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The outcome of the immune response depends on the content and magnitude of inflammatory
mediators, the right time to start, and the duration of inflammatory responses. Patients with
coronavirus disease 2019 (COVID-19) represent diverse disease severity. Understanding differences
in immune responses in individuals with different disease severity levels can help elucidate disease
mechanisms. Here, we serially analyzed the cytokine profiles of 809 patients with mild to critical
COVID-19. The cytokine profile revealed an overall increase in IL-1B, IL-1Ra, TNF-q, IL-6, IL-2, IL-8,
and IL-18 and impaired production of IFN-a and -B. Only an early rise in IL-1Ra, IL-6, and IL-2 levels
was linked to worse disease outcomes. On the other hand, long-termrises in IL-1f, IL-1Ra, TNF-a,
IL-6, IL-2, IL-8, and IL-18 levels were linked to worse disease outcomes. Principal component analysis
identified a component, including IL-13, TNF-«, IFN-a, and IL-12, that was associated with disease
severity. Spearman analysis revealed that the correlation of IL-13 and IFN-a was entirely different
between mild and critical patients. Therefore, the ratio of IL-1B to IFN-a seemed to be a suitable
criterion for distinguishing critical patients from mild ones. The higher levels of the IL-1p to IFN-a ratio
correlated with improved outcomes. These data point to an imbalance of IL-1B/IFNa, contributing to
hyperinflammation in COVID-19.
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Coronavirus disease 2019 (COVID-19), caused by the betacoronavirus SARS-CoV-2, has emerged as a severe
pandemic, leading to a significant number of pneumonia cases, acute respiratory distress syndrome (ARDS),
and fatalities. SARS-CoV-2 infection can remain asymptomatic for an extended period before some patients
experience sudden and severe symptoms, necessitating hospitalization, oxygen support, or intensive care unit
(ICU) admission’2.

Current epidemiological data indicates that COVID-19 has a case fatality rate that is significantly higher
than that of seasonal influenza®. Elderly individuals and those with underlying medical comorbidities, including
cardiovascular disease, diabetes mellitus, chronic lung disease, chronic renal disease, obesity, hypertension, or
cancer, have a much greater death rate compared to healthy young adults*. The primary causes of this disparity
are unidentified. However, they could result from a weakened interferon (IFN) response and unregulated
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inflammatory responses, similar to what has been seen with other zoonotic coronavirus infections, including
severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS)®.

COVID-19 is characterized by an excessive inflammatory reaction, referred to a ‘cytokine storm, which
hinders gas exchange and can result in ARDS, multiple organ failure, and death®. Increased levels of various
pro-inflammatory cytokines, including as IL-1f, IL-6, TNF, IL-12, IFN-y, IL-17, and others, are reported in
COVID-19 patients"*10, and these elevations are correlated with disease severity and mortality'®!%.

The outcome of the immune response depends on the content and magnitude of inflammatory mediators,
the right time to start, and the duration of inflammatory responses. Multiple investigations have documented
the serum concentrations of various pro-inflammatory cytokines in individuals with COVID-19. Cytokines
and chemokines are simultaneously produced in response to infection and can interact in a complex network as
either stimulators or inhibitors of inflammation. For example, a study by Sainz et al. showed that treating mice
with a combination of IFN-a and IFN-y offers better protection against a deadly herpes simplex virus type-1
challenge at lower doses than usual'?. Additionally, treating primary human fibroblasts with IFN-{3 alone slows
down but does not completely stop myxoma virus (MYXV) replication!®. Combining cytokines like IFN- 3 /
IFN-y or IFN-B/TNF is necessary to completely stop MYXV replication in these cells'®. Therefore, examining
cytokines as a component can give a better view of their behavior in COVID-19.

The timing and magnitude of cytokines effectively direct their antiviral or immunomodulatory function.
Several studies reveal the dual function of IFNs and pro-inflammatory cytokines'>~'”. For example, persevering
IFN production can stimulate the expression of PD-L1 ligands, which can inhibit NK cell antiviral action's.
Administration of pegylated IFN-a2 treatment boosted NK cell activation, TRAIL, and CD107a receptor
expression in HCV-infected people but also decreased IFN-y+NK cells in the PBMC compartment'*?. The
different effects of type I IFN might depend on when and how much type I TFN is made, or because transcription
factors bind to the type I TFN receptor in different ways. In a Listeria monocytogenes infection, exogenous IFN-
B delivered earlier during the infection was capable of activate NK cells and increase clearance of the infection.
On the contrary, the endogenous IFN-B produced 24 h after infection led to a reduced NK cell response?!.
Although longitudinal analyses reveal the association of crucial immune mediators with COVID-19 severity and
mortality'®?2, none of previous studies have used large sample size (1033 patients with 1514 samples) or involved
patients with different disease severity (particularly outpatients) at three time points.

In this study, we combined the data of a cross-sectional study with a cohort study conducted at the beginning
of the SARS-CoV-2 outbreak. In the cross-sectional study, sampling was done once at different time points
after the symptom’s onset, while in the cohort, patients were monitored with weekly blood tests for up to 3
weeks following the onset of symptoms, including mild cases where hospital admission is not necessary. Twelve
cytokines were assessed in the blood samples. A longitudinal investigation was conducted to illustrate the changes
in cytokine and chemokine production linked to disease progression towards critical illness. Additionally, we
use principal component analysis (PCA) to introduce the components of cytokines that collectively contribute
to the COVID-19 process at the different time points.

