will focus on the interleu- 108 
kin class of cytokines, specifically IL-1, IL-6, IL-17, and IL-23, given the number of biolog- 109 
ics already in use that target these immune mediators and offer a potential solution for 110 
preventing and treating cytokine storm. 111 

2.1. IL-1 112 

IL-1 refers to a large group of conserved proteins. IL-1α and IL-1β are the most ex- 113 
tensively studied of the group and are collectively referred to as IL-1. IL-1 is a potent pro- 114 
inflammatory cytokine that plays a role in a broad range of inflammatory responses. It 115 
serves to trigger vasodilation, attract innate immunity cells to the site of tissue damage 116 
and infection, generate the fever response, and propagate hyperalgesia [19]. Specifically, 117 
IL-1 receptor activation leads to the activation of a robust downstream cascade, which 118 
includes NF-kB, that induces the expression of target genes such as IL-6, IL-8 [20]. 119 

Inflammaging is a rapidly developing field that is working to better characterize the 120 
sterile, low-grade, chronic inflammation that progressively increases with age. Studies 121 
have shown that IL-1 is elevated in the bone marrow of mice which leads to myeloid dif- 122 
ferentiation thought to contribute to the general framework of inflammaging [21]. A study 123 
done in mouse models found that IL-1 was a much more potent inducer of IL-6 production 124 
and secretion from adipose tissue compared to TNF-α. Furthermore, adipose tissue from 125 
aged mice produced significantly more IL-6 after stimulation by IL-1 compared to adipose 126 
tissue from young mice [22]. A study specifically on cardiac tissue from mice found that 127 
when the IL-1 receptor was knocked-out, aging mice did not develop left ventricular con- 128 
centric hypertrophy, a finding that was seen in the wild-type mice [23]. A similar study 129 
conducted on pancreatic beta cells demonstrated that IL-1 knockout mice exhibited better 130 
preservation of beta-cell function, resulting in more robust insulin secretion in response 131 
to glucose stimulation compared to controls [24]. Taken together, these studies further 132 
support the central role of IL-1 in facilitating age-related molecular and phenotypic 133 
changes in multiple organ systems.  134 

Of the studies translating these findings to human subjects, there have been variable 135 
results. One study done as part of Vitality 90+, a prospective multidisciplinary population- 136 
based study of people aged 90 or older in Finland, sought to investigate the blood levels 137 
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of IL-1, IL-6 and C-reactive protein (CRP) and their relationship with age. All three mark- 138 
ers were found to be elevated in the participants who died within 4 years compared to 139 
those who did not. Additionally, even when adjusting for chronic diseases and other risk 140 
factors, IL-1 was strongly associated with mortality [25]. A recent systematic review of IL- 141 
1, IL-6 and TNF-α levels in aging individuals, found only IL-6 levels to be reliably elevated 142 
in elderly patients with various disease comorbidities such as sarcopenia, stroke, and liver 143 
disease compared to disease free controls [26].  144 

IL-1 levels have been linked with COVID-19 infection and long-term sequelae from 145 
the SARS-CoV-2 virus. A recent investigation revealed that in a cohort of patients with 146 
mild to moderate acute COVID-19, IL-1β levels were elevated during acute infection, with 147 
concentrations surpassing those observed in patients with bacterial pneumonia. Addition- 148 
ally, it was seen that of the many hallmarks inflammatory mediators analyzed, only IL-1, 149 
IL-6 and TNF had a significant association with post-acute sequelae of COVID-19 such as 150 
fatigue, dyspnea, and issues with concentration [27]. Another study found that in patients 151 
with SARS-CoV-2 induced pneumonia who developed severe respiratory failure, macro- 152 
phage activation syndrome was driven by IL-1 while the aspect of immune dysregulation 153 
was largely driven by IL-6 [28]. 154 

Overall, it has been established that IL-1 is essential to the primarily inflammatory 155 
response and is responsible for increasing IL-6. While a consensus has yet to be reached 156 
on the correlation of IL-1 levels in aging, it plays an important role in both aging tissue 157 
and the pathogenesis of COVID-19. Although current thought is that IL-6 is more predic- 158 
tive of COVID-19 outcomes and the severity of disease progression, this calls for further 159 
research, especially in human subjects, to better elucidate the implication of IL-1 levels. 160 
  161 

2.2 IL-6 162 

IL-6 is a soluble mediator with a wide range of effects on immune response, inflam- 163 
mation, and cellular development and differentiation. Historically, during initial discov- 164 
ery and characterization, it was given various names based on its activity such as B-cell 165 
stimulatory factor, hepatocyte stimulating factor, hybridoma growth factor, and inter- 166 
feron-B2 [29]. It is now known to be associated with these functions and many more in- 167 
cluding CD4+ T cell differentiation, osteoclast differentiation, VEGF production, and 168 
keratinocyte proliferation. Interestingly, IL-6 has also been shown to lead to permanent 169 
cellular growth arrest [30]. 170 

IL-6 is also strongly implicated in more pathological inflammatory states including 171 
the COVID-19 infection. It can serve as an early biomarker to monitor immune responses 172 
and predict disease morbidity and mortality. It has been determined that IL-6 concentra- 173 
tions can be elevated more than 1,000 times the upper limit of normal during SARS-CoV- 174 
2 infection compared to other inflammatory mediators such as IL-1 and IL-10 which may 175 
only be elevated up to 100-fold [31]. Additionally, according to a recent study, increasing 176 
age correlated positively with serum levels of individual biomarkers including IL-6 in 177 
COVID-19 infection [32]. Elevated IL-6 levels within the context of COVID-19 infection, 178 
seen to greater extents in older individuals, can be predictive of a plethora of negative 179 
outcomes. In 2020, a research team developed the Dublin-Boston score which uses the 180 
change between two IL-6:IL-10 ratio measurements taken 4 days apart to guide clinical 181 
decision-making by identifying hospitalized patients at risk of impending poor outcome. 182 
The score is applicable to patients both in the ICU and on the ward [33]. Another study 183 
focused on identifying the strongest predictive factors of COVID-19 mortality found that 184 
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compared with their overall cohort, mortality was significantly higher in severely ill old 185 
patients with IL-6 >/= 33pg/mL at baseline [32]. Further, a retrospective review found that 186 
maximal IL-6 level before intubation was the strongest predictive factor for the need for 187 
mechanical ventilation [34]. It is also hypothesized that IL-6 in conjunction with IL-17 may 188 
mediate vascular dysfunction and thromboembolic events [35]. From a neurological 189 
standpoint, IL-6 has been associated with depression, fatigue, and sleeping difficulties es- 190 
pecially in patients with long COVID [36]. 191 

IL-6 is also closely linked with physiological aging, irrespective of an active infection. 192 
Recent discoveries in this area have shown that of the serum biomarkers used to assess 193 
inflammation, C-reactive protein (CRP) and IL-6 are by far the most closely linked in pro- 194 
inflammatory clusters. Increasing levels of IL-6 correlate strongly with age, poor physical 195 
performance, and increased death rate. [37].  IL-6 is also closely linked with Plasminogen 196 
activator inhibitor -1 (PAI-1 aka SERPIN1) where elevated levels of both correlate with 197 
other clinical markers of aging such as reduced walking speed and lower grip strength 198 
[37,38]. 199 

Taken together, this suggests that COVID-19 may work synergistically with the mo- 200 
lecular changes already present in aging to further increase IL-6 levels which serves to 201 
propagate the morbidity and mortality of the virus. 202 

2.3 IL-17 203 

IL-17 is known to be a versatile cytokine implicated in processes such as host im- 204 
mune defense, tissue repair, inflammatory disease pathogenesis, and cancer progression 205 
[39]. It has been of particular interest since the discovery of the Th17 lineage of CD4+ T 206 
helper cells, a subset of CD4+ T cells that selectively express IL-17, although IL-17 may be 207 
expressed by other cell types as well [40]. The IL-17 family includes 6 members with IL- 208 
17A ubiquitously referred to as IL-17 [41]. One of IL-17’s most notable function is its ability 209 
to induce neutrophil chemotaxis and activation, which is particularly significant since 210 
neutrophil tissue infiltration is widely regarded as a reliable indicator of acute inflamma- 211 
tion [42]. This is particularly relevant to our discussion as the accumulation of neutrophils 212 
in the lungs following SARS-CoV-2 infection increases the release of cytokines [43]. IL-17 213 
can increase cytokine response more directly as well by influencing the release of other 214 
inflammatory actors such as IL-1β, IL-6, and TNF-α [44]. 215 

Thus, as expected, it has been found that IL-17 levels are elevated during COVID-19 216 
infection with higher levels in those with more severe disease [45,46]. Similar results have 217 
been observed in studies of PBMCs with higher levels of Th17 produced IL-17 cytokines 218 
in samples taken from patients with COVID-19 ARDS [47]. Given the relationship be- 219 
tween IL-17 and Th17 cells, it is also worth noting that in patients that progressed to crit- 220 
ical condition there was no difference in T cell subtypes except in the percentage of Th17 221 
cells, which was twofold higher [48]. This wider analysis aligns with an early report of 222 
increased Th17 cells in a patient with a severe immune response [49]. Attention may also 223 
be paid to the ratio between Th17 cells and Treg cells. Higher Th17 cells and IL-17 levels 224 
with decreased responses of Treg cells has been observed in patients that died of COVID- 225 
19 compared to those that improved [50]. 226 

