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Background: The identification of biomarkers correlated with coronavirus disease

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection is characterized by
elevated interleukin (IL)-6, IL-10, HLA-G, and impaired testosterone production.
Objectives: We aimed at defining the combined impact of sex hormones, interleukin-
10, and HLA-G on COVID-19 pathophysiology and their relationship in male patients.
Materials and methods: We measured by chemiluminescence immunoassay, electro-

chemiluminescent assays, and enzyme-linked immunosorbent assay circulating total
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testosterone, 17B-estradiol (E,), IL-10, and -HLAG5 as well as SARS-CoV-2 S1/S2
Immunoglobulin G from 292 healthy controls and 111 COVID-19 patients with differ-
ent disease severity at hospital admission, and in 53 COVID-19 patients at 7-month
follow-up.

Results and discussion: We found significantly higher levels of IL-10, HLA-G, and E, in
COVID-19 patients compared to healthy controls and an inverse correlation between
IL-10 and testosterone, with IL-10, progressively increasing and testosterone pro-
gressively decreasing with disease severity. This correlation was lost at the 7-month
follow-up. The risk of death in COVID-19 patients with low testosterone increased in
the presence of high IL-10. A negative correlation between SARS-CoV-2 Immunoglob-
ulin G and HLA-G or IL-10 at hospitalization was observed. At the 7-month follow-up,
IL-10 and testosterone normalized, and HLA-G decreased.

Conclusion: Our findings indicate that combined evaluation of IL-10 and testosterone
predicts the risk of death in men with COVID-19 and support the hypothesis that IL-10

KEYWORDS

1 | INTRODUCTION

Coronavirus disease 2019 (COVID-19) is caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).12 SARS-CoV-2
infection is characterized by the elevated release of inflammatory
cytokines and chemokines, defined as a “cytokine storm”, leading to
acute respiratory distress syndrome and death in numerous cases.®
The main pro-inflammatory cytokines increased during SARS-CoV-2
infection include interleukin (IL)-6, IL-13, and tumor necrosis fac-
tor (TNF), which are responsible for initiating immune responses.*
Moreover, the anti-inflammatory molecule IL-10, which is secreted
during viral infection to control inflammation,” is also increased in the
plasma of COVID-19 patients, and its levels are associated with disease
severity.>”? The early and dramatic IL-10 elevation upon SARS-CoV-
2 infection plays a detrimental role in COVID-19 severity. Indeed, it
has been proposed that elevated IL-10 at the early phase of infection
can either fail to suppress inflammation or act as a pro-inflammatory
and immunostimulatory molecule, as previously reported in other
contexts. 1011

Human leukocyte antigen (HLA)-G is a non-classical MHC class |
molecule that can inhibit innate and adaptive immune responses.'213
Beyond its expression at the fetal-maternal interface,'* HLA-G
is involved in several pathological contexts including viral infec-
tions, where it favors immune escape mechanisms leading to viral
spreading.’>"18 HLA-G can be found as four membrane-bound
(HLA-G1 to -G4) and three soluble (HLA-G5 to -G7) isoforms.'? High
membrane-bound HLA-G expression in an early phase of SARS-CoV-2
infection?? and significantly higher levels of soluble HLA-G in patients
with COVID-192! have been reported. HLA-G expression is influenced

fails to suppress excessive inflammation by promoting viral spreading.

COVID-19, HLA-G, IL-10, male, SARS-CoV-2, testosterone

by several immunomodulatory molecules and IL-10 is one of the most
studied cytokines known to increase the expression of HLA-G and its
receptors.2223 |t has been also demonstrated that HLA-G-mediated
signaling promotes IL-6 transcription in myeloid cells.?* Moreover,
systemic delivery of IL-6 up-regulates IL-10 and IL-1RA plasma levels
in vivo.2> This evidence suggests potential crosstalk among IL-10, IL-6,
and HLA-G. Finally, being associated with fertility, the expression of
HLA-G is influenced by sex hormones, being progesterone an inducer
of its expression.26-28 Conversely, serum levels of testosterone
inversely associate with HLA-G.2?

Men affected by COVID-19 have delayed viral clearance and
a greater risk of severe illness and death than women.?9-33 The
major causes are attributable to genetically-imprinted differences
in the immune responses to pathogens (e.g., a different expres-
sion of pattern recognition receptors), and to sex hormones,343°
which directly regulate the expression of several receptors on
leukocytes.®* It has been demonstrated that testosterone significantly
up-regulates, while estrogen downregulates, angiotensin-converting
enzyme 2 expressions in males and females, indicating an intrin-
sic role of steroids in explaining sex differences in COVID-19.3637
Recently, it has been reported that low testosterone levels are asso-
ciated with COVID-19 severity already at hospital admission,38-40
being the lowest total testosterone (tT) levels in men with more
severe clinical outcomes (e.g., intensive care unit [ICU] admission
or death).®®

Sex hormones have been shown to regulate anti-inflammatory
responses or to sustain tolerance: testosterone and IL-6 induce IL-
102527 likewise, progesterone and 17b-estradiol (E,), during preg-
nancy, promote HLA-G.26-28 Based on the hypothesis that IL-10 and
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HLA-G and their relationship with IL-6 and sex hormone have a

relevant impact throughout the COVID-19 course we aimed to (a)
investigate the levels of circulating IL-10, soluble HLA-G5, tT, and
E, in a cohort of male patients with COVID-19 at hospital admis-
sion compared to a cohort of healthy men, and at 7-month follow-up;
and, (b) test the association between IL-10, HLA-G5, tT, and E,, alone
or combination, and disease severity, risk of death, and SARS-CoV-2

infection.

