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A B S T R A C T   

Background/Objective: Older age and male sex have been consistently found to be associated with dismal out-
comes among COVID-19 infected patients. In contrast, premenopausal females present the lowest mortality 
among adults infected by SARS-CoV-2. The goal of the present study was to investigate whether peripheral blood 
type I interferon (IFN) signature and interleukin (IL)-6 serum levels -previously shown to contribute to COVID- 
19-related outcomes in hospitalized patients- is shaped by demographic contributors among COVID-19 conva-
lescent individuals. 
Patients and Methods: Type I IFN-inducible genes in peripheral blood, as well as serum IL-6 levels were quantified 
in 61 COVID-19 convalescent healthy individuals (34 females, 27 males; age range 18–70 years, mean 35.7 ±
15.9 years) who recovered from COVID-19 without requiring hospitalization within a median of 3 months prior 
to inclusion in the present study. Among those, 17 were older than 50 years (11 males, 6 females) and 44 equal to 
or less than 50 years (16 males, 28 females). Expression analysis of type I IFN-inducible genes (MX-1, IFIT-1, 
IFI44) was performed by real time PCR and a type I IFN score, reflecting type I IFN peripheral activity, was 
calculated. IL-6 and C-reactive protein levels were determined by a commercially available ELISA. 
Results: COVID-19 convalescent individuals older than 50 years exhibited significantly decreased peripheral 
blood type I IFN scores along with significantly increased IL-6 serum levels compared to their younger coun-
terparts less than 50 years old (5.4 ± 4.3 vs 16.8 ± 24.7, p = 0.02 and 10.6 ± 16.9 vs 2.9 ± 8.0 ng/L, p = 0.03, 
respectively). Following sex stratification, peripheral blood type I IFN score was found to be significantly higher 
in younger females compared to both younger and older males (22.9 ± 29.2 vs 6.3 ± 4.6 vs 4.5 ± 3.7, p = 0.01 
and p = 0.002, respectively). Regarding IL-6, an opposite pattern was observed, with the highest levels being 
detected among older males and the lowest levels among younger females (11.6 ± 18.9 vs 2.5 ± 7.8 ng/L, p =
0.03). 
Conclusion: Constitutive higher type I IFN responses and dampened IL-6 production observed in younger women 
of premenopausal age, along with lower type I IFN responses and increased IL-6 levels in older males, could 
account for the discrete clinical outcomes seen in the two population groups, as consistently revealed in COVID- 
19 epidemiological studies.  
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1. Introduction 

Coronavirus disease-2019 (COVID-19), caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), is a global pandemic 
that has infected, as per October 2021, 250 million people worldwide 
leading to 5 million deaths [1]. Advanced age and male sex have been 
previously designated as predictors of adverse outcomes among COVID- 
19 individuals [2–5], whereas comorbidities per se, expected in 
advanced age, being unable to abundantly account for the increased risk 
[6]. On the other hand, human immune systems are extremely variable, 
either as a result of environmental exposures or due to the influence of 
genetic contributors [7]. Age and sex have indeed shown to modulate 
host immune responses, which in turn have been postulated to be the 
major drivers of heterogeneous clinical presentations and outcomes 
among COVID-19 patients [8–10], ranging from asymptomatic or mild 
respiratory complaints to severe pneumonia, acute respiratory distress 
syndrome (ARDS) and death [11]. 

A growing body of evidence support that impaired type I interferon 
(IFN) responses fail to regulate viral replication leading to uncontrolled 
inflammatory responses and ultimately to cytokine release syndrome 
[12,13]; accordingly, therapeutic blockade of the proinflammatory cy-
tokines interleukin (IL)-1 and IL-6 improved disease outcomes among 
COVID-19 patients with hypoxia and evidence of systemic inflammatory 
responses [14,15]. Of interest, a cross regulation of type I IFNs and 
proinflammatory cytokines has been previously demonstrated [16–18] 
and type I IFN activation has been associated with lower IL-6-induced C- 
Reactive Protein (CRP) serum levels in lupus patients [19]. Moreover, 
neutralizing antibodies against type I IFNs have been detected in about 
4 % of elderly patients with COVID-19 in association with low type I IFN 
activity and severe outcomes, including death [20]. In line with these 
observations, recent data revealed that autoantibodies against type I IFN 
were associated with lower nasal type I IFN immunity in severely 
affected COVID-19 patients [21]. Additionally, genetic variations pre-
sented as inborn errors in innate sensors or their downstream IFN 
signaling leading to impaired type I IFN responses, have been also 
associated with life-threatening COVID-19 infection [22–24]. 