Despite significant attention to Th17 cells and IL-17, their roles in the aging process 227 
remain unclear. Some studies report an increase in memory Th17 cells and elevated IL-17 228 
mRNA expression with age [51], while others indicate a decline in memory Th17 cells [52], 229 
or no significant changes in IL-17 levels at all [53]. Interestingly, the study finding de- 230 
creased Th17 memory cells with age also observed increased differentiation of Th17 cells 231 



Pathogens 2024, 13, x FOR PEER REVIEW 6 of 19 
 

 

from naive CD4+ cells with aging, leading to the conclusion that there was a secondary 232 
process impacting the observed decrease in memory T cells. Additionally, research sug- 233 
gests that increasing IL-17 levels have been linked to cognitive aging in both people and 234 
mice [54], and IL-17 is strongly implicated in skin aging in mouse models [55]. Thus, there 235 
is sufficient evidence to suggest that IL-17 plays a role in the process of growing older and 236 
that this, taken together with the notable changes that COVID-19 can inflict on the Th17 237 
and IL-17 landscape, should be subject to our attention when considering how to best 238 
protect the vulnerable elderly population. 239 

2.4 IL-23 240 

IL-23 belongs to the IL-12 cytokine family but differs functionally and structurally 241 
from IL-12. While IL-12 (composed of the p40 and p35 subunits) promotes T helper 1 (Th1) 242 
responses, IL-23 (composed of the p40 and p19 subunits) drives the development of IL- 243 
17-producing cells and supports other mediators of chronic inflammation [56,57]. In a 244 
well-functioning immune system, IL-23 is released in response to tissue injury and insult, 245 
recruiting cells necessary for acute inflammation [58]. When out of balance, however, it 246 
has the potential to cause harm via excessive inflammatory responses and is unsurpris- 247 
ingly associated with several inflammatory autoimmune conditions such as psoriasis, ir- 248 
ritable bowel disease, and rheumatoid arthritis [59-61]. 249 

One of the body’s first lines of defense against COVID-19 are alveolar macrophages, 250 
which are known to release IL-23 in response to lung injury [62]. Consistent with this, 251 
serum IL-23 was found to be elevated in all groups of COVID-19 patients with markedly 252 
higher values in the critical and severe groups and a significant positive correlation to 253 
CRP levels [63]. It is worth noting that there is some inconsistency in the literature regard- 254 
ing IL-23 levels. One study did not find a significant differences in IL-23 levels in COVID- 255 
19 patients compared to healthy controls [64]; however, it also did not find significant 256 
differences in IL-17 levels, calling into question the statistical power of the study given the 257 
body of evidence outlined above in support of elevated levels of IL-17 during COVID-19 258 
infection. The study did find that IL-23 levels were higher in male patients. This is of in- 259 
terest given the established higher rates of morbidity and mortality from COVID-19 in 260 
men and the differences in immune response observed by us [65-67]. This perhaps further 261 
suggests that IL-23 may play a role in COVID-19 severity. 262 

With regards to IL-23 and aging, IL-23 production in mouse models increases with 263 
age and is associated with cell senescence [68,69]. However, there are limited studies eval- 264 
uating IL-23 levels in the aging human population with some evidence to suggest there 265 
may not be a correlation between IL-23 and age [70]. Despite this, what does appear clear 266 
is the potential link between IL-23 levels and several conditions common in the aging 267 
population such as atherosclerosis [71,72], diabetes [73], and hypertension [74,75]. Nota- 268 
bly, these are also considered comorbidities for COVID-19, and therefore it is reasonable 269 
to consider IL-23 as a potential viable target for intervention when treating the most at- 270 
risk members of the elderly population for COVID-19. 271 

3. Biologics targeting IL-6, IL-1, IL-17, and IL-23 272 

Given the significant role that cytokines play in the development and progression of 273 
COVID-19, there has been a large movement towards investigating the efficacy of biolog- 274 
ics in this disease process. There have been a number of phase II clinical trials, randomized 275 
controlled trials and retrospective studies looking at the effects of tocilizumab, sarilumab, 276 
and anakinra in a variety of COVID-19 patients and sub-groups. 277 
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3.1. Tocilizumab and Sarilumab 278 

Tocilizumab and Sarilumab are two biologics targeting IL-6. Tocilizumab was first 279 
approved by the FDA in 2010 for the treatment of moderate to severe rheumatoid arthritis. 280 
Sarilumab was more recently approved by the FDA in 2017 also for Rheumatoid Arthritis. 281 
They have both been investigated in COVID-19, with the former having been studied 282 
more extensively. As part of this study, we chose to look at phase II trials and randomized 283 
controlled trials (RCTs) investigating Tocilizumab and Sarilumab since they are typically 284 
considered the strongest and most robust in terms of establishing causality and minimiz- 285 
ing bias. 286 

3.1.1 Tocilizumab in Non-Critically Ill COVID-19 Patients 287 

The RECOVERY trial, a RCT studying tocilizumab that enrolled the largest number 288 
of patients, found that in 4,116 hospitalized COVID-19 patients, most of whom were al- 289 
ready receiving steroids as part of standard of care (SOC), tocilizumab improved survival 290 
and clinical outcomes [76]. Another Phase II clinical trial involving 32 hospitalized pa- 291 
tients with non-critical, non-intubated COVID-19 pneumonia found that low-dose tocili- 292 
zumab was associated with improvement in clinical and laboratory markers of inflamma- 293 
tion, including body temperature and CRP levels [77]. A similar Phase II trial involving 294 
354 COVID-19 patients supported the efficacy of tocilizumab when administered early in 295 
the disease course. Notably, a sub-group analysis found that patients over the age of 79 296 
had the greatest benefit. [78]. A RCT involving 389 hospitalized COVID-19 patients not 297 
receiving mechanical ventilation found that the tocilizumab group had a significantly 298 
lower rate of progression to mechanical ventilation or death compared to the control 299 
group [79]. 300 

3.1.2 Tocilizumab in Moderate to Severe or Critically Ill COVID-19 Patients 301 

An RCT involving 130 COVID-19 patients with moderate or severe pneumonia 302 
found that tocilizumab did not reduce the need for mechanical or noninvasive ventilation 303 
or death by day 28. Similarly, another RCT involving 438 patients with severe pneumonia 304 
showed no significant reduction in mortality at 28 days when given tocilizumab [80]. A 305 
similar RCT with 243 moderately ill patients found that tocilizumab was not effective for 306 
preventing intubation or death. Subgroup analyses further confirmed the risk factors for 307 
disease severity. Patients over the age of 65 and individuals with higher baseline IL-6 con- 308 
centrations were at greater risk for progressing to worse outcomes [81]. In contrast to these 309 
results, a study done as part of the larger REMAP-CAP trial in 803 critically ill patients 310 
with COVID-19 found that tocilizumab and sarilumab improved survival. Of note, greater 311 
than 90% of patients were also receiving steroids as part of the SOC [82]. 312 

3.1.3 Sarilumab in Non-Critically Ill COVID-19 Patients 313 

A Phase II trial in 115 patients with hospitalized COVID-19 studied the efficacy be- 314 
tween 200mg versus 400mg of sarilumab. Results showed that early IL-6 blockade with a 315 
single sarilumab dose of 400mg was associated with better outcomes. Only 13% of patients 316 
in the sarilumab-400 group experienced disease progression compared to 25% in the sari- 317 
lumab-200 group and 28% in the control cohort. [83].   318 

3.1.4 Sarilumab in Moderate to Severe or Critically Ill COVID-19 Patients 319 

An RCT involving 416 patients with severe or critical COVID-19 found that sari- 320 
lumab did not improve mortality in hospitalized patients receiving supplemental oxygen. 321 
However, results from a post-hoc analysis did show an improvement in mortality when 322 
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sarilumab was administered to patients who were also receiving steroids [84]. An RCT 323 
with 1,365 critically ill patients on mechanical ventilation found no improvement in out- 324 
comes with sarilumab treatment [85]. Additionally, an another RCT involving 153 patients 325 
with moderate to severe COVID-19 showed no benefit from subcutaneous sarilumab 326 
when added to the standard of care regimen [86]. 327 

3.2 Anakinra 328 

Anakinra is an IL-1 receptor antagonist originally approved in 2005 by the FDA for 329 
moderate to severe active rheumatoid arthritis (RA) in adult patients who failed one or 330 
more disease modifying antirheumatic drugs (DMARDs). During the COVID-19 pan- 331 
demic it was investigated for its efficacy in this disease. 332 