2 | MATERIALS AND METHODS

2.1 | Study subjects

Clinical data from 111 men with COVID-19 first admitted at the
San Raffaele University Hospital, Milan, Italy, with SARS-CoV-2 diag-
nosed based on quantitative reverse transcription-polymerase chain
reaction between February and May 2020 were comprehensively col-
lected. Blood withdrawal was performed at the time of hospitalization
before steroid or antiviral treatment was started. A full blood count
laboratory test was performed for all the samples received. Samples
were collected upon informed consent in accordance with the Helsinki
Declaration and with local ethical committee approvals: Covid-BioB,
ClinicalTrials.gov NCT04318366; Ethical Committee approval num-
ber 34/int/2020. The Charlson Comorbidity Index (CCl) used to
score health-significant comorbidities was coded using the Interna-
tional Classification of Diseases, 10th revision.*’ Body mass index
(BMI) was obtained for each patient. Moreover, a validated com-
posite risk score based on the characteristics at the time of first
hospital admission was calculated for every patient (e.g., Critical-ill
COVID-19 score)*?; the score provides an estimate of the risk of
developing critical illness for a patient with COVID-19, taking into
account the following parameters: chest radiography, age, hemopty-
sis, dyspnoea, unconsciousness, number of comorbidities, cancer his-
tory, neutrophil/lymphocytes ratio, lactate dehydrogenase, and direct
bilirubin.

Clinical data from a subgroup of 53 of the same COVID-19
patients initially enrolled, were collected 7-months after the first hos-
pital admission. During hospitalization, 23% of these patients were
treated with corticosteroids that were withdrawn when patients were
discharged from the hospital. Patients were treatment free at the
follow-up blood withdrawal.

Healthy controls (HC) were voluntary blood male donors (aged > 18
years) with a negative serological test for SARS-CoV-2 S1/S2 IgM and
SARS-CoV-2 S1/S2 IgG, who arrived between June and July 2020
at the Blood Donor Centre of the San Raffaele University Hospi-
tal, Milan, Italy. According to the internal research protocol (ethics
committee approval number 91/int/2020), HC underwent the same
comprehensive clinical and biochemical assessment of the infected

counterpart.
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2.2 | Biochemical measurements

For all subjects included in the study, baseline venous blood samples
were drawn at hospital admission and kept at 4°C until process-
ing. Serum and plasma aliquots were separated by centrifugation and
stored at —80°C until assay. Sex hormone levels were measured using
assays used in clinical practice for medical reports. Specifically, tT and
E, were measured by a direct chemiluminescence immunoassay using
commercially available kits. tT: LIAISON Testosterone (Cat. 310410);
E,: LIAISON Estradiol Il Gen (Cat. 310680); all from DiaSorin SpA,
Saluggia, Italy.

IL-6 was measured by electrochemiluminescent assays (Elecsys
IL-6; COBAS ROCHE), and IL-10 was evaluated by enzyme-linked
immunosorbent assay (ELISA) using the Human IL-10 High Sensitivity
ELISA kit (Cat. BMS215HS, ThermoFisher Scientific, Vienna, Austria)
following manufacturer’s instruction. The limit of detection for IL-10
was 0.39 pg/ml.

Soluble HLA-G5 was determined by ELISA, as previously
described.*3 Briefly, 96 well plates (Nunc-Immuno Plate PolySorp,
Thermo Scientific, Denmark) were coated with the mAb 5A6G7 (Exbio,
Czech Republic) and HLA-G5 was detected with biotinylated Wé6/32
mAb (Exbio, Czech Republic). Supernatants from HelLa HLA-G5-
transfected cells (kindly provided by Dr. Rizzo, Universita di Ferrara)
purified by affinity chromatography by using the Wé6/32 mAb were
used for the generation of standard calibration curves. The limit of
detection was 15 ng/ml.

LIAISON SARS-CoV-2 S1/S2 IgG serological tests (DiaSorin SpA,
Saluggia, Italy) were used to assess SARS-CoV-2 IgG in every partici-
pant.