Results

Characteristics of participants

The demographic information of the study population classified based on disease severity is demonstrated in
Table 1. By mixing cross-sectional and cohort studies, 392 patients with acute SARS-CoV-2 infection who were
admitted to several hospitals in the different provinces of Iran, 417 outpatients, and 224 healthy individuals
were included in this study (Fig. 1A). The hospitalized patients were divided into moderate, severe, and critical
categories according to their need for supplementary oxygen and admission to the ICU (Fig. 1B). We conducted
1514 collections and follow-up assessments on the patient population, ranging from one to three longitudinal
time points occurring 1-50 days after symptom start (Fig. 1C). As presented in Table 1, the age was higher
among patients with moderate, severe, and critical diseases (P<0.001). There was no significant disparity in
gender and body mass index (BMI) between the patients and control groups. The median interval from first
symptoms on admission was not significantly different between hospitalized patients. The distribution of
coexisting disorders, including diabetes, hypertension, cardiovascular disease, renal disease, and cancer, was
higher among patients with moderate, severe, and critical diseases (all P<0.05). Initial presenting symptoms
demonstrated a preponderance of fever (39.33-62.16%) and fatigue (39.09-53.69%), with no significant difference
between patients with mild to critical disease. The frequency of dry cough and dyspnea was significantly higher
in inpatients with moderate, severe, and critical disease compared with patients with mild disease (all P<0.001).
However, myalgia was observed more in mild (42.21%) and moderate patients (40.15%) than in those who
developed deleterious clinical manifestations (32.43-37.78%, P<0.001). Finally, mortality and length of stay in
the hospital were significantly higher in patients who were classified into severe and critical groups than in those
who were not (P<0.001).

Cytokine profile in COVID-19 patients

To gain insights into the main differences in the crucial cytokines between COVID-19 patients with diverse
disease severity, we analyzed the serum levels of 12 cytokines across all sample collection time points. We
observed that the inflammatory cytokines, including IL-1p, IL-1Ra, TNF-a, IL-6, IL-2, IL-8, and IL-18, in all
COVID-19 subgroups were significantly elevated compared to the control group. IL-1Ra, IL-6, IL-2, IL-18, and
IL-17 displayed more robust associations with illness severity. (Fig. 2). However, the results of other cytokines
were different. IFN-y levels were not significantly different between study groups. IL-12 levels were significantly
higher in mild patients than in healthy individuals and hospitalized patients. In patients with moderate and
critical disease, we observed an elevation of IFN- compared to mild patients. In addition, we found that levels
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Disease severity P-value
Mild Moderate Severe Critical
Characteristics Healthy controls N=224 | N=417 N=274 N=45 N=73
Mean age (SD), yr 47 (13) 45 (14) 58 (17) 63 (20) 61 (16) <0.001
Male, no. (%) 146 (65.2) 238 (57.1) 169 (61.7) 29 (64.4) 44 (60.3) 0.336
BMI, no. (%)

<185 1(0.45) 5(1.20) 3 (1.09) 2 (4.44) 2(2.74)

18.5-24.9 51(22.77) 102 (24.46) 77 (28.10) 6(13.33) 21(28.77)

25-29.9 56 (25.00) 131 (31.41) 87 (31.75) 13 (28.89) 19 (26.03) 0.470

>30 23(10.27) 43 (10.31) 38 (13.87) 7 (15.56) 10 (13.70)

Missing data 93 (41.52) 136 (32.61) | 69 (25.18) 17 (37.78) | 21 (28.77)

Smoking status, no. (%)

No 72 (32.00) 253 (60.67) 134 (48.91) 26 (57.78) 41 (55.41)

Yes 4(2.00) 11 (2.64) 13 (4.74) 2 (4.44) 4(5.41) 0.351

Missing data 148 (66.00) 153 (36.69) 127 (46.35) 17 (37.78) 29 (39.19)

Coexisting disorder, no. (%)

Hypertension 47 (11.27) 116 (42.34) 27 (60) 32 (43.84) <0.001

Missing data 105 (25.18) 3 (1.09) (0) 1(1.37)

Diabetes 35 (8.39) 87 (31.75) 15 (33.33) 26 (35.62) <0.001

Missing data 105 (25.18) 3(1.09) (0) 1(1.37)
Cardiovascular disease 15 (3.6) 56 (20.44) 15 (33.33) 18 (24.66) <0.001

Missing data 105 (25.18) 3(1.09) (0) 1(1.37)

Renal disease 12 (2.88) 20 (7.3) 7 (15.56) 8(10.96)

Missing data 105 (25.18) 3(1.09) (0) 1(1.37) 0:007
Respiratory disease 15 (3.6) 22 (8.03) 4(8.89) 10 (13.7) 0.052

Missing data 105 (25.18) 3(1.09) (0) 1(1.37)

Cancer 3(0.72) 9(3.28) 0(0) 5 (6.85)

Missing data 105 (25.18) 3(1.09) (0) 1(1.37) o012
Qgi;iiiigéﬁt(e{é;lfrggsﬁrst symptoms on B B 5(3-7) 6(3-8) 5(3-7) 0590
Symptoms on admission, no. (%)

Fever - 164 (39.33%) | 161 (58.76%) | 23 (51.11%) | 46 (62.16%) 0.198

Missing data - 105 (25.18%) | 3 (1.09%) (0%) 1 (1.35%)

Dyspnea - 77 (18.47%) | 208 (75.91%) | 30 (66.67%) | 55 (74.32%) <0.001

Missing data - 105 (25.18%) | 3 (1.09%) (0%) 1(1.35%)

Dry cough - 121 (29.02%) | 145 (52.92%) | 27 (60%) | 43 (58.11%) <0001

Missing data - 105 (25.18%) | 3 (1.09%) (0%) 1(1.35%)

