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Abstract

Objectives: Sex-specific disparities inmorbidity andmortality of COVID-19 illness are

not well understood. Neutralizing antibodies (Ab) may protect against severe COVID-

19 illness. We investigated the association of sex with disease progression and SARS-

CoV-2 Ab response.

Methods: In this exploratory analysis of the phase3,multicenter, randomized, placebo-

controlled Convalescent Plasma in Outpatients (C3PO) trial, we examined whether

sex was associated with progression to severe illness, defined as a composite of all-

cause hospitalization, emergency/urgent care visit, or death within 15 days from study

enrollment. Patients had a positive severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) test, symptom onset within 7 days, stable condition for emergency

department discharge, and were either ≥50 years old or had at least one high-risk fea-

ture for disease progression. Patients receivedblinded convalescent plasmaor placebo

in a 1:1 fashion and were evaluated on days 15 and 30 after infusion. Blood samples

were collected on day 0 (pre-/post-infusion), 15, and 30 to measure Ab levels with the

Broad Institute using the Plaque Reduction Neutralization Test assay.

Results: Of 511 patients enrolled (median age 54 [Iinterquartile range 41–62] years,

46%male, 66%white, 20%black, 3.5%Asian), diseaseprogressionoccurred in36.7%of

males and 25.9% of females (unadjusted risk difference 10.8%, 95% confidence inter-

val [CI], 2.8–18.8%). Sex-disparities did not persist when adjusted for treatment group,

age, viremic status, symptom onset, and tobacco use (adjusted risk difference 5.6%,

95% confidence interval [CI], −2.2% to 13.4%), but were present in the subgroup pre-

senting 3 or more days after symptom onset (adjusted risk difference 12.6%, 95% CI,

3.4% to21.9%).MeanbaselineAb levels (log scale) available for367patientswere simi-

lar between sexes (difference0.19 log units, 95%CI,−0.08 to0.46). The log-scalemean

increase frombaseline to day 15 after adjusting for treatment assignment and baseline

levels was larger in males than females (3.26 vs. 2.67). A similar difference was noted

when the groups were subdivided by outcome.
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Conclusions: Progression of COVID-19 was similar in males and females when

adjusted for age, tobacco use, and viremia status in this study. However, in the cohort

presenting 3 or more days after symptom onset, COVID-19 outcomes were worse

in males than females. Neutralizing Ab levels increased more in males but did not

correlate with sex differences in outcomes.
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1 INTRODUCTION

1.1 Background

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

emerged in December 2019 and quickly became a pandemic.1,2 As of

August 2022, there were over 700 million cases and nearly 7 million

deaths worldwide.3

Current epidemiologic studies show an increased risk of morbidity

and mortality for males with COVID-19, compared to females.4–7 The

Global Health 50/50 research initiative, which tracks COVID-19 sex-

disaggregateddata, observed thatwhilemales and femaleshave similar

rates of infection, males are 20% more likely to be hospitalized, 70%

more likely to be admitted to the ICU, and 30%more likely to die com-

pared to females.8 Similarly, in a multi-national meta-analysis of over 3

million cases, males had twice as many ICU admissions and 39% more

deaths compared to females.9 These findings are consistent with prior

coronavirus outbreaks in 2002 and in 2012, in which males suffered

higher rates of death.10

1.2 Importance

Characterizing sex-dependent differences in clinical outcomes pro-

vides insights into COVID-19 pathophysiology and may contribute to

the development of more effective interventions. Sex differences in

outcome after SARS-CoV-2 infection could be related to viral targeting

or to different immune responses between males and females.11 Sex

is associated with differential responses to vaccines and infections.12

Potential mechanisms include sex hormones: testosterone is described

to suppress immune response, while estrogen has both immune stim-

ulating and suppressing effects.13–15 Sex chromosome related differ-

ences have also been proposed where females, owning two copies

of chromosome X, may have an advantage over males for having

the ability to express proteins from one or both genes as needed.

This is especially important since angiotensin-converting enzyme 2

(ACE2) and toll-like receptor genes, purported to play critical roles in

COVID-19 pathogenesis, are on X chromosomes.16,17 Further, differ-

ences in cell-surface proteins may facilitate or impede viral entry or

cytokine-mediated response, which ultimately activates B and T cells

and determines the titer of neutralizing antibodies (Ab).18 Anti-viral

Abs areproposed tobe fundamental to surviving the infection19–21 and

provide passive immunity to SARS-CoV-2-naïve patients.