2.3 | Statistical methods

The distribution of data was tested with the Shapiro-Wilk test. Data
are presented as medians (interquartile range) or frequencies (pro-
portions). We used one-way ANOVA on ranks (Kruskal-Wallis test
associated with Dunn’s multiple comparison test) or Chi-Square test
to compare hormonal levels and other demographics, clinical, and lab-
oratory characteristics between COVID-19 patients and HC. The same
analyses were used to compare clinical characteristics and hormonal
values among patients with different severity in terms of clinical out-
comes. Differences in IL-10 and HLA-G5 levels among groups were
evaluated by Kruskal-Wallis test associated with Dunn’s multiple com-
parison test. For statistical purposes, to all donors in whom HLA-G5
was below the detection limit of the ELISA, we assigned levels of
15 ng/ml, representing the assay detection limit. Linear regression
analyses were performed to define associations between IL-10, HLA-
G5, E,, tT, and SARS-CoV-2 IgG. To test the hypothesis that IL-10,
HLA-G5, and E, could be associated with lower tT levels, we performed

logistic regression models predicting serum tT. Lastly, the associa-
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tion between tT levels and death outcomes was tested with logistic
regression models adjusted for baseline clinical factors and for mark-
ers of systemic inflammation (e.g., IL-6) which could have influenced
the hormonal values. We hypothesized that the association between
disease severity and the risk of death could vary according to the
various tT levels, therefore an interaction term between IL-10 and
tT levels was included in the logistic regression model to test this
hypothesis.

Statistical analyses were performed using Stata 14.0 (StataCorp,
College Station, TX, USA) or GraphPad Prism 9.0 (GraphPad Software,
Inc. La Jolla, CA, USA). All tests were two-sided, and p-values less than
0.05 were considered significant. All p-values of the analyses were

reported in the figures and/or (Tables S1 and S2).

3 | RESULTS

3.1 | Clinical and laboratory characteristics of
study subjects

The entire cohort of 403 participants was subdivided according to
SARS-CoV-2 infection status in 111 patients with COVID-19 and 292
HC (Table 1). COVID-19 patients were stratified as patients in good
clinical conditions and discharged home from the emergency depart-
ment (asymptomatic, Asy n = 10); patients admitted in the internal
medicine unit until discharge home (symptomatic, Symn = 63); patients
invasively ventilated in the ICU (n = 29) and subsequently discharged
home; and patients either transferred to ICU or in the internal medicine
unit who eventually died (dead, n = 9) (Table 2). Demographic and clin-
ical parameters including BMI, CClI, arterial hypertension, C-reactive
protein, and laboratory parameters are presented in Tables 1 and 2.
The HC group was significantly (p < 0.0001) younger than COVID-19
patients. Moreover, analysis of the age in COVID-19 patients revealed
a homogeneous distribution with a significant (p = 0.0458) difference
only between asymptomatic and dead patients (Tables 1 and 2, Figure
S1, and Table S1). The CCI score was higher in COVID-19 patients
compared to HC, but no differences were observed among COVID-
19 cohorts. As expected, a significant difference in CCl corrected for
the age (CCl-age)*!
patients (p = 0.0420, Table S1). However, CCl age resulted signifi-
cantly different only between ICU and dead patients (p = 0.0309, Table
S1) and not between symptomatic and dead patients, despite ICU and

was observed between dead and asymptomatic

symptomatic cohorts being homogenous in terms of age (Table 2 and
Table S1). In line with previous studies,* the absolute number of white
blood cells (WBC), neutrophils, and levels of IL-6 were significantly
higher in patients with COVID-19 compared to HC (p < 0.0001), while
lymphocytes count, and hemoglobin levels were decreased (p < 0.0001
for both parameters). Finally, IL-6 and E, plasma levels were signifi-
cantly higher and tT significantly lower in the severe outcome groups
(ICU and dead patients, Table 2). Since tT levels observed in severe
COVID-19 patients were lower compared to those previously reported
in age-matched healthy subjects,*> we can exclude a possible tT level

association with age.
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3.2 | IL-10 and HLA-G5 plasma levels significantly
increased with disease severity at hospitalization

In the hypothesis that pro-tolerogenic molecules could influence viral
spreading and disease severity during SARS-CoV-2 infection, we evalu-
ated IL-10 and soluble HLA-G5 in plasma samples from all participants.
As previously reported,’:8:10 |L-10 was significantly higher (p < 0.0001)
in COVID-19 patients compared to HC (Table 1). In line with the pre-
vious observation, the IL-10 plasma levels significantly increased in
symptomatic (p < 0.0001), ICU (p < 0.0001), and deceased (p = 0.0002)
COVID-19 patients compared to HC (Figure 1A, Table 2, and
Table S2). Similarly, the concentration of soluble HLA-G5 was signif-
icantly higher (p < 0.0001) in COVID-19 patients compared to HC
(Table 1), and the highest HLA-G5 plasma levels were detected in symp-
tomatic and ICU patients compared to HC (p < 0.0001 and p = 0.0443,
respectively). HLA-G5 levels in asymptomatic and deceased patients
were comparable to that observed in HC (Figure 1B, Table 2, and
Table S2).