Fatigue - 163 (39.09%) | 147 (53.65%) | 21 (46.67%) | 33 (44.59%) 0.491

Missing data - 105 (25.18%) | 3 (1.09%) (0%) 1(1.35%)

Myalgia 176 (42.21%) | 110 (40.15%) | 17 (37.78%) | 24 (32.43%) o001

Missing data 105 (25.18%) | 3 (1.09%) (0%) 1(1.35%)

Median length of stay at hospital (IQR), days | — - 5(3-8) 11 (6-18) 13 (8-27) <0.001
Deceased, no. (%) - 0(0) 10 (3.6) 7 (15.6) 53 (72.6) <0.001

Table 1. Characteristics of COVID-19 patients with diverse disease severity and control group. When
appropriate, data are shown as mean and standard deviation or median with interquartile range. Numbers
and percentages are used to display count data. ANOVA and Kruskal-Wallis tests were utilized to examine
differences in continuous data between study groups for parametric and non-parametric data, respectively.
Chi-square tests were employed for nominal variables. -, data not applicable.

of IFN-a were significantly elevated in critical patients as compared to those with mild and moderate conditions
(Fig. 2).

Longitudinal analysis of cytokines in COVID-19 patients

We investigate whether temporal pro-inflammatory cytokine patterns are diverse between the various patient
groups. The difference between subgroups is more visible in the case of IL-6 than in other cytokines. This finding
is either due to the high importance of the changes and function of this cytokine at different time points of
COVID-19 or the fact that they are often measured with in vitro diagnostic (IVD) kits, and due to their high
sensitivity, the changes are better displayed. IL-6 levels in all subgroups were higher than the control group at all
time points except the mild group at day > 14 (Fig. 3). In the mild and moderate groups, IL-6 concentrations were
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Fig. 1. Study design. (A) The classification of COVID-19 patients assigned according to WHO guidelines

as described in EXPERIMENTAL MODEL AND SUBJECT DETAILS. SpO2, saturation of peripheral
oxygen; RR, respiratory rate; IMV, intermittent mandatory ventilation; ECMO, extracorporeal membrane
oxygenation. (B) Distribution of COVID-19 patients based on the disease severity for Tehran cross sectional
study and COVID-19 national cohort. Our first study conducted in Tehran as cross-sectional. Then, the
second longitudinal study designed and the samples from five provinces were transferred to Tehran for
laboratory examinations. COVID-19 patient cohort overview and sample collection timeline. (C) Frequency
of COVID-19 patients with different disease severity at three times interval (1-7, 8-14, and > 14 day after
symptom onset).
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at their highest level in the first week after the symptom onset and then exhibited a decreasing trend. However,
elevated concentrations of IL-6 are linked to disease severity. IL-6 was produced higher in moderate, severe, and
critical subgroups compared to the mild group and in moderate compared to the critical group at all studied
time points (Fig. 3).

It seems that the pattern of changes in IL-1p and IL-1Ra in COVID-19 patients is similar. Remarkably, in
the mild group, the amount of these cytokines increased at the day 1-7, reached a peak at the day 8-14, and
diminished after >14 days. While in other groups, from the beginning (day 1-7), they were produced more
compared to the mild group, and their levels remained high even after more than 14 days (Fig. 3). However,
the variations of TNF-a were the same between subgroups. TNF-a levels elevated at the day 1-7 and 8-14
times intervals, then decreased at the day > 14. We detected that IL-8 was significantly elevated in all COVID-19
subgroups at three studied time intervals compared to the control group. IL-8 was significantly higher in critical
patients than moderate subjects (Fig. 3).

Since the amount of IFN-p is undetectable in many samples with COVID-19, no difference between diverse
groups has been observed in previous studies®***%. However, since the sample size is remarkable in most groups
in this study, IFN-B changes have been determined. We found that although there was no difference in the
production of IFN-p in all patients with COVID-19 compared to the control group at the day 1-7, IFN-{ levels

Scientific Reports |

(2025) 15:14209 | https://doi.org/10.1038/s41598-025-98505-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

logyp IL-6 (pg/mL)

logyy 1L-17 (pg/mL)

= F T TS .
L L _—na L L] E L L] L
4 m—n EETY 5= o - 3 4+ —
— #EE . ** E22d BRE AR
e #ER #iE
one 4] O e < . = ° ]
3+ =) = 31 o 14
it E E ® . £
= = 2 ) ° &
4 23 7l ) !
~ 37 S = o @
24 b ) 2 = = ° 0 2 24
‘y :‘_ e 3 = o {
3 21 = 14 . P 3
_— 2 50 & 1 T ¢
1 = 2 i g )
i .
@ 1 P $
3% & ¢ 1 AR R M R Y Y
(3] ® = © 2 8 ™ 2 2 ®
T = % 5 8 I B & © I E ® o § I £ ® o .g
= &t 8 = = = 5> £ = = 3> = = = > =
< o = % 2 5 3 » 5 3 35
S w G 5 © O T w G S o O
= = = =
L L]
- ey
_m -
* e
- - - 2 # ## #ag
4- 4 4- 3_ R
#He
#H# z
o #EE ‘-‘3 ° . . —
- 3 ) 1 #ae #an = 34 3
& . £ ' 'Y E g .
o = [ ] ° £} = 2
B » 3 2 ' 2 = g
g2 § s H % T 24 = $ H
2 . = | S . = . 2 .
s & R 2 =14 e
ERE g2 =714 H g 14 * &g »
-% : : < B
L ]
L
0 o a—a— 01—t <h o (3 I ——— .
O BT @ o = o BT & ¢ W O BT o o = 0 L u ' — T
I = % 5 3 T 5§ ©® g ¢ r = % 5 8 O 3 & & @
= n > B o > = = I~ > B T s o o 9
2 & = B 8 & L @ T s 3 =
§ < & : 2 5k R
=
-
|
= _- e
- -
Py P T oo ©
T = 3 _—
31 - Y 3m '—" 103+ — 3
i L2 +
HE# L4 . .
) —El . . E] . ‘
2- £ 2 £ 1024 E 2
: 2 : 2 .« o 273
Y - & = 5 : |4
° g [ ] L £ 3 £ i e
& H = ' * = =
- ® =1 =107 ‘ =14
! ! s 3 £ s h §11 % g , _:_
—_— 'l o L 1 ] . .
° =
. ] | ! M 3 s 5 .
s :I T s F e Y I L. T T i
P - - — ©
I T § & O I £ % 6 9 I £ 8 & S I =z 8 5 O
= £ > = = = > = = : > = 2 £ > =
2 2 = $d @ =T g 2 = § 2 =
° (2] (%] ° (7] Q ° 2] Q o [72] (8]
= = = =