1.3 Goals of this investigation

To better understand sex-dependent differences in outcomes for

SARS-CoV-2 infection, we conducted a secondary analysis of the

COVID-19 in Convalescent Plasma in Outpatients (C3PO) trial.22 We

assessed for sex differences in COVID-19 disease progression and Ab

response. We hypothesized that females would have a higher titer of

neutralizing Ab compared to males, and that this difference in Ab titer

would account for sex difference in COVID-19 outcomes.

2 METHODS

2.1 Design

The C3PO clinical trial was a phase 3, multicenter, randomized,

placebo-controlled investigation designed to determine whether an

infusion of convalescent plasma, in patients at high risk for severe

COVID-19, would prevent progression to severe illness. The primary

outcome of C3PO was progression to severe illness within 15 days

of enrollment, which was a composite of all-cause hospital admis-

sion, emergency or urgent care visit, or death. The trial showed no

difference in disease progression in those treated with convalescent

plasma versus saline. A central institutional review board approved the

trial protocol for all participating sites, and an independent medical

safety monitor reviewed and adjudicated all serious adverse events.

The design and primary study results have been reported.22

2.2 Setting and selection of subjects

Patients were enrolled at 48 hospitals in 21 states across the United

States. Eligibility criteria included a nucleic acid assay test confirm-

ing the presence of SARS-CoV-2 infection, onset of symptoms within

7 days, and clinical stability for discharge from the emergency depart-

ment without new supplemental oxygen. Enrolled patients were at

least 50 years of age or had at least one Centers for Disease Con-
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trol and Prevention(CDC)-defined risk factor for disease progres-

sion. These included hypertension, diabetes, coronary artery disease,

chronic lung disease, chronic kidney disease, immunosuppression,

sickle cell disease, obesity (body mass index [BMI] > 30), or any con-

dition determined to be “high risk” as per CDC guidance. We excluded

patients if they were younger than 18 years, prisoners or wards of

the state, unable to complete follow up assessments, had a history

of adverse reactions from blood-product transfusion or received any

blood product within the past 120 days, could not receive up to

250mLof intravenous infusion, or had receivedanother investigational

treatment for COVID-19 (including vaccination).

2.3 Intervention

Patients were randomized in a 1:1 ratio to receive ABO-compatible

COVID-19 convalescent plasma or placebo (normal saline mixed with

multivitamin to resemble the color of convalescent plasma). Con-

valescent plasma was collected from donors at least 14 days after

clinical recovery from COVID-19 as per FDA guidance. Patients com-

pleted an interview in person or by telephone at 15 and 30 days

post-investigational drug administration to identify subsequent med-

ical care and adverse events. Blood samples were collected on days 0

(before and 1 h after infusion), 15, and 30.

2.4 Measures/outcomes

This study is an exploratory analysis in which we examine the asso-

ciation between sex and disease progression, and sex differences in

neutralizing Ab levels at baseline and at day 15. Ab levels were mea-

sured by the Broad Institute (Cambridge, MA) using their Plaque

Reduction Neutralization Test assay. Viremia status was categorized

as “reactive” or “non-reactive” based on transcription mediated ampli-

fication assay. This study is reported following the Strengthening

the Reporting of Observational Studies in Epidemiology23 reporting

guideline.

2.5 Statistical analysis

Statistical analyses employed SAS software, version 9.4 or higher

(SAS Institute, Cary, NC). A generalized linear model with an identity

link was used to examine the relationship between sex and disease

progression, adjusting for treatment group and potential prognostic

variables of outcome identifiedbyunivariate analysis andmanual back-

wards selection based on model fit. Variables examined included age,

race, ethnicity, tobacco use, and comorbidities (eg, type 2 diabetes,

hypertension, and coronary artery disease). We report unadjusted and

adjusted risk differences, with 95% confidence intervals. Ab assay

results were positively skewed and so were transformed to a natural

log scale for analyses. The effect of sex on mean change in Ab assay

frombaseline to day 15was evaluated using a generalized linearmodel

with adjustment for the pre-infusion Ab value and treatment arm.