3.2.1 Anakinra in Non-Critically Ill COVID-19 Patients 333 

A RCT of 30 patients found that anakinra reduced the need for invasive mechanical 334 
ventilation and reduced hospital length of stay [87]. An RCT of 119 patients with mild to 335 
moderate COVID-19 pneumonia found that anakinra did not improve outcomes [88]. The 336 
SAVE-MORE RCT evaluated the efficacy and safety of anakinra, an IL-1α/β inhibitor, in 337 
594 patients with COVID-19 at risk of progressing to respiratory failure (identified by 338 
plasma soluble urokinase plasminogen activator receptor serum levels). This study 339 
demonstrated the efficacy of anakinra, an IL-1α/β inhibitor, in patients with COVID-19 340 
and high serum levels of soluble plasminogen activator receptor [89].  A similar RCT of 341 
130 patients found that administration of anakinra, guided by suPAR levels, decreased 342 
the incidence of systemic respiratory failure [90].  343 

3.2.2 Anakinra in Moderate to Severe or Critically Ill COVID-19 Patients 344 

An RCT involving 71 patients with deteriorating COVID-19 respiratory symptoms 345 
found that not only was anakinra not effective but was also inferior to optimized SOC [91]. 346 
Another RCT of 195 severe COVID-19 patients with a high risk for deterioration was stud- 347 
ying the efficacy of tocilizumab and anakinra. Although it ended early because tocili- 348 
zumab became standard of care, analysis found that anakinra or tocilizumab did not sig- 349 
nificantly shorten time to clinical recovery compared to usual care [92]. Additionally, a 350 
large RCT done in 342 COVID-19 patients with signs of cytokine release syndrome found 351 
that drugs targeting IL-1 (anakinra) or IL-6 (tocilizumab or siltuximab) did not shorten the 352 
time to clinical improvement [93]. An RCT with 179 patients with severe COVID-19 found 353 
that anakinra did not prevent the need for mechanical ventilation or reduce mortality risk 354 
compared with the SOC [94]. 355 

Overall, the literature presents mixed findings on the efficacy of tocilizumab, sari- 356 
lumab, and anakinra. However, evidence suggests that these biologics are most effective 357 
when administered early in the disease course to patients without severe pneumonia and 358 
those who are not critically ill [95]. There are also results to suggest that concomitant cor- 359 
ticosteroid administration augments the efficacy of biologics.   360 

3.3 Secukinumab and Ixekizumab 361 

Secukinumab and ixekizumab are both monoclonal antibodies that target IL-17. To 362 
our knowledge, no randomized controlled trials exist that test secukinumab as treatment 363 
for COVID-19 and only one exists for ixekizumab. However, there is a growing body of 364 
research that supports that both may be safe for use in COVID-19 and a small emerging 365 
body of evidence that supports possible benefits from secukinumab. Given the limited 366 
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research on these monoclonal antibodies, research could not be broken down by disease 367 
severity. 368 

At the start of the pandemic, multiple case reports on secukinumab and COVID-19 369 
were published. One of the first reports came out of Italy in March of 2020 where a 73- 370 
year-old woman with psoriasis, psoriatic arthritis, and hypertension was receiving treat- 371 
ment with secukinumab at the time she contracted COVID-19 [96]. Her infection resulted 372 
in only mild symptoms despite the risk factors of her age and comorbid condition of hy- 373 
pertension. Shortly after, this case was discussed alongside seven others, one novel and 374 
six from existing literature [97]. All patients were being treated with secukinumab for pso- 375 
riatic arthritis, psoriasis or ankylosing spondylitis. Three of the patients did not require 376 
hospitalization and of the other four, three made full recoveries and were discharged 377 
home. The final of the seven required mechanical ventilation. There was additionally an 378 
early case report that looked at a cohort of 151 patients who had previously been studied 379 
for a 136-week trial of treatment with secukinumab [98]. Of these patients, 119 were still 380 
taking secukinumab, and none of these 119 patients had contracted Covid-19 by May of 381 
2020 when the report was submitted. In addition to case reports, in May of 2021 an open 382 
label comparative study that compared the use of secukinumab and baricitinib, an inhib- 383 
itor of Janus Kinase, to the use of baricitinib alone finding that the secukinumab group 384 
required significantly less ICU support and intubation and additionally saw improved 30- 385 
day all-cause mortality [99]. 386 

In terms of ixekizumab, one of the original reports of a patient taking the drug and 387 
contracting COVID-19 occurred in April of 2020. The patient was a 46-year-old male with 388 
type I Brugada syndrome, arterial hypertension, and plaque psoriasis [100]. The patient 389 
developed COVID-19 symptoms one week after his first dose of ixekizumab and eventu- 390 
ally presented to the hospital where he was admitted in part due to low oxygen saturation. 391 
He was discharged after 22 days. Since he had only received one dose of the regimen, the 392 
authors chose not to speculate on its role in impacting COVID-19 infection. Around the 393 
same time, a case report was published on a 55-year-old man who was completing his 394 
induction regimen with ixekizumab when he tested positive for COVID-19 and was ulti- 395 
mately asymptomatic [101]. 396 

Since the start of the pandemic numerous larger scale trials have been published to 397 
look at IL-17 inhibition in COVID-19. One systematic review looked at nine observational 398 
studies of 7,106 patients with psoriasis using either IL-17 inhibitors or non-biologics [102]. 399 
The study found no significant differences in the rates of infection, hospitalization, or mor- 400 
tality. However, a retrospective cohort study assessing 190 patients with either psoriatic 401 
arthritis or ankylosing spondylitis being treated with secukinumab found that duration 402 
of fever was significantly shorter, and that cough and sputum were significantly reduced 403 
in the secukinumab group compared to the control group [103]. No conclusions could be 404 
drawn about hospitalization since only 5 total participants required hospitalization. Fi- 405 
nally, the only randomized controlled trial to exist for IL-17 inhibition as treatment for 406 
COVID-19 looked at the use of ixekizumab, low dose IL-2 or colchicine (an indirect IL-6 407 
inhibitor) compared to standard of care in 60 participants [104]. The study found no sig- 408 
nificant differences in clinical outcomes. The authors do note trends in cytokine profiles 409 
in the treatment groups with decreasing pro-inflammatory cytokines and increasing anti- 410 
inflammatory cytokines, but ultimately none were statistically significant. 411 

3.4 Risankizumab, Ustekinumab, and Guselkumab 412 
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IL-23 is another cytokine that can be targeted by existing monoclonal antibodies ther- 413 
apies. Risankizumab, ustekinumab, and guselkumab all target different subunits of IL-23 414 
with ustekinumab notably targeting both IL-12 and IL-23. IL-23 inhibition, similar to IL- 415 
17, is largely lacking in randomized-controlled trials with the current research mainly be- 416 
ing composed of case studies. 417 

A growing body of case studies suggests that IL-23 inhibition in patients with 418 
COVID-19 does not worsen clinical outcomes. One case study on risankizumab in a 37- 419 
year-old patient with psoriasis reported that the patient made a full recovery and was able 420 
to continue with his dosing schedule without issues [105]. Another case study in a 32- 421 
year-old patient with psoriasis and psoriatic arthritis on guselkumab also achieved full 422 
recovery from COVID-19 [106], and yet another patient in their 40s with psoriasis on 423 
ustekinumab required no hospitalization or medications other than over the counter acet- 424 
aminophen for fever reduction to make a full recovery [107]. Additional reports highlight 425 
cases such as a 44-year-old woman with Crohn's disease on ustekinumab who made a full 426 
recovery [108] and a 40-year-old man with plaque psoriasis on risankizumab who con- 427 
tracted COVID-19 ten days after his injection but experienced only three days of symp- 428 
toms—significantly shorter than the average of eight days in the general population [109]. 429 

Given the ages and lack of significant risk factors for severe COVID-19 infection these 430 
cases are perhaps less interesting than the report of a 77-year-old male smoker with pso- 431 
riasis on risankizumab with additional medical history including hypertension, previous 432 
myocardial infarction, and chronic obstructive pulmonary disease. The patient required 433 
hospitalization for COVID-19 for three weeks but was ultimately discharged from the hos- 434 
pital in good clinical condition and was reported to be free of complaints on follow up 435 
[110]. Even more compelling is the report of a 40-year-old woman suffering from psoriasis 436 
who contracted COVID-19 and self-administered her guselkumab injection while actively 437 
infected. The day after the injection, she reported a rapid improvement in her shortness 438 
of breath, fevers, myalgia, and fatigue [66]. 439 

Although no randomized controlled trials exist to investigate IL-23 inhibition in 440 
COVID-19 infection, there is one cross-sectional cohort study that can bolster the observa- 441 
tions made in the case studies. The cross-sectional cohort study looked at 732 patients with 442 
psoriasis and found that IL-23 inhibitor use was associated with a significantly decreased 443 
risk of COVID-19 compared to patients using topical ointment, methotrexate, narrowband 444 
ultraviolet therapy (NB-UVB), TNF-alpha inhibitors, IL-17 inhibitors, and traditional Chi- 445 
nese medicine [111]. Additionally, patients using IL-23 inhibitors were more likely to be 446 
asymptomatic after recovery compared to patients using methotrexate, NB-UVB, or TNF- 447 
alpha inhibitors. 448 

In sum, the existing body of literature on IL-23 inhibition in COVID-19 infection, alt- 449 
hough not yet robust, certainly encourages further exploration.       450 