Fig. 2. Comparison of pro-inflammatory and anti-inflammatory cytokines and type I and II IFN patterns
between COVID-19 patients with diverse disease severity. The concentrations of major inflammatory

and anti-inflammatory cytokines, as well as interferons type I and II, were quantified and expressed as
logarithmically transformed values. Each dot corresponds to an individual time point for each subject (HC,
n=224; mild, n=559; moderate, n=>521; severe, n="73; critical, n=137) and lines show median values. P
values were calculated by a two-tailed Mann-Whitney U-test for nonparametric comparisons. P values were
computed using a two-tailed Mann-Whitney U-test for nonparametric comparisons. The significance levels of
#P<0.05, #P<0.01, and **P<0.001 indicate statistical significance compared to the healthy control group. The
significance levels between COVID-19 subgroups are *P 0.05, **P 0.01, and ***P 0.001.

were higher in moderate, severe, and critical subjects at the day 8-14 or > 14 compared to the healthy control
and themselves at the day 1-7 (Fig. 3).

Notably, we detected that while patients with mild and moderate COVID-19 produced IFN-a levels that
were significantly lower at all time intervals compared to the healthy group, IFN-a levels did not change in those
with severe and critical illnesses compared to the control group (Fig. 3). Furthermore, the patients with critical
COVID-19 exhibited significantly elevated levels of IFN-a at the day 1-7 time interval compared to mild and
moderate patients and at the day 8-14 and > 14 time intervals compared to moderate patients (Fig. 3).

The patients with severe COVID-19 at second- (day 8-14) and third- (day>14) times intervals and the
subjects with critical COVID-19 at the third-time intervals had significantly elevated levels of IFN-y compared
to the healthy control group (Fig. 3). In intragroup comparison, severe patients had higher levels of IFN-y
at the third-time interval compared to the first- and second-time intervals. Furthermore, at the third-time
interval, IFN-y levels were higher in severe individuals compared to moderate patients (Fig. 3). IL-12 reached
its maximum level at the day > 14 in mild patients. It was significantly increased in mild COVID-19 at the day
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control group. In addition, IL-18 had a significant association with severity at the second and third weeks after
symptom onset (Fig. 3).

All patients with varying degrees of COVID-19 severity showed significantly reduced IL-17 induction at all
time intervals examined. However, severe and critical patients exhibited significantly higher concentrations of
IL-17 than mild and moderate subjects in the first two weeks after symptom onset.

Distinct Temporal cytokine patterns associated with COVID-19 severity
Given that temporal cytokine patterns were diverse between the COVID-19 patients with varying severity, we
employed Spearman’s rho and PCA to investigate further crucial overall cytokine profile differences temporally.

Longitudinal cytokine correlations, measured at diverse time points after symptom onset, indicated that
correlations of cytokines IL-1f, IL-1Ra, TNF-qa, and IL-8 could be seen in many categories, including at all
mild and moderate time intervals, at the first week in severe and the second and third weeks in critical, with
the difference that there was a simultaneous increase at the first and second week and a simultaneous decrease
at the third week in the mild group, while these inflammatory cytokines were increasing together until the
third week in the other groups (Fig. 4). The point to consider in this analysis was the opposite correlation of
IFN-a with IL-1f, IL-1Ra, and IL-8 in the mild group rather than other groups. In the mild group, IFN-a had a
direct correlation with IL-1( and IL-8 at the first week, while in other groups, these correlations were inverse at
different time intervals. In addition, our finding demonstrated that IFN-{ was strongly associated with IFN-y in
hospitalized patients at different time intervals.

This scenario is consistent with PCA findings. PCA revealed three components with an eigenvalue> 1.0,
explaining 50-57% of the variance in the 12 cytokines of COVID-19 patients (Fig. 5). At the day 1-7, the main
contributors to PC1 were IL-13, TNFa, IFN-a, and IL-12. PC1 was significantly higher in individuals with
mild disease compared to those with moderate and critical COVID-19 when evaluated across different disease
severity categories (both p<0.001, Fig. 5A). There was no significant difference in PC2 across the study groups,
while PC3, including IFN-f and IFN-y, was higher in those with moderate vs. mild COVID-19.