3.3 | IL-10 and HLA-GS5 inversely correlate with tT
in COVID-19 patients

IL-10 and HLA-G5 expression can be regulated by sex hormones
including tT and E,.26-28 Accordingly with previous data,?® the high-
est tT levels were detected in HC with a progressive and statisti-
cally significant decrease in asymptomatic (p = 0.0334), symptomatic
(p < 0.0001), ICU (p < 0.0001), and deceased COVID-19 patients
(p < 0.0001) (Table 1, Figure 1C, Table 2, and Table S1). Circulating E,
levels were significantly higher in COVID-19 patients compared to HC
(b < 0.0001) with deceased patients having the highest E, amounts
(Table 1, Figure 1D, Table 2, and Table S2).

Linear regression analyses revealed that IL-10 (p = 0.002), HLA-
G5 (p < 0.0001), and E; (p = 0.01) are independent predictors of low
tT levels, since the increased IL-10, HLA-G5, and E, plasma levels are
associated with tT decrease (Table S3). Linear regression analyses per-
formed to assess the correlation between IL-10 or HLA-G5 with E,
showed that IL-10 positively correlated with E, levels (p = 0.0029),
while HLA-G5 did not (p = 0.0726; not shown). Thus, we can conclude
that IL-10, HLA-G5, and E; levels are inversely associated with circu-
lating tT, and IL-10 positively correlated with circulating E, in men with
COVID-19 at hospital admission.

3.4 | IL-10 and testosterone levels, but not
HLA-GS5, predict the risk of death in men with
CoOVID-19

High IL-10 and low tT levels were detected in severe COVID-19
patients, and linear regression analysis revealed the independent
association between IL-10, HLA-G5, E,, and tT. To define whether
one or more of these parameters can predict the risk of death
in men with COVID-19 we performed multivariable regression
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TABLE 1 Demographic, clinical, and laboratory parameters of subjects included in the study at admission

Variables

Age

Ethnicity
White-European
Latin-American
African
Asian-Far East Asian

BMI

HC (N =292;72%)
46.0(35.0,53.0)

284(97.2)

7(2.4)

0(0.0)

1(0.4)
25.2(23.52,27.58)

Comorbidities

CCl 0.0(0.0,0.0)

CCl-age 0.0(0.0,1.0)
CCl (score)

0 292(100)

1 0.0(0.0)

>2 0.0(0.0)

Arterial hypertension 32(11)

CRP (mg/L) 38 (13%)
Laboratory parameters

WABC (count/ul) 5.8(4.9,6.5)

Neutrophils (count/ul) 3.1(2.5,3.7)

Lymphocytes (count/ul) 1.8(1.5,2.1)

Hemoglobin (g/dl) 15.1(14.4,15.6)

IL-6 (pg/ml) 2.5(2.5,4.0)

IL-10 (pg/ml) 3.0(1.5,3.0)

HLA-G5 (ng/ml) 178.0(100.5,275.7)

tT (nmol/L) 10.6(8.1,13.9)

E, (pg/ml) 22.9(18.9,43.1)

AMODIO ET AL.
COVID-19 (N = 111; 28%) p-Value
59.0(48.7,66.0) <0.0001
97 (87.4) N/A
9(8.1) N/A
4(3.6) N/A
1(0.9) N/A
27.81(25.13,30.42) <0.0001
0.0(0.0,1.0) 0.0094
2.0(0.0,3.0) <0.0001
63(53.3) <0.0001
26(23.6) <0.0001
22(0.2) <0.0001
41(37.3) <0.0001
39(35%) 0.001
7.2(5.6,9.9) <0.0001
5.6(4.1,7.7) <0.0001
1.0(0.7,1.4) <0.0001
13.55(12.1,15) <0.0001
47.2(18.35, 106.5) <0.0001
6.0(3.0,12.6) <0.0001
315.5(174.4,410.0) <0.0001
2.4(0.9,4.2) <0.0001
34.5(18.2,43.1) <0.0001

Continuous variables are presented as medians (interquartile range); categorical variables are presented as frequency (%). For each variable, the two-tailed
Mann-Whitney test and Chi Square test were used for testing the difference between groups. Statistically significant p-values are indicated in bold.
Abbreviations: BMI, Body Mass Index; CCl, Charlson Comorbidity Index; CRP, C-reactive protein; E2, 173-estradiol; HC, healthy controls; tT, total

testosterone; WBC, white blood cells.

analyses. Results showed that IL-10, but not HLA-G5, levels at hospital
admission are associated with the risk of death (p = 0.01); indeed,
the higher the IL-10 level, the higher is the risk of death (Table 3
and Table S4). The interaction test assessing the hypothesis that
circulating IL-10 could differently impact the relationship between
tT levels and the risk of death, previously reported,®® revealed that
the risk of death in men with COVID-19 with low tT increased in the
presence of high IL-10 (Figure 2). Thus, IL-10 and tT levels at hospital
admission represent critical biomarkers of risk of death in COVID-19
patients.