4. Conclusion 451 

COVID-19 presented a unique challenge to the medical world. Research advanced at 452 
an unprecedented rate and included multiple important discoveries that helped guide 453 
vaccine and therapeutic development. One valuable piece of knowledge gained was the 454 
role of the cytokine storm. It became evident that grossly elevated numbers of cytokines 455 
were contributing to the severity of disease. As time passed, it also became clear that the 456 
elderly were disproportionately impacted by the virus with higher rates of morbidity and 457 
mortality. This prompted us to further investigate the links between cytokine levels and 458 
age. 459 
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We found that the elderly at baseline have elevated levels of multiple cytokines that 460 
are implicated in cytokine storm, a concept included in the theory of Inflammaging [109]. 461 
This may predispose the aging population to cytokine storm during COVID-19 infection 462 
– with clear evidence supporting the link between IL-6 levels and disease severity and 463 
moderate evidence of contribution from other cytokines, including IL-1, IL-17, and IL-23, 464 
discussed at length above. 465 

Given these findings, we explored the current research on the use of biologics target- 466 
ing specific cytokines known to play a role in the cytokine storm phenomenon. The strong- 467 
est research done was involving the use of IL-6 inhibitors (Tocilizumab and Sarilumab). 468 
These studies were often conducted with specific groups of patients, such as those that 469 
were critically ill. This helped elucidate the optimal timing of drug administration as well 470 
as the patient population that benefited the most. Overall, it was found that Tociliuzmab 471 
was most effective when administered early in the disease course to patients with COVID- 472 
19 that were not critically ill. 473 

Although data for IL-6 targeting biologics included multiple gold standard random- 474 
ized controlled trials, there is a lack of high-quality studies for biologics targeting other 475 
cytokines. Therefore, concepts such as the timing of optimal drug administration have yet 476 
to be studied for the other biologics. Additionally, based on the findings of Hasan et al 477 
2021, which found benefit in using both a Janus Kinase inhibitor and an IL-17 inhibitor, 478 
there may be reason to investigate the use of multiple immune modulators in achieving 479 
optimal impact.  480 

Finally, it is noteworthy that, to our knowledge, none of the published studies specifically 481 
target the elderly population, despite their increased vulnerability to severe COVID-19 482 
outcomes. This research gap underscores the importance of developing more targeted and 483 
effective treatments for elderly patients and emphasizes the need to consider age-related 484 
factors in both research design and clinical practice. As we continue to face global health 485 
challenges, including potential future pandemics, these insights will be crucial in shaping 486 
our approach to disease management, public health strategies, and healthcare policy. 487 

 Author Contributions: Conceptualization, C.A and K.S conceptualization., C.A., K.S. and AA. 488 
writing—original draft preparation, S.A.; writing—review and editing. All authors have read and 489 
agreed to the published version of the manuscript. 490 

Funding: This research received no external funding. 491 

Institutional Review Board Statement: Not applicable. 492 

Informed Consent Statement: Not applicable. 493 

Data Availability Statement: No new data was created or analyzed in this study. Data sharing is 494 
not applicable to this article. 495 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 496 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu- 497 
script; or in the decision to publish the results. 498 

 499 

 500 
References 501 

 502 



Pathogens 2024, 13, x FOR PEER REVIEW 12 of 19 
 

 

1. Parra, P.N.B.; Atanasov, V.; Whittle, J.; Meurer, J.; Luo, Q.E.; Zhang, R.; Black, B. The Effect of the COVID-19 Pandemic on 503 
the Elderly: Population Fatality Rates, COVID Mortality Percentage, and Life Expectancy Loss. Elder Law J 2022, 30, 33-80. 504 

2. Tejada-Vera, B.K., E.A. COVID-19 Mortality in Adults Aged 65 and Over: United States, 2020. 2022, doi:10.15620/cdc:121320  505 
3. Karadavut, S.; Altintop, I. Long-term cardiovascular adverse events in very elderly COVID-19 patients. Arch Gerontol Geriatr 506 

2022, 100, 104628, doi:10.1016/j.archger.2022.104628. 507 
4. Ely, E.W.; Wheeler, A.P.; Thompson, B.T.; Ancukiewicz, M.; Steinberg, K.P.; Bernard, G.R. Recovery rate and prognosis in 508 

older persons who develop acute lung injury and the acute respiratory distress syndrome. Ann Intern Med 2002, 136, 25-36. 509 
5. Mart, M.F.; Ware, L.B. The long-lasting effects of the acute respiratory distress syndrome. Expert Rev Respir Med 2020, 14, 510 

577-586, doi:10.1080/17476348.2020.1743182. 511 
6. Maglietta, G.; Diodati, F.; Puntoni, M.; Lazzarelli, S.; Marcomini, B.; Patrizi, L.; Caminiti, C. Prognostic Factors for Post- 512 

COVID-19 Syndrome: A Systematic Review and Meta-Analysis. J Clin Med 2022, 11, doi:10.3390/jcm11061541. 513 
7. Notarte, K.I.; de Oliveira, M.H.S.; Peligro, P.J.; Velasco, J.V.; Macaranas, I.; Ver, A.T.; Pangilinan, F.C.; Pastrana, A.; Goldrich, 514 

N.; Kavteladze, D.; et al. Age, Sex and Previous Comorbidities as Risk Factors Not Associated with SARS-CoV-2 Infection 515 
for Long COVID-19: A Systematic Review and Meta-Analysis. J Clin Med 2022, 11, doi:10.3390/jcm11247314. 516 

8. Romero Starke, K.; Reissig, D.; Petereit-Haack, G.; Schmauder, S.; Nienhaus, A.; Seidler, A. The isolated effect of age on the 517 
risk of COVID-19 severe outcomes: a systematic review with meta-analysis. BMJ Glob Health 2021, 6, doi:10.1136/bmjgh- 518 
2021-006434. 519 

9. Liu, Q.; Zhou, Y.H.; Yang, Z.Q. The cytokine storm of severe influenza and development of immunomodulatory therapy. 520 
Cell Mol Immunol 2016, 13, 3-10, doi:10.1038/cmi.2015.74. 521 

10. Jarczak, D.; Nierhaus, A. Cytokine Storm-Definition, Causes, and Implications. Int J Mol Sci 2022, 23, 522 
doi:10.3390/ijms231911740. 523 

11. Karki, R.; Kanneganti, T.D. The 'cytokine storm': molecular mechanisms and therapeutic prospects. Trends Immunol 2021, 524 
42, 681-705, doi:10.1016/j.it.2021.06.001. 525 

12. Chen, G.; Wu, D.; Guo, W.; Cao, Y.; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical and 526 
immunological features of severe and moderate coronavirus disease 2019. J Clin Invest 2020, 130, 2620-2629, 527 
doi:10.1172/JCI137244. 528 

13. Fajgenbaum, D.C.; June, C.H. Cytokine Storm. N Engl J Med 2020, 383, 2255-2273, doi:10.1056/NEJMra2026131. 529 
14. Ramatillah, D.L.; Gan, S.H.; Pratiwy, I.; Syed Sulaiman, S.A.; Jaber, A.A.S.; Jusnita, N.; Lukas, S.; Abu Bakar, U. Impact of 530 

cytokine storm on severity of COVID-19 disease in a private hospital in West Jakarta prior to vaccination. PLoS One 2022, 531 
17, e0262438, doi:10.1371/journal.pone.0262438. 532 

15. Wang, J.; Yang, X.; Li, Y.; Huang, J.A.; Jiang, J.; Su, N. Specific cytokines in the inflammatory cytokine storm of patients with 533 
COVID-19-associated acute respiratory distress syndrome and extrapulmonary multiple-organ dysfunction. Virol J 2021, 18, 534 
117, doi:10.1186/s12985-021-01588-y. 535 

16. Saed Aldien, A.; Ganesan, G.S.; Wahbeh, F.; Al-Nassr, N.; Altarawneh, H.; Al Theyab, L.; Saed Aldien, S.; Tomerak, S.; 536 
Naveed, H.; Elshazly, M.B.; et al. Systemic Inflammation May Induce Cardiac Injury in COVID-19 Patients Including 537 
Children and Adolescents Without Underlying Cardiovascular Diseases: A Systematic Review. Cardiovasc Revasc Med 2022, 538 
35, 169-178, doi:10.1016/j.carrev.2021.04.007. 539 

17. Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition 540 
by SARS-CoV-2. Nature 2020, 581, 221-224, doi:10.1038/s41586-020-2179-y. 541 

18. Hirano, T.; Murakami, M. COVID-19: A New Virus, but a Familiar Receptor and Cytokine Release Syndrome. Immunity 542 
2020, 52, 731-733, doi:10.1016/j.immuni.2020.04.003. 543 



Pathogens 2024, 13, x FOR PEER REVIEW 13 of 19 
 

 

19. Schett, G.; Dayer, J.M.; Manger, B. Interleukin-1 function and role in rheumatic disease. Nat Rev Rheumatol 2016, 12, 14-24, 544 
doi:10.1038/nrrheum.2016.166. 545 

20. Rea, I.M.; Gibson, D.S.; McGilligan, V.; McNerlan, S.E.; Alexander, H.D.; Ross, O.A. Age and Age-Related Diseases: Role of 546 
Inflammation Triggers and Cytokines. Front Immunol 2018, 9, 586, doi:10.3389/fimmu.2018.00586. 547 