At the day 8-14 time interval, PC1 with the greatest contribution of IL-1p, TNFa, IL-1Ra, and IL-8 was
significantly higher in mild vs. moderate COVID-19 (Fig. 5B), but PC2 and PC3 did not significantly differ
between COVID-19 subgroups. At the day>14 time interval, IL-2, IL-8, and IL-1Ra contributed in PCl
(Fig. 5C). This component was significantly higher in critical vs. moderate and mild patients (P=0.003 and
P=0.018, respectively). To better knowledge the results of IFN-a, we divided IFN-a concentrations into three
levels and checked the frequency of people based on them (Fig. 6A). Most patients (more than 80%) had a low
concentration of IFN-a (0-15 pg/mL). A low percentage of critically ill patients (16%) had moderate levels of
IFN-a (15.01-50 pg/mL) at the day time interval > 14, which was significantly higher than other groups (Fig. 6A).
According to the obtained results, it seems that delayed increase of type I IFN can impact the disease aggravation.

Based on our previous result that IL-1p and IFN-a were placed in PC1 and had a diverse correlation between
mild and critical patients, we assessed the ratio of IL-1B to IFN-a. We observed that this ratio significantly
declined in critical patients at the day 1-7 and 8-14 time intervals compared to mild and moderate groups,
respectively (Fig. 6B).

To predict illness severity, logistic regression models were employed, adjusting for age and sex. The cytokines
that had the highest score on PC1 and were linked to disease severity were input. The logistic regression model
reveals that age, Log IL-1pB, Log IL-1Ra, Log IL-6, and Log IFNa are significant predictors of hospitalization of
COVID-19 patients at the first week after symptom onset. The findings indicate that elevated levels of Log IL-1f
were associated with declined odds (OR:0.31 [0.155-0.622]) of hospitalization, whereas higher levels of Log IL-6
(OR:3.112 [1.749-5.540]), Log IFNa (OR: 2.198 [1.220-3.960]), and Log IL-1Ra (OR: 1.663 [1.160-2.383]) were
linked to decreased odds of hospitalization (Table 2). Using the formulation below, the panel of IFN-a2, IL-1p,
IL-1Ra, and IL-6 at the first week after symptom onset with the accuracy of 76% and sensitivity of 79% was the
suggestive combination to predict hospitalization. However, this combination did not have high sensitivity for
invasive mechanical ventilation (33%) and mortality (50%).

logit (p) = log (lfp)

= 0.089*sex (male=1)+0.038*age(years: 17-80)-1.171*log (IL-1B(pg/mL:3.9-280)) +0.509*log (IL-1Ra(pg/
mL:39-2500))+1.135*log (IL-6(pg/mL:2-1000)) +0.787*log (IFNa2(pg/mL:3.12-200)) - 3.573.

Discussion

Excessive or unregulated inflammatory responses can cause irreparable damage. Finding the harmless and
limited damage responses to injury can help us find therapeutic approaches for diseases with uncontrolled
inflammation. A prior investigation found that 28% of fatal COVID-19 cases exhibited severe inflammation
characterized by the overproduction of pro-inflammatory cytokines?. In this study, we evaluated major cytokine
productions in COVID-19 patients with different disease severities to find the deviation from regulation in
excessive responses.

Recently, several studies demonstrated abundant data indicating that cytokine storms play a crucial role in
severe cases of COVID-19%¢-2, Additional research has suggested that immune-modulating cytokines may play
a role in the onset of this illness*’. As reported in previous studies®!%>>243% in the present study, we observed
that the pattern of all inflammatory cytokines among COVID-19 patients is not the same. If we look at cytokine
production one by one, we can see that cytokines like TNF, IL-1f, and IL-8 are produced at about the same rate
in all patients at the start. After the third week, they keep being produced, which may be related to how the
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Fig. 4. Correlation of pro-inflammatory and anti-inflammatory cytokines and type I and II IFN patterns
of patients with COVID-19 with diverse states of disease in relation to symptoms onset. Correlation matrix
of 12 cytokines concentration levels in serum at the day 1-7, 8-14, and > 14 time intervals after symptoms
onset of patients with COVID-19 with different disease severity. P values for the degree and direction of the
relationship between the two variables, as stated in each panel, were calculated using the Spearman rank-
order correlation coefficient for nonparametric data. A question mark is displayed when the sample size is
insufficient for analysis.

disease starts. In contrast, IL-6, IL-2, IL-1Ra, and IL-18 displayed more robust associations with illness severity.
To get a better picture of how cytokines change using PCA, we discovered that the rise of inflammatory cytokines
along with IFN-a in the first and second weeks after the onset of symptoms is effective for the antiviral responses
in patients with COVID-19, while the continuation of the inflammation centered on IL-2 and IL-8 is detrimental
to these patients.

The levels of IL-6 are different from the beginning among patients with different disease severities. The strong
predictive role of IL-6 for hospitalization, as evidenced by an odds ratio of 3.112, is consistent with existing
literature that links elevated IL-6 levels to increased COVID-19 severity, primarily through its contribution to
cytokine storm pathogenesis*'"*2. This association provides a rationale for the clinical use of IL-6 inhibitors in
severe cases, aligning with therapeutic strategies aimed at mitigating excessive inflammatory responses. IL-6
is produced locally from most stromal cells and immune system cells at the site of injury and is distributed
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throughout the body through the bloodstream, quickly triggering the host defense system to carry out
several duties. Excessive or prolonged production of IL-6 contributes to the development of many illnesses.
Some hypotheses can be proposed for the pathological function of IL-6 in COVID-19. COVID-19-associated
coagulopathy is a severe consequence of SARS-CoV-2 infection that can be life-threatening™. IL-6 has hormone-
like characteristics that have an impact on vascular disease®!. Treatments of COVID-19 patients with IL-6
signaling inhibitors have resulted in a reduction of inflammatory and coagulation markers*>*. Furthermore,
IL-6 trans-signaling promotes the secretion of the chemokine monocyte chemoattractant protein-1 (MCP-1/
CCL2)¥. Investigators have shown that CCL2 and its receptor (CCR2) play a role in attracting monocytes and
causing them to enter the lungs of COVID-19 patients. Additionally, increased concentrations of CCL2 have
been documented in the bronchoalveolar lavage fluid (BALF) collected from individuals with severe COVID-19.
This leads to a cytokine storm and encourages the influx of CD163 + myeloid cells into the airways, resulting in
additional damage to the alveoli*®.