Though it is well established that age and sex modulate immune 
responses [25], data on how they influence type I IFN activity and IL-6 
production is limited. In a longitudinal 24-year study, IFNα levels were 
shown to decline by the age of 55 to 60 years [26]. An earlier study 
revealed blunted in vitro IFNα and IFNγ production by human periph-
eral blood mononuclear cells derived from individuals older than 50 
years [27]. Moreover, plasmacytoid dendritic cells -the major producers 
of IFNα- have been shown to be more activated in females, mediated by 
TLR7 gene expression being higher in females after puberty [28]. 

In the current report, we investigated whether peripheral blood type 
I IFN activity and IL-6 serum levels among healthy COVID-19 conva-
lescent individuals is shaped by demographic contributors. Moreover, 
potential associations with antibody responses against spike (S)-protein 
were explored. 

2. Patients and methods 

2.1. Study participants 

Blood samples implemented in the current study were collected in 
the setting of a previous work exploring the presence of serum anti-
bodies against SARS-CoV-2 S-protein in members of the National and 
Kapodistrian University of Athens (NKUA), Athens, Greece, during June- 
November 2020 [29]. To be included in the present study, individuals 
had to show evidence of detectable antibody titers to SARS-CoV-2 S- 
protein. All 61 COVID-19 convalescent individuals included (34 females, 
27 males; age range 18–70 years, mean 35.7 ± 15.9 years), had recov-
ered from asymptomatic or oligosymptomatic COVID-19 not requiring 
hospitalization within a median of 3 months prior to blood sampling. 
Among those, 17 aged over 50 years (11 males, 6 females) and 44 aged 

equal to or less than 50 years (16 males, 28 females). Five out of 61 
individuals (8.2 %) had hypertension, and only one (1.6 %) suffered 
from cardiovascular disease. None of the study participants suffered by 
an autoimmune or genetic disease which could affect type I IFN blood 
activity. Levels of antibodies to S-protein receptor-binding domain 
(RBD) were available for all patients and have been previously deter-
mined by the implementation of a quantitative assay described in detail 
elsewhere [29]. 

The protocol was approved by the Ethics and Bioethics Committee of 
the School of Medicine, NKUA (protocol #312/02–06-2020) and study 
participants provided a written informed consent. 

2.2. RNA extraction - quantitation of type I IFN score 

Upon blood sampling we proceeded with the treatment of the whole 
blood using the erythrocyte lysis buffer to eliminate the erythrocytes. 
Following centrifugation, a pellet of cells was obtained composed 
mainly by white blood cells and thrombocytes and RNA was extracted 
using the TRI-Tidy Reagent (AppliChem, Germany) reagent according to 
the manufacturer’s instructions and immediately stored at − 80 ◦C. The 
quantity and quality of RNA samples were spectrophotometrically tested 
(Biospec Nano, Japan). 

One microgram of total RNA was reverse transcribed into cDNA with 
Superscript III reverse transcriptase (Thermo Fisher Scientific, USA). 
Complementary DNA samples were diluted 1:10 with nuclease-free 
water (Qiagen, Germany) immediately after synthesis and stored at 
− 20 ◦C. 

Quantitative real-time polymerase chain reaction (qRT-PCR) was 
implemented to quantify the expression of selected genes using the Bio- 
Rad IQ5 thermocycler and the KAPA SYBR FAST Mastermix (KAPA 
Biosystems, South Africa), as previously described [30]. Briefly, genes 
preferentially induced by type I IFNs were selected, including IFN- 
induced protein with tetratricopeptide repeats 1 (IFIT1), interferon 
induced protein 44 (IFI44) and myxovirus (influenza virus) resistance 1 
(MX1). Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as 
an internal control and normalization gene (housekeeping gene). A 
reference sample was included in each PCR plate, to ensure normaliza-
tion across experiments. Type I IFN score was calculated as previously 
described [30,31]. In detail, mean and SD levels of each IFN inducible 
gene (IFIG) in 5 healthy individuals consistently used as standards in our 
lab (IFIT 1: 1.26 ± 0.45; MX1: 1.05 ± 0.41; IFI44: 1.21 ± 0.45) was used 
to standardize expression levels of each gene for each study subject using 
the following formula: (RE IFIG subject - Mean HC)/SD HC. The stan-
dardized expression levels were subsequently summed for each patient 
to provide an IFN type I expression score as the sum of each study 
subject’s relative expression for each of 3 genes preferentially induced 
by type I IFNs. 