3 RESULTS

Of 511 patients enrolled, median agewas 54 (interquartile range[IQR]:

41–62) years, 46% were male, 66% white, 20% black, and 3.5% Asian.

Table 1 summarizes clinical features for male and female patients.

Males tended to be older, more likely to use tobacco, and more likely

to have coronary artery disease (CAD). Males were also more likely to

be viremic at presentation (unadjusted risk difference of 10.5%, 95%

CI, 2% to 19%). The cohorts had similar median number of COVID-19

symptoms and risk factors for progression to severe disease, butmales

presented 1 day later than females after symptom onset (median time

to presentation was 4 vs. 3 days, respectively).

Progression to severe disease occurred in 31% of patients, consist-

ing of 36.7% of males (87 out of 237) and 25.9% of females (71 out

of 274) with an unadjusted risk difference of 10.8% (95%CI, 2.8% to

18.8%). Figure 1 illustrates the risk of disease progression between

males and females by subgroup. The risk difference between sexeswas

smaller when adjusted for baseline comorbidities (age, tobacco use;

risk difference of 9.3%, 95% CI, 1.3% to 17.4%) and mitigated further

when adjusted for baseline comorbidities and post-infectionmediators

(treatment group, viremia status, symptom onset; risk difference 5.6%,

95% CI, −2.2% to 13.4%, adjusted relative risk 1.3, 95% CI, 0.9 to 1.7).

Themodel was not affected by CAD status.

A statistical interaction was identified between sex and symptom

onset, regardless of symptom onset being treated as a continuous or

categorical variable. Theadjusted riskdifference for thosepresenting3

ormore days after symptom onset was 12.6% (95%CI, 3.4% to 21.9%),

while those presenting less than 3 days was−9.6% (95%CI,−26.5% to

7.3%). Males had a higher risk of disease progression across the oldest

and youngest age groups (Figure 1).

Baseline and day 15 Ab levels were available for 367 of the ran-

domized patients. Mean baseline levels were similar between males

and females 4.24 (95% CI, 4.05 to 4.43) vs. 4.05 (95% CI, 3.86 to 4.24)

(difference, 0.19, 95% CI, −0.08 to 0.46). However, at day 15, after

adjusting for baseline levels and treatment assignment, the log-scale

mean increase from baseline was 3.26 (95% CI, 3.07 to 3.44) for males

and 2.67 (95% CI, 2.49 to 2.85) for females. A similar difference was

noted when groups were subdivided by outcomes (Figure 2A,B), with

males having a larger increase in Ab levels than females, both among

those who did and those who did not progress to the primary outcome

at day 15. The differences between sex at baseline, and the change in

Ab levels, were similar across age groups (Figure 3A,B).

Differences in the primary outcome between sexes in the sub-

group that presented 3 or more days persisted when either the

baseline Ab levels or change in Ab levels from baseline to day 15 were

included in themodel that also adjusted for baseline comorbidities (age

and tobacco use) and post-infection mediators (treatment group and

viremia status).
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TABLE 1 Demographics, baseline characteristics, and outcome.

Male (n= 237) Female (n= 274)

Age in years—median (interquartile range)a 56 (46, 62) 51 (37, 60)

Race—no. (%)

Asian 3 (1.3) 15 (5.5)

Black 43 (18.1) 60 (21.9)

Other 24 (10.1) 29 (10.6)

White 167 (70.5) 170 (62)

Ethnicity—no. (%)

Hispanic or Latino 69 (29.1) 87 (31.8)

Not Hispanic or Latino 167 (70.5) 182 (66.4)

Unknown 1 (0.4) 5 (1.8)

Eligibility risk factors—no. (%)

Age≥ 50a 162 (68.4) 148 (54)

BMI greater than or equal to 30 131 (55.3) 171 (62.4)

Hypertension 102 (43) 114 (41.6)

Tobacco use (current or former)a 82 (34.6) 70 (25.5)

Diabetes mellitus 74 (31.2) 68 (24.8)

COPD or asthma 48 (20.3) 76 (27.7)

Coronary artery diseasea 32 (13.5) 19 (6.9)

Immunosuppression 21 (8.9) 29 (10.6)