Additionally, as with IL-6, we observed that the elevation of IL-2 was linked to the severity of COVID-19
from the first days after symptom onset until three weeks later. Several studies have linked a notable rise in IL-2
levels with critical COVID-19 outcomes®’, prolonged hospital stays and lymphopenia in COVID-19 patients*’,
and poor prognosis and disease severity!!. An investigation was conducted on the impact of IL-2 on cellular
immunity. IL-2/2R was observed to trigger JAK1-STAT5 signaling, leading to the activation of CD8+ cells*2.
In a study by Shi et al.*3, IL-2 was found to be significantly elevated in the plasma of COVID-19 patients. IL-2R
expression and JAK1-STAT5 pathway were reduced in COVID-19 patients with severe symptoms. This group
showed that inhibiting IL-2R and increasing IL-2 levels can cause a decrease in CD8 + cells. However, some other
studies showed that there was no correlation between IL-2 and the severity of COVID-19. Therefore, further
research is required to confirm the functions of IL-2 in response to SARS-CoV-2 infection.

Multiple studies have suggested that immune suppression may possibly play a role in the onset of
COVID-19*4, As reported in a previous study??, we found the association of IL-1Ra, as an antagonist of IL-1,
with disease severity. This anti-inflammatory cytokine modulates IL-1, TNF-a%’, and type I IFN production and
suppresses T cell responses?®. The mechanisms that underlie the association of IL-1Ra with COVID-19 severity
are unclear but could reflect lymphocytopenia and impaired type I IFN production that are characteristics of
severe COVID-19%,

Several studies have demonstrated that viruses such as respiratory influenza virus, syncytial virus,
cytomegalovirus, and rotavirus can stimulate the production of IL-80-53, Consistent with our result, Lucas et
al. reported that SARS-CoV-2 induced IL-8 production in patients with moderate and severe COVID-19 up to
25 days after symptom onset!’. IL-8 primarily functions to induce chemotaxis in neutrophils. Neutrophils not
only exhibit antibacterial action but also contribute to the innate immune system’s ability to resolve and repair
by controlling the production of cytokines and growth factors®*>*. Considering the lack of correlation between
IL-8 and COVID-19 severity, it is possible that the function of neutrophils in COVID-19 patients with diverse
severity is different.

The findings of this study indicate that the combination of pro-inflammatory cytokines (IL-1B, TNF-a, IL-
12) and IFNoa2 during the first week after symptom onset is associated with milder disease outcomes. This
pattern may reflect an effective innate immune response that inhibits viral replication through the simultaneous
activation of NF-«B and type I interferon pathways. However, the persistence of elevated levels of IL-1f and
TNF-a into the second week, along with an increase in IL-1Ra, likely plays a modulatory role in inflammation
for mild patients. Dorgham et al. also used PCA to illustrate cytokine profiles linked with COVID-19 severity®.
They reported that patients with critical illness exhibit higher levels of inflammatory cytokines (TNF-a, IL-6,
IL-8, and IL-10) and lower type-I interferon response (IFN-a and IFN-B). However, they only analyzed the
sample of hospitalized patients that were collected on the day of hospital admission or over the first 2 weeks after
hospitalization.

In contrast, the sustained elevation of IL-2, IL-8, and IL-1Ra until the third week is associated with
progression to critical illness. This finding aligns with studies that have identified IL-8 as a predictive marker for
mortality’”>® and linked IL-2 to hyperactivation of T lymphocytes®. The combination of these cytokines may
lead to tissue damage through the recruitment of inflammatory neutrophils and macrophages.

The results obtained about IFN-a in different studies are somewhat controversial®®. One of the reasons is
undetectable levels of IFN-a by common assays among the wide range of patients. Our results revealed that over
80% of all COVID-19 patients, regardless of the disease severity, had undetectable or deficient levels of IFNa. A
recent study has shown that in patients with COVID-19 with diverse disease severity, IFN-a is not produced as
they could not be secreted in the sera of patients with influenza®. Due to this sharp decline in IFN-a in patients
with COVID-19, ultrasensitive assays must be utilized to compare IFN-a between patients with different disease
severity. The recent demonstration in a study using digital ELISA has identified higher levels of plasma IFN-a2
in outpatients compared to critical patients with COVID-19. Despite the high sensitivity of the assay used in this
study, IFN-a2 dispersion is high among the patients, and the concentration of IFN-a2 in some outpatients is
equal to the median of critical patients®!. These findings imply that the reduction of IFN-a alone is not involved
in the pathogenicity of COVID-19. Indeed, our finding by Spearman correlation and PCA uncovered that an
early increase of IFN-a along with the production of inflammatory cytokines (especially IL-1f) can help antiviral
responses. In contrast, an early or delayed decrease of IFN-a in conjunction with the rise of IL-1p is detrimental
to the patient. A study by Karim Dorgham and colleagues revealed that inflammatory cytokines and type-I
interferons (IFN-a and IFN-P) contributed to the first and second principal components, respectively. They
reported that the increase of inflammatory cytokines and reduction of type-I interferons had an association
with COVID-19 severity. However, they did not separate the samples based on time intervals, and the samples
collected until 21 days after symptom onset were analyzed together®.
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The available information indicates that the interaction between IL-1 and IFNs plays a vital role in preserving
a delicate balance in the innate inflammatory response. However, there is complex evidence about IL-1 and IFNs
cross-talk. Notably, both IFN-a and IFN-f have the ability to inhibit the transcription and translation of IL-1a
and IL-1p in different types of cells®?-%4. Therefore, it could be suggested that impaired IFN-a production in
critical individuals leads to unregulated prolonged production of IL-1p and acute consequences. On the other
hand, a study has demonstrated that IL-1p interacts with IFN-a to increase the production of genes that fight
against viruses by influencing the activation of STAT1 induced by IFN-a®. Considering that the prolonged
increase of inflammatory cytokines and impaired production of IFN-a are the hallmarks of SARS-CoV-2
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Fig. 5. Distinct cytokine profiles related to COVID-19 severity at different time intervals after symptoms
onset. Principal component analysis (PCA) of 12 serum cytokines evaluated in patients with COVID-19