2.3. Determination of IL-6 and CRP 

The levels of IL-6 and high-sensitive (HS) CRP were measured using 
the Elecsys IL-6 and CRP HS assays (both from Roche Diagnostics GmbH, 
Mannheim, Germany), performed according to the manufacturer’s in-
structions in a Cobas e 801 analyzer (Roche Diagnostics). The detection 
limit for IL-6 was 1.5 pg/mL and for CRP HS 0.15 mg/L. 

2.4. Statistics 

All statistical analyses were performed using SPSS v.25.0 (IBM, 
Armonk, NY, U.S.) and GraphPad Prism 9 (GraphPad Software, San 
Diego, CA, U.S.), with the level of statistical significance being set at 
0.05. Chi square or Fisher’s exact test were performed to compare the 
frequencies of categorical variables and Mann-Whitney/Kruskal Wallis 
or t-test were employed for detecting significant differences in numerical 
variables. Spearman’s correlation coefficients were calculated to detect 
correlations between numerical variables. 
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3. Results 

3.1. Demographics and clinical characteristics of study participants. 

In Suppl. Table 1, demographics and clinical characteristics of all 
study participants are displayed. 

3.2. Effect of age and sex on type I IFN score, IL-6, CRP, and anti-S 
protein RBD levels 

Of note, correlation analysis revealed a negative correlation between 
age and type I IFN inducible gene expression (Figs 1A, D-F and a positive 
correlation with IL-6 levels Fig. 1B). Consequently, a negative correla-
tion between type I IFN peripheral blood score and serum IL-6 levels in 
study participants was detected (r = -0.30, p = 0.04; Fig. 1C). Following 
stratification by age as shown in Fig. 2A, type I IFN scores were found 
significantly decreased among individuals aged over 50 years (n = 17) 
compared to their younger counterparts (n = 44) (5.4 ± 4.3 vs 16.8 ±
24.7, p = 0.02). Inversely, IL-6 levels were significantly higher in the 
older compared to the younger age group (10.6 ± 16.9 vs 2.9 ± 8.0 ng/ 
L, p = 0.03; Fig. 2B). No statistically significant differences were 
detected in CRP and anti-RBD serum levels between the 2 age groups 
(Fig. 2C and 2D). No significant correlations between S-protein RDB 
response and type I IFN score were detected (Suppl. Fig. 1). 

We next sought to explore whether the differences detected in both 
peripheral blood type I IFN scores and serum IL-6 levels between the two 
age groups could be influenced by sex-specific effects. Indeed, as shown 
in Fig. 3A, type I IFN score was significantly increased in younger fe-
males compared to both young and older males (22.9 ± 29.2 vs 6.3 ±
4.6 vs 4.5 ± 3.7, p = 0.01 and p = 0.002, respectively by Mann Whitney 
test). When Kruskal Wallis statistical test was applied the corresponding 
p-value across groups was 0.005. This pattern was consistent for each of 
the type I IFN inducible genes implicated in the calculation of type I IFN 
score (Suppl. Fig. 2). An opposite pattern was observed in serum IL-6 

levels, with the highest levels being detected among male individuals 
over 50 years old and the lowest levels among younger females (11.6 ±
18.9 vs 2.5 ± 7.8 ng/L, p = 0.03 by Mann Whitney test; Fig. 3B). No 
other comparisons between groups revealed statistically significant 
differences. When Kruskal Wallis statistical test was applied, the corre-
sponding p-value across groups for IL-6 levels was 0.19. CRP serum 
levels -although higher in the older groups- did not differ between males 
and females (Fig. 3C, p-value by Kruskal Wallis test 0.30). Regarding 
serum anti-S protein RBD antibody levels, female participants older than 
50 years had a 6-times lower titer compared to younger male individuals 
(30.2 ± 41.6 vs 182.3 ± 215.5, p = 0.02), and no other differences were 
observed among the different groups (Fig. 3D, p-value by Kruskal Wallis 
0.25). 

No statistically significant difference between time interval between 
active infection and actual sampling was detected between distinct age 
and sex groups (p = 0.59, by Kruskal Wallis test). The median values 
(range) for the younger male group (less/equal than 50 years old) were 
10.5 (7–19) weeks, for the older male group (>50 years old) were 10.5 
(4–16) weeks, for the younger female group the corresponding value 
was 12 (6–18) weeks and for the older female group 10 weeks (10,10). 