To confirm the hypothesis of a link between IL-10 and tT, we col-
lected plasma samples from a subgroup of 53 of the same COVID-19
patients initially enrolled, 7 months after the first hospital admission
(Table 4). On average, IL-10 levels were comparable between hospi-
tal admission and follow-up (4.9 and 5.6 pg/ml, respectively). Since

high variability in IL-10 levels among patients at hospital admission

was observed (Figure 3A), we segregated patients according to IL-10
levels at admission in IL-10"8" and IL-10"Y. The threshold value of
5 pg/ml was determined as > 95% of the confidence interval of IL-
10 levels detected in HC at admission (n = 292). Of 25 patients with
IL-10Meh 18 (72%) men depicted IL-10 levels significantly reduced
at follow-up compared to hospital admission (p = 0.0088), reaching
the levels detected in HC (Figure 3B). Conversely, the majority (20
out of 28; 71.4%) of IL-10'°% patients, at follow-up showed a signif-
icant increase of IL-10 compared to hospital admission (p < 0.0001)
(Figure 3B). In the same cohort of patients at follow-up, tT levels
mostly increased (50 out of 53; 94.3%) compared to hospital admission
(p < 0.0001) (Table 4 and Figure 3C). As previously reported,®® patients
at 7-month follow-up did not reach the levels of tT observed in HC.
Linear regression analyses between IL-10 and tT at 7-month follow-up
revealed that the inverse correlation observed at hospital admission
was lost (p = 0.9996) (Figure 3D), indicating that IL-10 and tT are
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TABLE 2 Demographic, clinical, and laboratory parameters of coronavirus disease 2019 (COVID-19) patients at admission, as divided

according to outcome status

Variables Asy (N =10; 9.01%) Sym (N = 63; 56.76%) ICU (N = 29; 26.13%) Dead (N=9;8.11%) p-Value
Age 51.0(45.7,64.0) 58.5(48.0,65.2) 58.0(50.0, 64.5) 72.0(58.0,74.0) 0.0406
Ethnicity
White-European 6(60.0) 56(88.9) 27(93.1) 8(88.9) N/A
Latin-American 3(30.0) 3(4.8) 2(6.9) 1(11.1) N/A
African 1(10.0) 3(4.8) 0(0.0) 0(0.0) N/A
Asian-Far East Asian 0(0.0) 1(1.6) 0(0.0) 0(0.0) N/A
BMI 27.0(22.9,31.9) 28.1(25.7,36.7) 27.7(25.1,31.0) 28.4(24.2,29.4) 0.9785
Comorbidities
Ccl 0.5(0.0,1.2) 0.0(0.0,1.0) 0.0(0.0,1.0) 1.0(0.0,2.0) 0.0802
CCl-age 1.0(0.0,3.5) 2.0(1.0,3.0) 2.0(1.0,2.5) 3.0(3.0,4.5) 0.0261
CCl (score)
0 5(50.0) 34(54.0) 21(72.3) 3(34.0) 0.1515
1 3(30.0) 15(23.8) 6(20.7) 2(22.0) 0.9455
>2 2(20.0) 14(22.2) 2(7.0) 4(44.0) 0.0817
Arterial hypertension 2(20.0) 23(37.0) 11(38.0) 5(56.0) 0.4671
CRP (mg/L) 16.4(2.1,121.7) 64.6(29.6,133.1) 135.0(40.9,225.3) 160.0(33.0,270.6) 0.0209
Laboratory parameters
Critical-1ll COVID-19 68.9(60.1, 96.9) 94.1(72.4,111.1) 107.1(83.7,122.8) 115.5(96.5,142.5) 0.0184
IL-6 (pg/ml) 4(3.3,33.8) 31.3(21.1,74.8) 80.3(17.3,308.3) 108.0 (46.9, 165.0) 0.0011
IL-10 (pg/ml) .5(1.6,6.0) .0(3.8,9.0) 8.2(2.2,20.0) 19.1(5.7,62.8) 0.0202
HLA-G5 (ng/ml) 246.4(159.6,463.7) 330.1(230.7,450.9) 304.3(153.4,397.9) 276.9(122.3,332.8) 0.2284
tT (nmol/L) .3(0.4,11.7) .9(2.0,5.6) 0.94(0.5,1.5) .4(0.3,2.9) <0.0001
E; (pg/ml) 28.3(18.4,38.1) 34.9(17.2,43.2) 31.0(18.3,43.7) 40.4(32.8,63.9) <0.0001
SARS-CoV-2 1gG 17.7 (3.8,82.7) 16.8(5.5,66.7) 94.4(7.8,128.5) 10.1(3.8,102.5) 0.0784
(AU/ml)

Continuous variables are presented as medians (interquartile range); categorical variables are presented as frequency (%). For each variable, one-way ANOVA
on ranks (Kruskal-Wallis test associated with Dunn’s multiple comparison test) and Chi Square test were used for testing the difference among groups.