with diverse disease severity at day 1-7, 8-14, and > 14 time intervals. A, B, C, at day 1-7, 8-14, and > 14time
intervals, respectively. A-, B-1, C-1, Biplots display the correlation vectors that indicate the two-dimensional
projection of the loading for each cytokine included in the specific PCA. A-2, B-2, C-2, PCA tables displaying
correlation coefficients for cytokines loaded on the three principal components (PCs) derived from the

data analysis. The color of the dots in each cytokine row represents the degree of correlation between that
variable and the eigenvector of each principal component. Correlation coeflicients with higher absolute values
were regarded to be important (dark) in determining the PC. A-3, A-4, A-5, Levels of PC1, PC2, and PC3

are depicted for each respiratory severity group. Dim, dimension. P values were calculated by a two-tailed
Mann-Whitney U-test for nonparametric comparisons. *P<0.05, **P<0.01 and ***P <0.001 show significance
between COVID-19 subgroups.
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Fig. 6. Wide depletion IFN-a and Imbalance of IL-13/IFN-a. (A) The serum concentration of IFN-a was
categorized into three levels. The frequency of patients with COVID-19 was evaluated based on the levels

of IFN-a at day 1-7, 8-14, and > 14 time intervals. Stacked bar graphs showing the percentage of patients

with COVID-19 with different levels of IFN-a. P values were calculated by chi-square test. (B) The ratio of
IL-1B/IFN-a at various time intervals after symptom onset. Quantifications showed as log, -transformed
concentrations. The data are displayed as individual data points representing patient measurements, with lines
indicating the median values and dashed line representing first and third quartiles. P values were calculated by
a two-tailed Mann-Whitney U-test for nonparametric comparisons.

infection, precise investigations of the crosstalk of IFN-a and IL-1p can help to clarify the disease mechanism
and appropriate treatment strategies.

Our study is not without caveats. The population of severely ill patients was smaller than that of other
groups, which made it difficult to draw conclusions. Furthermore, the detection limit of our kits was in the
range of picograms per milliliter (pg/mL), whereas employing more sensitive assays with detection limits in the
femtogram per milliliter (fg/mL) range—particularly for IFNa2 and IFNB—could have yielded more precise
measurements and enhanced the detection of low-level cytokines. Additionally, the data primarily originate
from blood samples and partially reflect immune responses within the lung. However, considering that local
investigation can be invasive, examination of immune responses in peripheral blood is helpful.

Collectively, Due to the vast quantity of clinical samples included in our integrated study, we were able to
thoroughly evaluate a longitudinal comparison of the cytokine profile in COVID-19 patients with different
severity. Our findings support the idea that an excessive, persistent, and unbalanced production of a specific
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95% C.1.for
OR

B S.E | p-value | OR | Lower | Upper
Gender 0.089 |0.308 | 0.771 1.093 | 0.598 | 1.998

Age 0.038 |0.010 | <0.001 |1.039 | 1.019 | 1.059
LogIL-1 | -1.171 | 0.355 | 0.001 0.310 | 0.155 | 0.622
LogIL-1Ra | 0.509 | 0.184 | 0.006 1.663 | 1.160 | 2.383
LogIL-6 1.135 | 0.294 | <0.001 |3.112 | 1.749 | 5.540
Log IFNa2 |0.787 | 0.300 | 0.009 2.198 | 1.220 | 3.960
Constant -3.537 1 0.752 | <0.001 | 0.029

Table 2. Multivariate logistic regression analysis: impact of cytokine levels at the first week after symptoms
unset on hospitalization. Regression coefficients (B), standard errors (S.E.), odds ratios (OR), and 95%
confidence intervals (C.1.)

group of cytokines occurs after SARS-CoV-2 infection and is linked to the severity of respiratory symptoms.
Consequently, we support the enhancement of individualized patient care by utilizing cytokine profiling.

Methods

Study population

COVID-19 patient samples were gathered as part of a cross-sectional and cohort study aimed at documenting
clinical, immunological, and hematological abnormalities in these individuals (Fig. 1A). The COVID-19 diagnosis
was made based on the recommendations provided by the World Health Organization (WHO) and confirmed
with a positive SARS-CoV-2 PCR test using reverse transcription (RT-PCR) conducted on a sample taken from
the nasopharynx. The classification of COVID-19 patients was determined according to the guidelines provided
by the WHO®. The patients with mild complications were symptomatic and met the criteria for COVID-19
without any signs of viral pneumonia or low oxygen levels. The hospitalized adults with moderate illness
exhibited clinical manifestations of pneumonia such as fever, cough, dyspnea, and rapid breathing. However,
they did not display any indications of severe pneumonia, including a blood oxygen saturation level (SpO,) of
90% or more while breathing normal air. The hospitalized individuals with a severe illness exhibited clinical
symptoms of pneumonia, including fever, cough, and difficulty breathing, along with one of the following: a
respiratory rate above 30 breaths per minute, severe respiratory distress, or an oxygen saturation level below
90% when breathing normal air. The hospitalized individuals with a severe illness exhibited clinical symptoms of
pneumonia, including fever, cough, and difficulty breathing, along with one of the following: a respiratory rate
above 30 breaths per minute, severe respiratory distress, or an oxygen saturation level below 90% when breathing
normal air. And finally, the patients with critical implications required the life support of mechanical ventilation
(Fig. 1B). None of the participants had received any COVID-19 vaccine at the time of the study. The days from
symptom onset were calculated, with the utmost priority given to explicit onset dates reported by patients.
Clinical treatment information is demonstrated in Supplementary Material.