21. Caiado, F.; Manz, M.G. IL-1 in aging and pathologies of hematopoietic stem cells. Blood 2024, 144, 368-377, 548 
doi:10.1182/blood.2023023105. 549 

22. Starr, M.E.; Saito, M.; Evers, B.M.; Saito, H. Age-Associated Increase in Cytokine Production During Systemic Inflammation- 550 
II: The Role of IL-1beta in Age-Dependent IL-6 Upregulation in Adipose Tissue. J Gerontol A Biol Sci Med Sci 2015, 70, 1508- 551 
1515, doi:10.1093/gerona/glu197. 552 

23. Narayan, P.; Trikantzopoulos, E.; Mezzaroma, E.; Mauro, A.G.; Vohra, H.; Abbate, A.; Toldo, S. The interleukin-1 receptor 553 
type I promotes the development of aging-associated cardiomyopathy in mice. Cytokine 2022, 151, 155811, 554 
doi:10.1016/j.cyto.2022.155811. 555 

24. Boni-Schnetzler, M.; Mereau, H.; Rachid, L.; Wiedemann, S.J.; Schulze, F.; Trimigliozzi, K.; Meier, D.T.; Donath, M.Y. IL- 556 
1beta promotes the age-associated decline of beta cell function. iScience 2021, 24, 103250, doi:10.1016/j.isci.2021.103250. 557 

25. Jylha, M.; Paavilainen, P.; Lehtimaki, T.; Goebeler, S.; Karhunen, P.J.; Hervonen, A.; Hurme, M. Interleukin-1 receptor 558 
antagonist, interleukin-6, and C-reactive protein as predictors of mortality in nonagenarians: the vitality 90+ study. J Gerontol 559 
A Biol Sci Med Sci 2007, 62, 1016-1021, doi:10.1093/gerona/62.9.1016. 560 

26. Tylutka, A.; Walas, L.; Zembron-Lacny, A. Level of IL-6, TNF, and IL-1beta and age-related diseases: a systematic review 561 
and meta-analysis. Front Immunol 2024, 15, 1330386, doi:10.3389/fimmu.2024.1330386. 562 

27. Schultheiss, C.; Willscher, E.; Paschold, L.; Gottschick, C.; Klee, B.; Henkes, S.S.; Bosurgi, L.; Dutzmann, J.; Sedding, D.; Frese, 563 
T.; et al. The IL-1beta, IL-6, and TNF cytokine triad is associated with post-acute sequelae of COVID-19. Cell Rep Med 2022, 564 
3, 100663, doi:10.1016/j.xcrm.2022.100663. 565 

28. Giamarellos-Bourboulis, E.J.; Netea, M.G.; Rovina, N.; Akinosoglou, K.; Antoniadou, A.; Antonakos, N.; Damoraki, G.; 566 
Gkavogianni, T.; Adami, M.E.; Katsaounou, P.; et al. Complex Immune Dysregulation in COVID-19 Patients with Severe 567 
Respiratory Failure. Cell Host Microbe 2020, 27, 992-1000 e1003, doi:10.1016/j.chom.2020.04.009. 568 

29. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb Perspect Biol 2014, 6, 569 
a016295, doi:10.1101/cshperspect.a016295. 570 

30. Li, Y.; Lu, L.; Xie, Y.; Chen, X.; Tian, L.; Liang, Y.; Li, H.; Zhang, J.; Liu, Y.; Yu, X. Interleukin-6 Knockout Inhibits Senescence 571 
of Bone Mesenchymal Stem Cells in High-Fat Diet-Induced Bone Loss. Front Endocrinol (Lausanne) 2020, 11, 622950, 572 
doi:10.3389/fendo.2020.622950. 573 

31. Mohseni Afshar, Z.; Barary, M.; Babazadeh, A.; Tavakoli Pirzaman, A.; Hosseinzadeh, R.; Alijanpour, A.; Allahgholipour, 574 
A.; Miri, S.R.; Sio, T.T.; Sullman, M.J.M.; et al. The role of cytokines and their antagonists in the treatment of COVID-19 575 
patients. Rev Med Virol 2023, 33, e2372, doi:10.1002/rmv.2372. 576 

32. Jing, X.; Xu, M.; Song, D.; Yue, T.; Wang, Y.; Zhang, P.; Zhong, Y.; Zhang, M.; Lam, T.T.; Faria, N.R.; et al. Association 577 
between inflammatory cytokines and anti-SARS-CoV-2 antibodies in hospitalized patients with COVID-19. Immun Ageing 578 
2022, 19, 12, doi:10.1186/s12979-022-00271-2. 579 

33. McElvaney, O.J.; Hobbs, B.D.; Qiao, D.; McElvaney, O.F.; Moll, M.; McEvoy, N.L.; Clarke, J.; O'Connor, E.; Walsh, S.; Cho, 580 
M.H.; et al. A linear prognostic score based on the ratio of interleukin-6 to interleukin-10 predicts outcomes in COVID-19. 581 
EBioMedicine 2020, 61, 103026, doi:10.1016/j.ebiom.2020.103026. 582 

34. Herold, T.; Jurinovic, V.; Arnreich, C.; Lipworth, B.J.; Hellmuth, J.C.; von Bergwelt-Baildon, M.; Klein, M.; Weinberger, T. 583 
Elevated levels of IL-6 and CRP predict the need for mechanical ventilation in COVID-19. J Allergy Clin Immunol 2020, 146, 584 
128-136 e124, doi:10.1016/j.jaci.2020.05.008. 585 



Pathogens 2024, 13, x FOR PEER REVIEW 14 of 19 
 

 

35. Raucci, F.; Mansour, A.A.; Casillo, G.M.; Saviano, A.; Caso, F.; Scarpa, R.; Mascolo, N.; Iqbal, A.J.; Maione, F. Interleukin- 586 
17A (IL-17A), a key molecule of innate and adaptive immunity, and its potential involvement in COVID-19-related 587 
thrombotic and vascular mechanisms. Autoimmun Rev 2020, 19, 102572, doi:10.1016/j.autrev.2020.102572. 588 

36. Kappelmann, N.; Dantzer, R.; Khandaker, G.M. Interleukin-6 as potential mediator of long-term neuropsychiatric 589 
symptoms of COVID-19. Psychoneuroendocrinology 2021, 131, 105295, doi:10.1016/j.psyneuen.2021.105295. 590 

37. Teissier, T.; Boulanger, E.; Cox, L.S. Interconnections between Inflammageing and Immunosenescence during Ageing. Cells 591 
2022, 11, doi:10.3390/cells11030359. 592 

38. Hsu, F.C.; Kritchevsky, S.B.; Liu, Y.; Kanaya, A.; Newman, A.B.; Perry, S.E.; Visser, M.; Pahor, M.; Harris, T.B.; Nicklas, B.J.; 593 
et al. Association between inflammatory components and physical function in the health, aging, and body composition 594 
study: a principal component analysis approach. J Gerontol A Biol Sci Med Sci 2009, 64, 581-589, doi:10.1093/gerona/glp005. 595 

39. Huangfu, L.; Li, R.; Huang, Y.; Wang, S. The IL-17 family in diseases: from bench to bedside. Signal Transduct Target Ther 596 
2023, 8, 402, doi:10.1038/s41392-023-01620-3. 597 

40. Zenobia, C.; Hajishengallis, G. Basic biology and role of interleukin-17 in immunity and inflammation. Periodontol 2000 2015, 598 
69, 142-159, doi:10.1111/prd.12083. 599 

41. McGeachy, M.J.; Cua, D.J.; Gaffen, S.L. The IL-17 Family of Cytokines in Health and Disease. Immunity 2019, 50, 892-906, 600 
doi:10.1016/j.immuni.2019.03.021. 601 

42. Liu, R.; Lauridsen, H.M.; Amezquita, R.A.; Pierce, R.W.; Jane-Wit, D.; Fang, C.; Pellowe, A.S.; Kirkiles-Smith, N.C.; Gonzalez, 602 
A.L.; Pober, J.S. IL-17 Promotes Neutrophil-Mediated Immunity by Activating Microvascular Pericytes and Not 603 
Endothelium. J Immunol 2016, 197, 2400-2408, doi:10.4049/jimmunol.1600138. 604 

43. Channappanavar, R.; Fehr, A.R.; Vijay, R.; Mack, M.; Zhao, J.; Meyerholz, D.K.; Perlman, S. Dysregulated Type I Interferon 605 
and Inflammatory Monocyte-Macrophage Responses Cause Lethal Pneumonia in SARS-CoV-Infected Mice. Cell Host 606 
Microbe 2016, 19, 181-193, doi:10.1016/j.chom.2016.01.007. 607 

44. Jovanovic, D.V.; Di Battista, J.A.; Martel-Pelletier, J.; Jolicoeur, F.C.; He, Y.; Zhang, M.; Mineau, F.; Pelletier, J.P. IL-17 608 
stimulates the production and expression of proinflammatory cytokines, IL-beta and TNF-alpha, by human macrophages. 609 
J Immunol 1998, 160, 3513-3521. 610 

45. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients 611 
infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506, doi:10.1016/S0140-6736(20)30183-5. 612 

46. Jovanovic, M.; Sekulic, S.; Jocic, M.; Jurisevic, M.; Gajovic, N.; Jovanovic, M.; Arsenijevic, N.; Jovanovic, M.; Mijailovic, M.; 613 
Milosavljevic, M.; et al. Increased Pro Th1 And Th17 Transcriptional Activity In Patients With Severe COVID-19. Int J Med 614 
Sci 2023, 20, 530-541, doi:10.7150/ijms.80498. 615 

47. Weiskopf, D.; Schmitz, K.S.; Raadsen, M.P.; Grifoni, A.; Okba, N.M.A.; Endeman, H.; van den Akker, J.P.C.; Molenkamp, R.; 616 
Koopmans, M.P.G.; van Gorp, E.C.M.; et al. Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients 617 
with acute respiratory distress syndrome. Sci Immunol 2020, 5, doi:10.1126/sciimmunol.abd2071. 618 

48. Samson, M.; Nicolas, B.; Ciudad, M.; Greigert, H.; Guilhem, A.; Cladiere, C.; Straub, C.; Blot, M.; Piroth, L.; Rogier, T.; et al. 619 
T-cell immune response predicts the risk of critical SARS-Cov2 infection in hospitalized COVID-19 patients. Eur J Intern 620 
Med 2022, 102, 104-109, doi:10.1016/j.ejim.2022.06.001. 621 

49. Xu, Z.; Shi, L.; Wang, Y.; Zhang, J.; Huang, L.; Zhang, C.; Liu, S.; Zhao, P.; Liu, H.; Zhu, L.; et al. Pathological findings of 622 
COVID-19 associated with acute respiratory distress syndrome. Lancet Respir Med 2020, 8, 420-422, doi:10.1016/S2213- 623 
2600(20)30076-X. 624 

50. Sadeghi, A.; Tahmasebi, S.; Mahmood, A.; Kuznetsova, M.; Valizadeh, H.; Taghizadieh, A.; Nazemiyeh, M.; Aghebati- 625 
Maleki, L.; Jadidi-Niaragh, F.; Abbaspour-Aghdam, S.; et al. Th17 and Treg cells function in SARS-CoV2 patients compared 626 
with healthy controls. J Cell Physiol 2021, 236, 2829-2839, doi:10.1002/jcp.30047. 627 



Pathogens 2024, 13, x FOR PEER REVIEW 15 of 19 
 

 

51. Ouyang, X.; Yang, Z.; Zhang, R.; Arnaboldi, P.; Lu, G.; Li, Q.; Wang, W.; Zhang, B.; Cui, M.; Zhang, H.; et al. Potentiation of 628 
Th17 cytokines in aging process contributes to the development of colitis. Cell Immunol 2011, 266, 208-217, 629 
doi:10.1016/j.cellimm.2010.10.007. 630 

52. Lee, J.S.; Lee, W.W.; Kim, S.H.; Kang, Y.; Lee, N.; Shin, M.S.; Kang, S.W.; Kang, I. Age-associated alteration in naive and 631 
memory Th17 cell response in humans. Clin Immunol 2011, 140, 84-91, doi:10.1016/j.clim.2011.03.018. 632 

53. Kim, H.O.; Kim, H.S.; Youn, J.C.; Shin, E.C.; Park, S. Serum cytokine profiles in healthy young and elderly population 633 
assessed using multiplexed bead-based immunoassays. J Transl Med 2011, 9, 113, doi:10.1186/1479-5876-9-113. 634 

54. Li, Y.; Mao, M.; Zhu, L.; Sun, Q.; Tong, J.; Zhou, Z. IL-17A drives cognitive aging probably via inducing neuroinflammation 635 
and theta oscillation disruption in the hippocampus. Int Immunopharmacol 2022, 108, 108898, 636 
doi:10.1016/j.intimp.2022.108898. 637 

55. Sola, P.; Mereu, E.; Bonjoch, J.; Casado-Pelaez, M.; Prats, N.; Aguilera, M.; Reina, O.; Blanco, E.; Esteller, M.; Di Croce, L.; et 638 
al. Targeting lymphoid-derived IL-17 signaling to delay skin aging. Nat Aging 2023, 3, 688-704, doi:10.1038/s43587-023- 639 
00431-z. 640 

56. McKenzie, B.S.; Kastelein, R.A.; Cua, D.J. Understanding the IL-23-IL-17 immune pathway. Trends Immunol 2006, 27, 17-23, 641 
doi:10.1016/j.it.2005.10.003. 642 

57. Agrawal, S.; Gupta, S.; Agrawal, A. Human dendritic cells activated via dectin-1 are efficient at priming Th17, cytotoxic 643 
CD8 T and B cell responses. PLoS One 2010, 5, e13418, doi:10.1371/journal.pone.0013418. 644 

58. Krueger, J.G.; Eyerich, K.; Kuchroo, V.K.; Ritchlin, C.T.; Abreu, M.T.; Elloso, M.M.; Fourie, A.; Fakharzadeh, S.; Sherlock, 645 
J.P.; Yang, Y.W.; et al. IL-23 past, present, and future: a roadmap to advancing IL-23 science and therapy. Front Immunol 646 
2024, 15, 1331217, doi:10.3389/fimmu.2024.1331217. 647 

59. Puig, L. The role of IL 23 in the treatment of psoriasis. Expert Rev Clin Immunol 2017, 13, 525-534, 648 
doi:10.1080/1744666X.2017.1292137. 649 

60. Sewell, G.W.; Kaser, A. Interleukin-23 in the Pathogenesis of Inflammatory Bowel Disease and Implications for Therapeutic 650 
Intervention. J Crohns Colitis 2022, 16, ii3-ii19, doi:10.1093/ecco-jcc/jjac034. 651 

61. Najm, A.; McInnes, I.B. IL-23 orchestrating immune cell activation in arthritis. Rheumatology (Oxford) 2021, 60, iv4-iv15, 652 
doi:10.1093/rheumatology/keab266. 653 

62. Bosmann, M.; Grailer, J.J.; Russkamp, N.F.; Ruemmler, R.; Zetoune, F.S.; Sarma, J.V.; Ward, P.A. CD11c+ alveolar 654 
macrophages are a source of IL-23 during lipopolysaccharide-induced acute lung injury. Shock 2013, 39, 447-452, 655 
doi:10.1097/SHK.0b013e31828f9c92. 656 

63. Smail, S.W.; Babaei, E.; Amin, K.; Abdulahad, W.H. Serum IL-23, IL-10, and TNF-alpha predict in-hospital mortality in 657 
COVID-19 patients. Front Immunol 2023, 14, 1145840, doi:10.3389/fimmu.2023.1145840. 658 

64. Abbasifard, M.; Kazemi Arababadi, M.; Bahrehmand, F.; Bazmandegan, G.; Shabani Shahrbabaki, Z.; Kamiab, Z. Gender 659 
affects IL-23 serum levels in the hospitalized COVID-19 infected patients. Am J Clin Exp Immunol 2022, 11, 28-33. 660 

65. Abate, B.B.; Kassie, A.M.; Kassaw, M.W.; Aragie, T.G.; Masresha, S.A. Sex difference in coronavirus disease (COVID-19): a 661 
systematic review and meta-analysis. BMJ Open 2020, 10, e040129, doi:10.1136/bmjopen-2020-040129. 662 

66. Benhadou, F.; Del Marmol, V. Improvement of SARS-CoV-2 symptoms following Guselkumab injection in a psoriatic 663 
patient. J Eur Acad Dermatol Venereol 2020, 34, e363-e364, doi:10.1111/jdv.16590. 664 

67. Ortolan, A.; Lorenzin, M.; Felicetti, M.; Doria, A.; Ramonda, R. Does gender influence clinical expression and disease 665 
outcomes in COVID-19? A systematic review and meta-analysis. Int J Infect Dis 2020, 99, 496-504, 666 
doi:10.1016/j.ijid.2020.07.076. 667 



Pathogens 2024, 13, x FOR PEER REVIEW 16 of 19 
 

 

68. Carver, C.M.; Rodriguez, S.L.; Atkinson, E.J.; Dosch, A.J.; Asmussen, N.C.; Gomez, P.T.; Leitschuh, E.A.; Espindola-Netto, 668 
J.M.; Jeganathan, K.B.; Whaley, M.G.; et al. IL-23R is a senescence-linked circulating and tissue biomarker of aging. Nat 669 
Aging 2024, doi:10.1038/s43587-024-00752-7. 670 

69. El Mezayen, R.; El Gazzar, M.; Myer, R.; High, K.P. Aging-dependent upregulation of IL-23p19 gene expression in dendritic 671 
cells is associated with differential transcription factor binding and histone modifications. Aging Cell 2009, 8, 553-565, 672 
doi:10.1111/j.1474-9726.2009.00502.x. 673 

70. Alvarez-Rodriguez, L.; Lopez-Hoyos, M.; Munoz-Cacho, P.; Martinez-Taboada, V.M. Aging is associated with circulating 674 
cytokine dysregulation. Cell Immunol 2012, 273, 124-132, doi:10.1016/j.cellimm.2012.01.001. 675 