4. Discussion 

In the present study, we found that healthy individuals aged equal to 
or less than 50 years with previous exposure to SARS-CoV-2 and a robust 
anti-SARS-CoV-2 antibody response had significantly increased periph-
eral blood type I IFN scores, along with significantly decreased IL-6 
serum levels compared to their older (>50 years) counterparts. 
Further stratification by sex, revealed that the differences detected in the 
two age groups are mainly related to the increased type I IFN scores 
among younger females and the dampened type I IFN responses among 
older individuals and an exactly opposite pattern for IL-6, with signifi-
cantly higher serum IL-6 levels in older males. Diminished type I IFN 
responses have been previously shown to unleash a chronic 

Fig. 1. Correlation plots between age, type I interferon (IFN) score (A), type I IFN inducible genes (D-F) and interleukin (IL)-6 levels (B). In panel C, a negative 
correlation between type I peripheral blood score and serum IL-6 levels is displayed. Data distribution was not normal and therefore Spearman’s rho coefficients 
were calculated. 
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inflammatory response with profound IL-6 production and increased 
mortality, possibly because of impaired viral clearance [12]. The sig-
nificance of type I IFNs in host defense antiviral responses has been well 
documented in the setting of various viral infections of the respiratory 
system [32]. In this context, dampened type I IFN production has been 
associated with increased susceptibility to human rhinovirus (HRV) 
infection and higher viral load [33], while influenza virus prohibits IFN 
binding and signaling through IFNA1R degradation in order to escape 
from the immune surveillance [34]. Given the negative correlation 

between type I IFN score and IL-6 serum levels detected in this cohort, 
the possibility of a negative regulation of type I IFN responses on IL-6 
production as previously shown for other proinflammatory cytokines 
could be possible [16,18]. 

Since all participants were asymptomatic at the time of sampling, we 
postulate that heterogeneous constitutive host immune responses, sha-
ped by both age and sex, could provide an explanation for the increased 
mortality rates following COVID-19 infection, among older male pa-
tients, along with the favorable outcomes among younger female 

Fig. 2. Comparative analysis of type I interferon (IFN) score (A), interleukin (IL)-6 (B) and C-reactive protein (CRP) serum levels (C), and anti-S-protein receptor- 
binding domain (RBD) antibody titers (D) between healthy COVID-19 convalescent individuals aged over 50 years (n = 17) compared to those less/equal to 50 years 
(n = 44). Mean values and SDs are shown. Statistical analysis was performed by Mann Whitney nonparametric test. 

Fig. 3. Comparative analysis of type I interferon (IFN) score (A), interleukin (IL)-6 (B), C-reactive protein (CRP) serum levels (C), and anti-S-protein receptor-binding 
domain (RBD) antibody titers (D) among male and female participants older than 50 years compared to younger (≤50 years) male and females. Mean values and SDs 
are shown and significant associations (performed using by Mann Whitney nonparametric test) are marked. When Kruskal Wallis statistical test was applied the 
corresponding p-value for type I IFN score across groups was 0.005 and 0.19 for IL-6 levels. 
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patients [5,35]. The latter have been also shown to display higher type I 
IFN signatures in their peripheral blood compared to younger males and 
older females, in line with epidemiological data, supporting an advan-
tageous response against COVID-19 infection among younger females 
[23]. Additionally, older age has been associated with more frequent 
incidence of co-morbidities and the co-occurrence of COVID-19 infec-
tion and comorbidity has been correlated with an increased risk for 
hospitalization, admission to intensive care unit, intubation and mor-
tality [36]. 

The highest levels of type I IFNs among women of premenopausal 
age detected in the present report, is compatible with previous reports, 
suggesting that type I IFN production by plasmacytoid dendritic cells 
-the main type I IFN producers- is enhanced in response to TLR7 stim-
ulation in the presence of appropriate ligands (eg. ssRNA) in females 
compared to males, as a result of both estrogens and X-chromosome 
dosage effects [37]. Conversely, IL-6 levels have been found to be lower 
in premenopausal women with COVID-19 and linked to a reduced 
mortality [38]. 