Chronic lung disease 14 (5.9) 17 (6.2)

Chronic kidney disease 16 (6.8) 12 (4.4)

Congestive heart failure 13 (5.5) 7 (2.6)

Currently pregnant 0 (0) 6 (3.2)

Organ transplant 3 (1.3) 2 (0.7)

Active cancer 2 (0.8) 2 (0.7)

Sickle cell 1 (0.4) 0 (0)

Number of eligibility risk factors—no. (%)

1 50 (21.1) 67 (24.5)

2 60 (25.3) 70 (25.5)

3 ormore 127 (53.6) 137 (50)

Other comorbidities—no. (%)

Alcohol abuse (current or former) 19 (8) 17 (6.2)

Drug abuse (current or former) 21 (8.9) 14 (5.1)

Thromboembolic disorder 10 (4.2) 15 (5.5)

Liver disease 10 (4.2) 8 (2.9)

Other hematologic disorders 4 (1.7) 13 (4.7)

Number of symptoms at baseline—median (interquartile range) 5 (4, 7) 6 (4,8)

Post-infection characteristics

Symptom duration prior to randomization (day)—median (interquartile range) 4 (2, 6) 3 (2, 5)

Time from randomization to infusion start (min)—median (interquartile range) 80 (61, 109) 81 (64, 111)

Viremia (denominator indicates those with viral data available)a 162/233 (70) 153/259 (59)

Outcome

Composite outcomea—Disease progression within 15 days 87 (36.7) 71 (25.9)

(Continues)
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TABLE 1 (Continued)

Male (n= 237) Female (n= 274)

Outcome components

Seeking emergency or urgent care 24 (10.1) 26 (9.5)

Hospital admission for any reason 63 (26.6) 44 (16.1)

Death without hospitalization 0 (0) 1 (0.4)

ap-values< 0.05 (age: p= 0.002; age≥ 50: p= 0.001; tobacco: p= 0.026; CAD: p= 0.01; viremia: p= 0.02; outcome: p= 0.001). Abbreviation: CAD, coronary

artery disease.

F IGURE 1 Subgroup analysis of disease progression betweenmales and females. RD, risk difference.

4 LIMITATIONS

Our findings have limitations. First, the primary outcome of disease

progression was a composite outcome of all-cause emergency depart-

ment or urgent care visits, hospitalization, and death, hence some

of these events may have been due to baseline comorbid conditions

and not COVID-19 disease progression. Second, even though our

comparative populations were relatively similar, undetected comorbid

differences may have biased the results. Additionally, with numeri-

cally small numbers in each comorbid subset (e.g., there were only

two males and two females, with active cancer), an underpowering

of their representation may have resulted in an inability to detect

a sex-based outcome difference. Lastly, the difference in sex-specific

outcomes may be related to socioeconomic factors and these data

were not captured in our clinical trial. For instance, being unhoused,

having poor social support and transportation problems may lead to

delayed presentation, and those could all influence poorer outcomes.

5 DISCUSSION

In this exploratory analysis of the C3PO study, a multicenter, random-

ized, placebo-controlled trial to determine the effect of convalescent

plasma on disease progression of COVID-19, we found that males pro-
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F IGURE 2 Antibody levels at (A) baseline and (B) change from baseline on day 15. Dx, disease; Ln, natural log.
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F IGURE 3 Antibody level stratified by age and sex: (A) baseline and (B) change from baseline on day 15.
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gressed to severe disease more frequently than females, with a 10.8%

higher absolute risk of the primary outcome, even though the baseline

Ab levelswere similar.However,whenadjusted for baseline comorbidi-

ties and post-infection mediators, the difference only persisted in the

subgroup that presented 3 ormore days from symptomonset. Further-

more, we found that the rise in Ab level was higher inmales, regardless

of outcomes.