71. Abbas, A.; Gregersen, I.; Holm, S.; Daissormont, I.; Bjerkeli, V.; Krohg-Sorensen, K.; Skagen, K.R.; Dahl, T.B.; Russell, D.; 676 
Almas, T.; et al. Interleukin 23 levels are increased in carotid atherosclerosis: possible role for the interleukin 23/interleukin 677 
17 axis. Stroke 2015, 46, 793-799, doi:10.1161/STROKEAHA.114.006516. 678 

72. Fatkhullina, A.R.; Peshkova, I.O.; Dzutsev, A.; Aghayev, T.; McCulloch, J.A.; Thovarai, V.; Badger, J.H.; Vats, R.; Sundd, P.; 679 
Tang, H.Y.; et al. An Interleukin-23-Interleukin-22 Axis Regulates Intestinal Microbial Homeostasis to Protect from Diet- 680 
Induced Atherosclerosis. Immunity 2018, 49, 943-957 e949, doi:10.1016/j.immuni.2018.09.011. 681 

73. Mastracci, T.L.; Turatsinze, J.V.; Book, B.K.; Restrepo, I.A.; Pugia, M.J.; Wiebke, E.A.; Pescovitz, M.D.; Eizirik, D.L.; Mirmira, 682 
R.G. Distinct gene expression pathways in islets from individuals with short- and long-duration type 1 diabetes. Diabetes 683 
Obes Metab 2018, 20, 1859-1867, doi:10.1111/dom.13298. 684 

74. Schaalan, M.; Mohamed, W.; Rahmo, R. Association of cardiac NT pro-beta-type natriuretic peptide with metabolic and 685 
endothelial risk factors in young obese hypertensive patients: a perspective on the hypothalamic pituitary adrenal axis 686 
activation. Diabetol Metab Syndr 2016, 8, 52, doi:10.1186/s13098-016-0164-2. 687 

75. Ye, J.; Wang, Y.; Wang, Z.; Liu, L.; Yang, Z.; Wang, M.; Xu, Y.; Ye, D.; Zhang, J.; Zhou, Q.; et al. The Expression of IL-12 688 
Family Members in Patients with Hypertension and Its Association with the Occurrence of Carotid Atherosclerosis. 689 
Mediators Inflamm 2020, 2020, 2369279, doi:10.1155/2020/2369279. 690 

76. Group, R.C. Tocilizumab in patients admitted to hospital with COVID-19 (RECOVERY): a randomised, controlled, open- 691 
label, platform trial. Lancet 2021, 397, 1637-1645, doi:10.1016/S0140-6736(21)00676-0. 692 

77. Strohbehn, G.W.; Heiss, B.L.; Rouhani, S.J.; Trujillo, J.A.; Yu, J.; Kacew, A.J.; Higgs, E.F.; Bloodworth, J.C.; Cabanov, A.; 693 
Wright, R.C.; et al. COVIDOSE: A Phase II Clinical Trial of Low-Dose Tocilizumab in the Treatment of Noncritical COVID- 694 
19 Pneumonia. Clin Pharmacol Ther 2021, 109, 688-696, doi:10.1002/cpt.2117. 695 

78. Rutgers, A.; Westerweel, P.E.; van der Holt, B.; Postma, S.; van Vonderen, M.G.A.; Piersma, D.P.; Postma, D.; van den Berge, 696 
M.; Jong, E.; de Vries, M.; et al. Timely administration of tocilizumab improves outcome of hospitalized COVID-19 patients. 697 
PLoS One 2022, 17, e0271807, doi:10.1371/journal.pone.0271807. 698 

79. Salama, C.; Han, J.; Yau, L.; Reiss, W.G.; Kramer, B.; Neidhart, J.D.; Criner, G.J.; Kaplan-Lewis, E.; Baden, R.; Pandit, L.; et 699 
al. Tocilizumab in Patients Hospitalized with Covid-19 Pneumonia. N Engl J Med 2021, 384, 20-30, 700 
doi:10.1056/NEJMoa2030340. 701 

80. Rosas, I.O.; Brau, N.; Waters, M.; Go, R.C.; Hunter, B.D.; Bhagani, S.; Skiest, D.; Aziz, M.S.; Cooper, N.; Douglas, I.S.; et al. 702 
Tocilizumab in Hospitalized Patients with Severe Covid-19 Pneumonia. N Engl J Med 2021, 384, 1503-1516, 703 
doi:10.1056/NEJMoa2028700. 704 

81. Stone, J.H.; Frigault, M.J.; Serling-Boyd, N.J.; Fernandes, A.D.; Harvey, L.; Foulkes, A.S.; Horick, N.K.; Healy, B.C.; Shah, R.; 705 
Bensaci, A.M.; et al. Efficacy of Tocilizumab in Patients Hospitalized with Covid-19. N Engl J Med 2020, 383, 2333-2344, 706 
doi:10.1056/NEJMoa2028836. 707 



Pathogens 2024, 13, x FOR PEER REVIEW 17 of 19 
 

 

82. Investigators, R.-C.; Gordon, A.C.; Mouncey, P.R.; Al-Beidh, F.; Rowan, K.M.; Nichol, A.D.; Arabi, Y.M.; Annane, D.; Beane, 708 
A.; van Bentum-Puijk, W.; et al. Interleukin-6 Receptor Antagonists in Critically Ill Patients with Covid-19. N Engl J Med 709 
2021, 384, 1491-1502, doi:10.1056/NEJMoa2100433. 710 

83. Merchante, N.; Carcel, S.; Garrido-Gracia, J.C.; Trigo-Rodriguez, M.; Moreno, M.A.E.; Leon-Lopez, R.; Espindola-Gomez, R.; 711 
Alonso, E.A.; Garcia, D.V.; Romero-Palacios, A.; et al. Early Use of Sarilumab in Patients Hospitalized with COVID-19 712 
Pneumonia and Features of Systemic Inflammation: the SARICOR Randomized Clinical Trial. Antimicrob Agents Chemother 713 
2022, 66, e0210721, doi:10.1128/AAC.02107-21. 714 

84. Lescure, F.X.; Honda, H.; Fowler, R.A.; Lazar, J.S.; Shi, G.; Wung, P.; Patel, N.; Hagino, O.; Sarilumab, C.-G.S.G. Sarilumab 715 
in patients admitted to hospital with severe or critical COVID-19: a randomised, double-blind, placebo-controlled, phase 3 716 
trial. Lancet Respir Med 2021, 9, 522-532, doi:10.1016/S2213-2600(21)00099-0. 717 

85. Sivapalasingam, S.; Lederer, D.J.; Bhore, R.; Hajizadeh, N.; Criner, G.; Hosain, R.; Mahmood, A.; Giannelou, A.; Somersan- 718 
Karakaya, S.; O'Brien, M.P.; et al. Efficacy and Safety of Sarilumab in Hospitalized Patients With Coronavirus Disease 2019: 719 
A Randomized Clinical Trial. Clin Infect Dis 2022, 75, e380-e388, doi:10.1093/cid/ciac153. 720 

86. Branch-Elliman, W.; Ferguson, R.; Doros, G.; Woods, P.; Leatherman, S.; Strymish, J.; Datta, R.; Goswami, R.; Jankowich, 721 
M.D.; Shah, N.R.; et al. Subcutaneous sarilumab for the treatment of hospitalized patients with moderate to severe COVID19 722 
disease: A pragmatic, embedded randomized clinical trial. PLoS One 2022, 17, e0263591, doi:10.1371/journal.pone.0263591. 723 

87. Kharazmi, A.B.; Moradi, O.; Haghighi, M.; Kouchek, M.; Manafi-Rasi, A.; Raoufi, M.; Shoaei, S.D.; Hadavand, F.; Nabavi, 724 
M.; Miri, M.M.; et al. A randomized controlled clinical trial on efficacy and safety of anakinra in patients with severe COVID- 725 
19. Immun Inflamm Dis 2022, 10, 201-208, doi:10.1002/iid3.563. 726 

88. group, C.-C. Effect of anakinra versus usual care in adults in hospital with COVID-19 and mild-to-moderate pneumonia 727 
(CORIMUNO-ANA-1): a randomised controlled trial. Lancet Respir Med 2021, 9, 295-304, doi:10.1016/S2213-2600(20)30556- 728 
7. 729 

89. Kyriazopoulou, E.; Poulakou, G.; Milionis, H.; Metallidis, S.; Adamis, G.; Tsiakos, K.; Fragkou, A.; Rapti, A.; Damoulari, C.; 730 
Fantoni, M.; et al. Early treatment of COVID-19 with anakinra guided by soluble urokinase plasminogen receptor plasma 731 
levels: a double-blind, randomized controlled phase 3 trial. Nat Med 2021, 27, 1752-1760, doi:10.1038/s41591-021-01499-z. 732 

90. Kyriazopoulou, E.; Panagopoulos, P.; Metallidis, S.; Dalekos, G.N.; Poulakou, G.; Gatselis, N.; Karakike, E.; Saridaki, M.; 733 
Loli, G.; Stefos, A.; et al. An open label trial of anakinra to prevent respiratory failure in COVID-19. Elife 2021, 10, 734 
doi:10.7554/eLife.66125. 735 