A growing body of data reveals sex-based differences as main de-
terminants for the diverse susceptibility/severity of infectious and 
autoimmune diseases, as well as response to vaccination [39]. Of note, 
sexual dimorphism is associated with viral susceptibility; it has been 
previously reported that HBV and HCV infections are more frequent in 
men, while the spontaneous clearance of HCV is more efficient in 
women than men [40]. 

The same holds true for COVID-19 infection-related outcomes, with a 
consistent excess of mortality in males, in all age groups [3,35]. Though 
it is not entirely clear, differences in host genetic and hormonal back-
ground between males and females have been shown to account for this 
diversity [41]. For instance, lung expression and circulating ACE2 levels 
-the receptor of SARS-CoV-2 entry- were found to be higher in males 
compared to females [42,43], potentially as a result of hormonal in-
fluences [44]; additionally, sex steroid hormones were shown to be 
associated with increased mortality post COVID-19 infection [45]. 
Moreover, it has been previously suggested that estrogen signaling in 
female mice may directly suppress SARS-CoV-2 replication through 
disruption of cellular metabolism [46]. 

To our interest, a most recent study revealed that autoantibody re-
sponses following COVID-19 infection are dependent on the sex of 
affected individuals, with an overall antibody response being more 
prominent in women after asymptomatic infection; in contrast, auto-
antibody reactivity was more profound in men following at least a mild 
symptomatic infection [47]. Given that type I IFNs and IL-6 are both 
involved in antibody production via distinct operating mechanisms 
[48,49], our findings could provide further insights in distinct autoan-
tibody responses between different age and sex groups. While humoral 
immune responses have been previously shown to be enhanced upon 
IFNα and IFNβ signaling in B or T cells and type I IFNs have been 
consistently found to upregulate B-cell activating factor, a key mediator 
of B-cell survival and proliferation [17,50,51], we did not detect any 
significant association between antibody titer and type I IFN peripheral 
blood activity. Quite surprisingly, in a recently published study by 
Mueller et al in the setting of hospitalized COVID-19 infected in-
dividuals, IFNα has been shown to negatively correlate with antibody 
production, indicating that either antibodies dampen viral loads and 
subsequently IFNα or on the contrary, heightened IFNα levels interrupt 
antibody production [52]. 

In view of the previously shown favorable effects of IL-6 blockade 
[53] and administration of IFNβ in hospitalized patients with COVID-19 
[54], together with the ying-yang observed between type I IFNs and IL-6 
across sex and age groups, it would be tempting to hypothesize that 
concomitant administration of these agents could maximize therapeutic 
efficacy among high risk populations. However, such data are currently 
lacking. 

A limitation of our study is the relatively small number of patients 
over 50 years of age included in the analysis, as they constitute a 

subgroup of our previous study which had a different study design [10]. 
Moreover, in the absence of comparative data on actively infected 
inpatient and outpatient individuals, it is difficult to suggest that type I 
IFN score along with IL-6 levels could predict COVID-19 related out-
comes. However, in a recently published study from our group including 
123 consecutive SARS-CoV2 infected individuals seeking evaluation in a 
hospital setting [55], 55 were females and 68 were males. Of note, 
among females, only 7 out of 55 (12.7 %) were less than 50 years old 
compared to 23 out of 68 males (33.8 %). These data indirectly imply 
that women of premenopausal age were less likely to seek medical 
attention in a hospital setting, presumably due to less severe disease. 
Along the same lines, in a parallel study from our group in consecutive 
unvaccinated patients without underlying medical conditions, it was 
shown that the number of female patients was half than men across all 
age groups [56]. Unfortunately we were not able to directly prove that 
basal type I IFN responses could predict a more robust immune response 
during viral infection due to the study design; however it is counterin-
tuitive that higher constitutive type I IFN responses are associated with 
more robust type I IFN and IL-6 responses during active infection. 

Ideally, a non-convalescent group would be desirable, but due to 
COVID-19 spread and widespread vaccination programs, it is difficult to 
detect non convalescent individuals. However, these results could be the 
basis for generating new hypotheses deserving further consideration, 
given the diverse outcomes between distinct age/sex groups consistently 
reported in COVID-19 epidemiological studies. 

In conclusion, higher constitutive type I IFNs and impaired IL-6 re-
sponses among women of premenopausal age could account for the 
favorable outcomes compared to the older male populations, in whom 
lower type I IFNs and higher IL-6 levels were detected. Therefore, based 
on these results we hypothesize that robust innate immune responses 
among younger females might protect them against hospitalization and 
severe disease outcomes. Larger studies are required to confirm these 
findings. 
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