Statistically significant p-values are indicated in bold.

Abbreviations: Asy, asymptomatic, BMI, Body Mass Index; CCl, Charlson Comorbidity Index; CRP, C-reactive protein; E,, 173-estradiol; ICU, intensive care

unit; Sym, symptomatic; tT, total testosterone; WBC, white blood cells.

Critical-lliness (l1l) COVID-19 score was calculated as described in the methods.

TABLE 3 Multivariable logistic regression predicting death (with

IL-10)
OR 95%Cl P-value
IL-10 1.05 1.01,1.09 0.01
tT 0.70 0.38,1.27 0.2
E, 1.01 0.97,1.05 0.6
Age 1.13 1.00, 1.28 0.04

Statistically significant values are indicated in bold. tT, total testosterone;
E,, 17B-estradiol.

independent biomarkers of disease severity at early time points of
SARS-CoV-2 infection.

3.5 | HLA-G5 and IL-10 inversely correlated with
SARS-CoV-251/52 IgG at hospital admission

At hospital admission, both HLA-G5 and IL-10 plasma levels correlated
with tT, but HLA-G5 levels were not a predictive factor of death for
men with COVID-19. In the hypothesis that IL-10 and HLA-G5 are
induced to promote immune escape and viral spreading at an early
stage of SARS-Cov-2 infection, we performed a linear regression anal-
ysis between SARS-CoV-2 IgG titer and HLA-G5 or IL-10 levels at
hospital admission. Results revealed a weak but statistically signifi-
cant negative correlation between SARS-CoV-2 IgG titer and HLA-G5
or IL-10 plasma levels (p = 0.0205, and p = 0.0120, respectively)
(Figure 4A,B), suggesting that higher HLA-G5 and IL-10 plasma lev-
els negatively impact on the immune responses against SARS-CoV-2.

In 39 patients at follow-up, we also evaluated HLA-G5 plasma levels.
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FIGURE 1 Interleukin (IL)-10 and human leukocyte antigen G5 (HLA-G5), testosterone and 178-estradiol plasma levels in coronavirus disease
2019 (COVID-19) patients with different disease severity at hospitalization. IL-10 and HLA-G5 were evaluated by enzyme-linked immunosorbent
assay (ELISA) and total testosterone (tT) and 178-estradiol (E,) were evaluated by chemiluminescence immunoassay (CLIA) in plasma of healthy
donors (HC, n = 292) and of COVID-19 patients asymptomatic (Asy, n = 10), symptomatic (Sym, n = 63), admitted to the intensive care unit (ICU,

n = 29), and patients subsequently deceased (Dead, n = 9). The levels of IL-10 (A), of soluble HLA-G5 (B), tT (C), and E, (D) in the indicated cohorts
are shown. Each dot represents a single donor; bars indicate medians with an interquartile range. *<0.05, **<0.01, ***<0.001, ****<0.0001. The
p-values of all comparisons are reported in Table S2

Notably, HLA-G5 was significantly reduced at follow-up (p < 0.0001) 4 | DISCUSSION
compared to the admission time point, being in all the samples tested
below the detection limit of the assay (Table 4 and Figure S2), thus
supporting the hypothesis that elevated HLA-G5 levels at hospital
admission are associated with viral active infections.

Although in a limited number of patients, by investigating the com-
bined impact of sex hormones, IL-10, and HLA-G5 on COVID-19 out-
comes, we showed, for the first time, an inverse correlation between
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TABLE 4 Demographic, clinical, and laboratory parameters of subjects included in the study at 7-month follow-up

Variables Admission (N=53)
Age 60.0(48.0, 66.5)
Ethnicity

White-European 47 (88.6)

Latin-American 3(5.7)

African 2(3.8)

Asian-Far East Asian 1(1.9)

BMI 28.7(25.9,31.4)
Comorbidities

CCl 0.0(0.0,1.0)

CCl-age 2.0(0.0,3.5)
CCl (score)

0 33(62.3)

1 9(17.0)

>2 11(20.7)

Arterial hypertension 20(37.7)

CRP (mg/L) 115.8(20.15,3.5)
Laboratory parameters
WABC (count/ul) 7.0(5.6,8.6)
Neutrophils (count/ul) 5.6(4.2,6.5)
Lymphocytes (count/ul) 1.0(0.7,1.5)
IL-6 (pg/ml) 30.4(7.72,83.05)
IL-10 (pg/ml) 4.9(2.0,7.9)
HLA-G5 (ng/ml) 324.7 (215.3,394.5)
tT (nmol/L) 2.5(1.3,4.4)
E, (pg/ml) 32.48(17.4,41.3)
SARS-CoV-2 IgG 35.6(5.5,105)
(AU/ml)