91. Audemard-Verger, A.; Le Gouge, A.; Pestre, V.; Courjon, J.; Langlois, V.; Vareil, M.O.; Devaux, M.; Bienvenu, B.; Leroy, V.; 736 
Goulabchand, R.; et al. Efficacy and safety of anakinra in adults presenting deteriorating respiratory symptoms from 737 
COVID-19: A randomized controlled trial. PLoS One 2022, 17, e0269065, doi:10.1371/journal.pone.0269065. 738 

92. Sunden-Cullberg, J.; Chen, P.; Habel, H.; Skorup, P.; Janols, H.; Rasmuson, J.; Niward, K.; Ostholm Balkhed, A.; 739 
Chatzidionysiou, K.; Asgeirsson, H.; et al. Anakinra or tocilizumab in patients admitted to hospital with severe covid-19 at 740 
high risk of deterioration (IMMCoVA): A randomized, controlled, open-label trial. PLoS One 2023, 18, e0295838, 741 
doi:10.1371/journal.pone.0295838. 742 

93. Declercq, J.; Van Damme, K.F.A.; De Leeuw, E.; Maes, B.; Bosteels, C.; Tavernier, S.J.; De Buyser, S.; Colman, R.; Hites, M.; 743 
Verschelden, G.; et al. Effect of anti-interleukin drugs in patients with COVID-19 and signs of cytokine release syndrome 744 
(COV-AID): a factorial, randomised, controlled trial. Lancet Respir Med 2021, 9, 1427-1438, doi:10.1016/S2213-2600(21)00377- 745 
5. 746 

94. Fanlo, P.; Gracia-Tello, B.D.C.; Fonseca Aizpuru, E.; Alvarez-Troncoso, J.; Gonzalez, A.; Prieto-Gonzalez, S.; Freire, M.; 747 
Argibay, A.B.; Pallares, L.; Todoli, J.A.; et al. Efficacy and Safety of Anakinra Plus Standard of Care for Patients With Severe 748 



Pathogens 2024, 13, x FOR PEER REVIEW 18 of 19 
 

 

COVID-19: A Randomized Phase 2/3 Clinical Trial. JAMA Netw Open 2023, 6, e237243, 749 
doi:10.1001/jamanetworkopen.2023.7243. 750 

95. Della-Torre, E.; Lanzillotta, M.; Campochiaro, C.; Cavalli, G.; De Luca, G.; Tomelleri, A.; Boffini, N.; De Lorenzo, R.; Ruggeri, 751 
A.; Rovere-Querini, P.; et al. Respiratory Impairment Predicts Response to IL-1 and IL-6 Blockade in COVID-19 Patients 752 
With Severe Pneumonia and Hyper-Inflammation. Front Immunol 2021, 12, 675678, doi:10.3389/fimmu.2021.675678. 753 

96. Di Lernia, V.; Bombonato, C.; Motolese, A. COVID-19 in an elderly patient treated with secukinumab. Dermatol Ther 2020, 754 
33, e13580, doi:10.1111/dth.13580. 755 

97. Coskun Benlidayi, I.; Kurtaran, B.; Tirasci, E.; Guzel, R. Coronavirus disease 2019 (COVID-19) in a patient with ankylosing 756 
spondylitis treated with secukinumab: a case-based review. Rheumatol Int 2020, 40, 1707-1716, doi:10.1007/s00296-020-04635- 757 
z. 758 

98. Galluzzo, M.; Tofani, L.; Bianchi, L.; Talamonti, M. Status of a real-life cohort of patients with moderate-to-severe plaque 759 
psoriasis treated with secukinumab and considerations on the use of biological agents in the Covid-19 era. Expert Opin Biol 760 
Ther 2020, 20, 829-830, doi:10.1080/14712598.2020.1779217. 761 

99. Hasan, M.J.; Rabbani, R.; Anam, A.M.; Huq, S.M.R. Secukinumab in severe COVID-19 pneumonia: Does it have a clinical 762 
impact? J Infect 2021, 83, e11-e13, doi:10.1016/j.jinf.2021.05.011. 763 

100. Facheris, P.; Valenti, M.; Pavia, G.; Gargiulo, L.; Narcisi, A.; Costanzo, A.; Borroni, R.G. Complicated coronavirus disease 764 
2019 (COVID-19) in a psoriatic patient treated with ixekizumab. Int J Dermatol 2020, 59, e267-e268, doi:10.1111/ijd.15008. 765 

101. Balestri, R.; Rech, G.; Girardelli, C.R. SARS-CoV-2 infection in a psoriatic patient treated with IL-17 inhibitor. J Eur Acad 766 
Dermatol Venereol 2020, 34, e357-e358, doi:10.1111/jdv.16571. 767 

102. Liu, M.; Wang, H.; Liu, L.; Cui, S.; Huo, X.; Xiao, Z.; Zhao, Y.; Wang, B.; Zhang, G.; Wang, N. Risk of COVID-19 infection, 768 
hospitalization and mortality in psoriasis patients treated with interleukin-17 inhibitors: A systematic review and meta- 769 
analysis. Front Immunol 2022, 13, 1046352, doi:10.3389/fimmu.2022.1046352. 770 

103. Wu, T.; Li, Y.; Huang, D.; Wu, Y.; Liang, X.; Cheng, L.; Liao, Z.; Xu, F.; Chen, Y.; Zhao, J.; et al. Interplay between COVID- 771 
19 and Secukinumab treatment in Spondylarthritis patients during the omicron surge: a retrospective cohort study. 772 
Autoimmunity 2024, 57, 2281242, doi:10.1080/08916934.2023.2281242. 773 

104. Bonifacio, L.P.; Ramacciotti, E.; Agati, L.B.; Vilar, F.C.; Silva, A.; Louzada Junior, P.; Fonseca, B.; Souza, H.C.C.; Oliveira, 774 
C.C.C.; Aguiar, V.C.R.; et al. Efficacy and safety of Ixekizumab vs. low-dose IL-2 vs. Colchicine vs. standard of care in the 775 
treatment of patients hospitalized with moderate-to-critical COVID-19: A pilot randomized clinical trial (STRUCK: Survival 776 
Trial Using Cytokine Inhibitors). Rev Soc Bras Med Trop 2023, 56, e0565, doi:10.1590/0037-8682-0565-2022. 777 

105. Wang, C.J.; Truong, A.K. COVID-19 infection on IL-23 inhibition. Dermatol Ther 2020, 33, e13893, doi:10.1111/dth.13893. 778 
106. Messina, F.; Piaserico, S. SARS-CoV-2 infection in a psoriatic patient treated with IL-23 inhibitor. J Eur Acad Dermatol Venereol 779 

2020, 34, e254-e255, doi:10.1111/jdv.16468. 780 
107. Brownstone, N.D.; Thibodeaux, Q.G.; Reddy, V.D.; Myers, B.A.; Chan, S.Y.; Bhutani, T.; Liao, W. Novel Coronavirus Disease 781 

(COVID-19) and Biologic Therapy for Psoriasis: Successful Recovery in Two Patients After Infection with Severe Acute 782 
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Dermatol Ther (Heidelb) 2020, 10, 881-885, doi:10.1007/s13555-020- 783 
00394-8. 784 

108. Clarissa, A.; Fauze, M.; Adriano, F.; Maristela, A. P019 Covid-19 Infection in a Patient with Crohn's Disease Under 785 
Treatment with Ustekinumab - Case Report. Official journal of the American College of Gastroenterology | ACG 2020, 115, S5, 786 
doi:10.14309/01.ajg.0000722872.80478.8f. 787 

109. Huang, C.; Chen, T. SARS-CoV-2 infection in a patient with psoriasis treated with risankizumab. Dermatol Online J 2021, 27. 788 



Pathogens 2024, 13, x FOR PEER REVIEW 19 of 19 
 

 

110. Kiss, N.; Lorincz, K.; Medvecz, M.; Fesus, L.; Csuha, P.; Hermanyi, Z.; Wikonkal, N.M. Coronavirus disease 2019 in a 789 
psoriatic patient with concomitant chronic obstructive pulmonary disease under treatment with risankizumab. Dermatol 790 
Ther 2020, 33, e14186, doi:10.1111/dth.14186. 791 

111. Hu, Y.; Huang, D.; Jiang, Y.; Yu, Q.; Lu, J.; Ding, Y.; Shi, Y. Decreased risk of COVID-19 and long COVID in patients with 792 
psoriasis receiving IL-23 inhibitor: A cross-sectional cohort study from China. Heliyon 2024, 10, e24096, 793 
doi:10.1016/j.heliyon.2024.e24096. 794 

112. Agrawal, S.; Tran, M.T.; Jennings, T.S.K.; Soliman, M.M.H.; Heo, S.; Sasson, B.; Rahmatpanah, F.; Agrawal, A. Changes in 795 
the innate immune response to SARS-CoV-2 with advancing age in humans. Immun Ageing 2024, 21, 21, doi:10.1186/s12979- 796 
024-00426-3. 797 

 Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 798 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 799 
to people or property resulting from any ideas, methods, instructions or products referred to in the content  800 