To our knowledge, this is the first study examining sex differences

in Ab rise after SARS-CoV-2 infection and the association with dis-

ease progression. Although unadjusted studies have reported up to

three times24,25 mortality difference between males and females,26

studies with adjusted risk analysis have seen a persistent but smaller

difference.27,28 In particular, a study byVahidy et al., of 14,992 positive

cases ofCOVID-19with4785hospitalizations, foundan increasedpos-

itivity rate (adjusted odds ration[aOR] 1.39) and a higher proportion

of serious illness (aOR 1.31) in males after adjusting for demograph-

ics and comorbid conditions. In our study, we found that adjustment

for baseline comorbidities and post-infection mediators (i.e., viremia

status) further mitigated the sex-related differences in the composite

outcome (emergency department visits, hospitalizations, and mortal-

ity). On average, males were 5 years older, with a 12% higher rate of

tobaccouse and10.5%higher incidenceof viremia andpresented1day

later than females. However, outcome differences persisted between

males and femaleswho presented 3 ormore days after symptomonset.

Several mechanisms have been proposed to explain the disparity

in sex-specific outcomes. These include differences in baseline comor-

bidities, risky social behaviors (e.g., noncompliance with handwashing

and wearing masks, smoking), and innate biological differences (e.g.,

protective effect of estrogen in females vs. high concentration of ACE2

receptors and thus high SARS-CoV2 load in males).29–31 Our cohort

had similar baseline comorbidities except for age, tobacco use, and

incidence of CAD (all higher in males). When adjusted for these dif-

ferences, the outcomes were similar in males and females. Moreover,

even though both males and females presented with a similar num-

ber of symptoms, the incidence of viremia was higher in males than

females. When adjusted for viremia status, the difference in outcomes

between males and females was further mitigated. Despite these con-

siderations, we found that the association between sex and outcomes

persistedamongpatientswhopresented3ormoredays after symptom

onset signifying that there may be undetected mediators that require

further investigation.

Sex hormones can play an important role in the immune response,

and thus are hypothesized to contribute to the disparity in COVID-19

outcomes. Although all humans produce estrogen, progesterone, and

testosterone, the amount is variable based on biological sex, age, and

comorbidities.32 Estrogen can be immune stimulating or suppressing

based on the circulating level, and it is proposed to play an important

part in COVID-19 outcome disparities. The release of inflammatory

cytokines, and the subsequent cytokine storm that is well described in

COVID-19, is strongly associated with disease severity.33,34 Estrogen

has been considered as potential mediator due to its ability to modu-

late innate and adaptive immunity.35 Importantly, estrogen levels can

be variable based on age in females. Finally, in a large population-based

study, estrogen exposure (endogenous or in oral contraceptive form)

was found to have a protective effect against Covid-19 symptoms and

hospitalizations.36 However, in this study, the disease progression was

uniform across age groups in females, even in their seventh decade of

life when estrogen is known to be lower. Since our study did not aim to

evaluate the effect of estrogen, we may not have collected all relevant

parameters (e.g., menopausal state, exogenous estrogen use, and hor-

mone replacement therapy) or powered it adequately. Nevertheless,

it is worth noting that in this controlled trial the protective effect of

estrogen in younger females was not appreciated andmore studies are

needed to understand the effect of estrogen.

Lastly, neutralizing Ab titer in response to an infection is the cor-

nerstone of host defense.37 The rapid rise in the SARS-CoV-2 infection

rate, and its subsequent associated mortality, are thought to be the

result of limited prior exposure to the virus. Thus, Ab levels pre- and

post-COVID-19 infections are presumed to be important prognosti-

cators of the disease progression. These theories are the basis for

“immunity passports”, where a certificate showing positive detection

of antibodies allows isolation or quarantine avoidance. The concept

assumes that patients with high Ab levels are protected against re-

infection, and thus transmission as well as contracting severe disease.

However, neutralizing Ab levels are dependent on several factors

including sex, age, and severity of illness and maybe difficult to

interpret.38,39 We found a high level of neutralizing Ab in men, con-

sistent with prior studies; however, we did not observe any protective

effect. Our findings suggest that Ab levels do not explain the full effect

of COVID-19 disease severity, and that the effect of sex needs to be

investigated further.

COVID-19 affected males and females similarly after adjusting

for baseline comorbidities, treatment with convalescent plasma, and

viremia in this study. Males are affected more than females only if pre-

senting 3 or more days after symptom onset. While males had higher

titers of neutralizing antibodies at symptom onset, and a greater rise in

Ab level as a response to infection, thesewere not associatedwith bet-

ter outcomes. Ultimately, more studies are needed to fully understand

the sex disparity in COVID-19 outcomes.
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