Follow up (N =53) p-Value
60.0(48.0, 66.5) 1.000

N/A

N/A

N/A

N/A
29.8(26.1,31.8) 1.0000
0.0(0.0,0.0) 0.0071
2.0(0.0,4.0) 0.0001
42(79.3) 0.0867
5(9.4) 0.3903
6(11.3) 0.2897
Not tested N/A
Not tested N/A
6.2(5.5,8.4) 0.2702
3.6(2.9,4.7) <0.0001
2.3(1.9,2.8) <0.0001
27.7 (4.38,86.5) 0.5561
5.6(3.4,7.8) 0.3887
<15.0(< 15.0,< 15.0) <0.0001
9.8(3.7,10.3) <0.0001
30.4(25.4,35.3) 0.9807
134.0(87.6,224.0) <0.0001

Continuous variables are presented as medians (interquartile range); categorical variables are presented as frequency (%). For each variable, the two-tailed
Mann-Whitney test and Chi Square test were used for testing the difference among groups. Statistically significant p-values are indicated in bold.
Abbreviations: BMI, Body Mass Index; CCl, Charlson Comorbidity Index; CRP, C-reactive protein; E,, 173-estradiol; tT, total testosterone; WBC, white blood

cells.

circulating IL-10 or HLA-G5 and tT in men with COVID-19 at the
time of hospital admission. High IL-10 combined with low tT emerged
as predictors of death in COVID-19 patients, whilst soluble HLA-G5
was not. We proposed that these parameters represent important and
innovative biomarkers of disease severity. Interestingly, the correlation
between IL-10 and tT was lost at the 7-month follow-up. Notably, solu-
ble HLA-G5 and IL-10 positively correlated with SAR-CoV-2 infection,
supporting their role in promoting immune escape and viral spreading.

The critical increase of IL-10 in patients with COVID-19 is currently
indicated as a feature of hyperinflammation during infection,>1° and
a number of studies reported that IL-10 levels, as well as the pres-
ence of high frequency of IL-10-producing regulatory T cells, represent
a predictor marker for disease severity.” % We confirmed the find-
ing of significantly elevated levels of IL-10, and IL-6, in male patients
with COVID-19 at hospital admission compared to HC, which progres-

sively increased according to disease severity, with ICU admission or

death outcomes showing the highest levels. Age-related differences in
plasma cytokine levels demonstrated that IL-10 is stable throughout
life, while IL-6 is increased in elderly people.*”=>0 The elevated levels
of IL-6 in COVID-19 patients compared to HC reflect the age differ-
ence; however, the detected IL-6 levels in patients were 10-fold higher
compared to those reported in age-matched healthy volunteers,*” indi-
cating that the high levels of IL-6 detected in patients are related
not only to the age but also to the disease. Conversely, the observed
increased levels of IL-10 are disease-related.

We reported an inverse correlation between IL-10 and tT levels in
men with COVID-19. Moreover, we observed that the risk of death in
those men with the lowest tT levels increased in the presence of high
IL-10 levels. These results are in line with previous data where low
tT levels were indeed associated with a greater risk of ICU admission
and death outcomes.3840 Pre-clinical and clinical studies showed that

low testosterone is associated with an increase in pro-inflammatory
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FIGURE 2 Risk of death by testosterone and interleukin (IL)-10
levels. Interaction test assessing the hypothesis that circulating IL-10
levels could differently impact the relationship between the total
testosterone levels and the risk of death

cytokines (e.g., IL-6 and TNF),°! and testosterone supplementation
in hypogonadal men suppressed IL-13 and TNF and potentiated the
expression of IL-10.°2 In contrast, in men with COVID-19 we observed
that lower tT levels were associated with higher IL-10. Thus, we can
postulate that the SARS-CoV-2 infection induces the release of IL-
10, which, in the presence of severe inflammation, promotes an acute
serum testosterone drop, compatible with a hypogonadal status,>?
along with an increase in E, levels. Further supporting our hypothe-
sis are results from a limited number of patients, for which viral load
levels were available, indicating that in the presence of high SARS-
CoV-2 viral load the levels of IL-10 increased. A direct correlation
between viral load and tT was not evidenced (data not shown). Over-
all, our data support the hypothesis that the hormonal milieu observed
in men with severe COVID-19 is compatible with a condition of sec-
ondary hypogonadism,3® where we may speculate that low tT levels
are a consequence of SARS-CoV-2 infection®* rather than a predispos-
ing factor for SARS-CoV-2 infection®> and the consequent COVID-19
clinical severity. In this context, findings at the 7-month follow-up
support this conclusion. Notwithstanding not in all patients,>* at the
7-month assessment, the trend toward normalization of circulating tT
was observed, along with a reduction of IL-10 plasma levels, and the
inverse correlation between IL-10 e tT was eventually lost.