Cross-sectional/Tehran study

This study was conducted by Immunoregulation Research Center of Shahed University and approved by the
National Ethics Committee on Research in Medical Sciences of the Iranian Ministry of Health (IR.NIMAD.
REC.1398.411). All enrolled people provided informed consent. The study included a total of 72 control donors
and 144 COVID-19 patients, as shown in Fig. 1A. Demographic and medication information are listed in
Table 1. Hospitalized patients were recruited between March and April 2020 from the Imam Khomeini Hospital
Complex in Tehran, Iran. Healthy, asymptomatic individuals were considered as the control group. SARS-CoV-2
PCR test was not performed for the control group, while individuals with positive results for SARS-CoV-2 IgM
or IgG were excluded. Blood was drawn once. The serum samples were collected and stored until further use.

COVID-19 National cohort study

The national COVID-19 study comprises a subset of patients who were registered between May and August of
2020. This study conducted a prospective observational cohort analysis to assess the clinical, immunological, and
hematological features of patients with COVID-19 in six provinces of Iran, namely Tehran, Razavi Khorasan,
Isfahan, Khuzestan, Sistan and Baluchestan, and Mazandaran (Fig. 1A). The study is approved by the National
Ethics Committee on Research in Medical Sciences the Iranian Ministry of Health (IR.NIMAD.REC.1399.041).
Written informed consent was obtained from each patient or their legal representative in order to take part in
the study. The number of control subjects and patients in each subgroup in each province was approximately
equal. In total, 152 healthy controls with serological negative results for SARS-CoV-2 and 665 Covid-19 patient
samples were received. (Fig. 1A). The collected samples were classified into three time periods: one to seven
days, eight to fourteen days, and more than fourteen days after the symptom onset, which provided a unique
opportunity to recreate the temporal cytokine profile by combining data from multiple patients (Fig. 1C). Data
regarding age, gender, body mass index, smoking status, medication, symptoms, and co-morbidities is listed
in Table 1. All methods of both studies were performed in accordance with Ethical Guidance for Research on
Human Tissues and Organs in the Islamic Republic of Iran.
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Cytokine analysis
The cytokine assessment was conducted on serum samples that had been frozen and stored at a temperature
of -80 °C. Human IFN-a (#DY9345), IFN-p (#DY814), IEN-y (#DY285), TNF (#DY210), IL-1p (#¥DY201), IL-
1Ra (#DY280), IL-8 (#DY208-05), IL-17 A (#DY317), and IL-18 (#DY318) DuoSet ELISA kits were purchased
from R&D Systems (Wiesbaden-Nordenstadt, Germany). The assay was conducted in accordance with the
manufacturer’s procedure for serum samples. All procedures were performed with half the recommended
volume of the kit. Briefly, the diluted capture antibody was applied to 96-well microplates, which were then
incubated overnight at room temperature (RT). To block the plates, a 1% solution of bovine serum albumin in
phosphate-buffered saline (PBS) was added. The plates were then incubated at RT for 2-3 h. Then, the samples
or standards were added and incubated for 2 h at RT. After washing, the detection antibody was surcharged, and
incubation was repeated. The plates were incubated with a working dilution of Streptavidin-HRP B in a dark
place for 20 min. Then, each well was left with tetramethylbenzidine as the substrate. In this step, the incubation
time was different for each cytokine. The reaction was stopped with H2S04 (2 N). Finally, the plates were read
using Biotek Elisa reader at 450 nm. The data were obtained and processed using Biotek Gen5 v.1.05 software.
We used an automated immunoassay to check the amounts of IL-6 (L2K6P2) and IL-2 (L2KIP2, IMMULITE
2000 Immunoassay System, Siemens Healthcare Diagnostics Inc.) in the serum. The measurable range of IL-6
and IL-2 concentrations for these assays are 2-1000 pg/mL and 5-1000 pg/mL, respectively.

Statistical analysis

Data were analyzed on GraphPad Prism software v8.0. Basic demographic characteristics between healthy
controls and COVID-19 patients with different disease severity (mild/moderate/severe/ critical), were analyzed
using ANOVA and chi-square tests as appropriate. The cytokine data was log transformed. For comparison of the
cytokine’s levels across study groups, Kurskal-Wallis test was used followed with Mann-Whitney. For correlational
analysis, Spearman rank tests were used. The correlation results visualized using the corrplot R package. After
that, PCA was run on all cytokines that a significant different between severity groups for COVID-19 patients.
For this analysis, log transformed data was reported as z-scores of the overall cohort due to the departed
distribution from normal. The missing data for cytokines were replaced via regression with other cytokines. The
Kaiser-Meyer-Olkin measure and the Bartlett test of sphericity were used to assess the data’s appropriateness for
the PCA dataset in the initial analysis. individual scores for components with an Eigenvalue > 1.0 that remained
constant after varimax rotation were allocated to individuals with acute COVID-19. Principal component scores
for these components were kept.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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