We reported that dead patients were older than the asymptomatic
ones, but their age distribution was comparable to that of symp-
tomatic and ICU patients. It is known that testosterone peaks at age
19 years and fall by age 40 years, but no evidence for a further fall
with increasing age through to old age was reported.*> The 53 COVID-
19 patients analyzed at hospital admission and 7-month follow-up are
comprised of between 36 and 75 years, an age for which on average
13 nmol/L of serum testosterone has been reported in age-matched
healthy subjects.*> The overall levels of tT in COVID-19 patients were
below 5 nmol/L, and at 7-months follow-up in most of the patients
increased and, in a large fraction of patients, reached the normal lev-
els. Thus, this evidence supports the conclusion that tT variations in

our patients were not associated with aging, but with the disease. Age-
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related immune changes with the functional decline of both innate
and adaptive immunity with an overall increase in pro-inflammatory
cytokines, IL-6 and TNF, also called “inflammaging”,” have been asso-
ciated with increased infections, including SARS-CoV-2,°” and other
diseases.”® Comorbidities, evaluated as CCI, were comparable among
the COVID-19 patients analyzed excluding a link between the reported
results with inflammation and disease associated with aging. Overall,
we can conclude that the observed associations between IL-10, tT, and
risk of death are not linked to age nor associated with comorbidities.

It is still debated whether IL-10 elevation at an early stage of the
infection, induced to counteract the increase of IL-6 and the inflam-
matory responses, fails to control the disease because it acts as a
pro-inflammatory molecule, thus promoting the further production of
other cytokines.!! It is well known that viral infections promote IL-10
release as a mechanism to favor immune escape and viral spreading.>>?
In this context, IL-10 has been shown to be indeed critically involved
in inhibiting immune responses by promoting the expression of HLA-G
and its receptors, and regulatory cell expansion.2326:6061 At hospital
admission, in male patients with COVID-19 we observed a signif-
icant increase in soluble HLA-G5 levels, with the highest HLA-G5
levels detected in symptomatic and ICU patients. The involvement of
HLA-G has been previously reported in COVID-19 patients showing
downregulation of membrane-bound HLA-G in T and B cells during
SARS-CoV-2 infections, which returned to basal levels when viral
RNA returned negative,2° and significantly increased levels of soluble
HLA-G at the time of patients hospitalization.2%%2 Here, we depicted
a weak but significant negative correlation between SARS-CoV-2 IgG
titer and HLA-GS5 (or IL-10) plasma levels in men at hospital admission,
suggesting that high HLA-G5 and IL-10 levels negatively impact the
immune responses against SARS-CoV-2 infection. These data are in
contrast with previous findings showing that membrane-bound HLA-G
levels decreased during the replication phase of SARS-CoV-2 and
increased after clearance?® and soluble HLA-G levels increased when
clinical outcomes improve in COVID-19.52 These discrepancies might
be ascribed to the different cohorts of patients analyzed: COVID-19
female ICU admitted patients?® and COVID-19 female and male
patients®? as compared with a cohort of COVID-19 male patients in
our study. Moreover, conclusions are based on results obtained by
analyzing HLA-G levels at early time points after COVID-19 diagno-
sis: 23 days?° and 19 days,®? respectively. In the present study we
showed novel evidence that HLA-G5 plasma levels were significantly
reduced at 7-month follow-up, thus supporting the hypothesis that the
up-regulation of HLA-G at the early stage after SARS-CoV-2 infection
represents a mechanism to prevent immune responses against the
virus, eventually promoting viral spreading.®® Although we cannot
demonstrate a direct effect of IL-10 in promoting the induction of
soluble HLA-G5, we may propose that the dramatic elevation of IL-10
during COVID-19 is indeed a negative feedback mechanism induced
to suppress excessive inflammation that acts also as positive feedback
for viral spreading and survival. It has been proposed that IL-10 acts as
a pro-inflammatory cytokine promoting CD8™* T cell activation, which
on the one hand leads to the increase of IFN-y levels, which in turn

activate tissue macrophages, and on the other promotes CD8* T cell
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exhaustion.10¢4%> However, one feature of SARS-CoV-2 infection is
lymphopenia,®®¢” which in severe disease patients is associated with
low clonal expansion of CD8* T cells with the exhausted phenotype
and reduced ability to secrete cytokines.®”-¢® This functional exhaus-
tion of CD8* T cells has been correlated with viral persistence and
disease progression in other settings.? Thus, our findings support
the central role of IL-10 at the early stage of SARS-CoV-2 infection in
promoting T-cell exhaustion and viral spreading.

In conclusion, we show that circulating IL-10, soluble HLA-G5, and
testosterone are linked to SARS-CoV-2 infection, acting as biomark-
ers of disease severity. High levels of IL-10 and soluble HLA-G5 and
low tT levels at the time of hospital admission are associated with
more severe clinical outcomes in male patients with COVID-19, with
both IL-10 and tT levels being relevant predictors of the risk of death.
These results pave the way for additional longitudinal studies, based
on longer follow-up and including larger cohorts of subjects, to vali-
date the early concomitant evaluation of IL-10 and testosterone as a

prognostic factor of disease outcome.
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