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Abstract

Background

Limited therapeutic options exist for coronavirus disease 2019 (COVID-19). COVID-19 con-
valescent plasma (CCP) is a potential therapeutic, but there is limited data for patients with
moderate-to-severe disease.

Research question

What are outcomes associated with administration of CCP in patients with moderate-to-
severe COVID-19 infection?

Study design and methods

We conducted a propensity score-matched analysis of patients with moderate-to-severe
COVID-19. The primary endpoints were in-hospital mortality. Secondary endpoints were
number of days alive and ventilator-free at 30 days; length of hospital stay; and change in
WHO scores from CCP administration (or index date) to discharge. Of 151 patients who
received CCP, 132 had complete follow-up data. Patients were transfused after a median of
6 hospital days; thus, we investigated the effect of convalescent plasma before and after
this timepoint with 77 early (within 6 days) and 55 late (after 6 days) recipients. Among
3,217 inpatients who did not receive CCP, 2,551 were available for matching.

Results

Early CCP recipients, of whom 31 (40%) were on mechanical ventilation, had lower 14-day
(15% vs 23%) and 30-day (38% vs 49%) mortality compared to a matched unexposed
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cohort, with nearly 50% lower likelihood of in-hospital mortality (HR 0.52, [95% CI1 0.28—
0.96]; P=0.036). Early plasma recipients had more days alive and ventilator-free at 30 days
(+3.3 days, [95% CI 0.2 to 6.3 days]; P=0.04) and improved WHO scores at 7 days (-0.8,
[95% CI: -1.2 t0 -0.4]; P=0.0003) and hospital discharge (-0.9, [95% CI: -1.5t0-0.3]; P=
0.004) compared to the matched unexposed cohort. No clinical differences were observed
in late plasma recipients.

Interpretation

Early administration of CCP improves outcomes in patients with moderate-to-severe
COVID-19, while improvement was not observed with late CCP administration. The impor-
tance of timing of administration should be addressed in specifically designed trials.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a positive-sense, single-
stranded RNA virus of the Coronaviridae family, is the etiologic agent of Coronavirus disease
2019 (COVID-19) and is responsible for greater than 126 million global infections and approx-
imately 2.7 million deaths since December 2019 [1-3]. During the first 6 months of the
COVID-19 pandemic, treatment was largely supportive. In June 2020 the Randomized Evalua-
tion of Covid-19 Therapy (RECOVERY) trial reported that dexamethasone reduced mortality
in patients on respiratory support; thus, corticosteroids have become standard of care for
patients on supplementary oxygen [4, 5]. Furthermore, remdesivir, a nucleotide analogue that
disrupts viral replication, is the only other pharmacologic approved for COVID-19 in the
United States [6], although with little to no effect on mortality or clinical course in hospitalized
patients [7]. No additional therapeutics have yet to show efficacy in hospitalized patients with
COVID-19.

Convalescent plasma containing antibodies generated following pathogens’ exposure has
been employed in past epidemics as a means of passively transferring immunity from individ-
uals with resolved infection. In addition to antibody-mediated protection via neutralization,
therapeutic antibodies can directly induce cellular cytotoxicity, complement activation, and
phagocytosis. Furthermore, convalescent plasma may contain beneficial anti-inflammatory
cytokines, defensins, and pentraxins that quell a severe inflammatory response [8]. During the
SARS [9] epidemic in 2003 and more recently during the HIN1 [10] pandemic of 2009, treat-
ment with convalescent plasma resulted in significant mortality reduction.

In the current pandemic, single-arm observational studies have reported administration of
COVID-19 convalescent plasma (CCP) to patients with mild to severe COVID-19 with vari-
able results and limited cohort sizes [11-15]. Two randomized open-label trials were termi-
nated prior to full enrollment; one due to drop in local COVID-19 incidence and a second due
to concerns that the recruited cohort had preexisting anti-SARS-CoV-2 antibodies prior to
enrollment [16, 17]. A third, randomized open-label trial of 464 hospitalized adults with mod-
erate COVID-19 failed to show benefit in 28-day mortality or progression to severe disease;
however, the study was limited by low or undetectable antibody titers in the donor plasma
[18]. Most recently, a randomized, double-blinded, placebo-controlled trial found that admin-
istration of higher-titer CCP within 72 hours after symptom onset among mildly infected
older adults reduced risk of progression to severe respiratory disease by 48% [19].
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There is increasing evidence that clinical response to CCP might depend on the timing of
administration. We conducted a propensity score matched analysis in one of the largest
reported cohort of hospitalized patients with moderate-to-severe COVID-19 to investigate
outcomes associated with early versus late transfusion of CCP.

Methods

Study design

This was a cohort study that included 3,368 patients hospitalized with moderate (supplemental
oxygen flow rate of >3L/min) to severe or life-threatening (respiratory failure, shock, or
multi-organ failure) COVID-19 managed within the Yale New Haven Health system
(YNHHS) from March 8, 2020 to July 25, 2020. Of those, a total of 151 patients were transfused
with CCP. We dichotomized the cohort based on the median time to CCP administration (6
days; interquartile range: 3, 11 days): The early CCP cohort received treatment within 6 days
of hospitalization, while the late CCP cohort received treatment after 6 days of hospitalization.
This cut-off was consistent with transfusion time used in another study [15]. For the early or
late CCP cohorts, we conducted distinct propensity score matchings to generate two 1:1
matched unexposed cohorts, as previously described [20]. Index dates for the unexposed
patients were assigned corresponding to the day of CCP administration within each matched
pair.

This study was approved by the Yale University Institutional Review Board (HIC#:
2000027871) with a waiver of informed consent.

Eligibility and selection of convalescent plasma recipients

In April 2020 the U.S. Food and Drug Administration (FDA) provided physicians access to
convalescent plasma through the US National Expanded Access Program (EAP), which was
led by the Mayo Clinic (IRB# 20-003312). Patients hospitalized with COVID-19 within
YNHHS were screened for eligibility to receive CCP through the EAP based on shared deci-
sion making between the Convalescent Plasma Clinical Team, primary medical team, and the
patient or Legally Authorized Representative. Patients were eligible to receive CCP if they were
18 years of age or older, had a laboratory confirmed diagnosis of SARS-CoV-2 infection, were
hospitalized within YNHHS with COVID-19 complications, and had moderate-to-severe dis-
ease as indicated by the following characteristics: 1. Supplementary oxygen requirements
(>3L/min nasal cannula) with pulmonary infiltrates on chest imaging; 2. Refractory acute
respiratory failure; 3. Septic shock; or 4. Multisystem organ dysfunction. Absolute contraindi-
cation to the administration of CCP was confirmed new thromboembolic event. Relative con-
traindications were: 1. Confirmed or high suspicion for bacterial or fungal infection; 2.
Suspicion of a new thromboembolic event; 3. Recent significant hemorrhage; 4. High risk for
hemorrhage and on therapeutic anticoagulation; and 5. Severe IgA deficiency. At least two
physicians on the Convalescent Plasma Clinical Team reviewed each CCP request and
approved them based on the adherence to the inclusion criteria and absolute or relative
contraindications.

Convalescent plasma donors

CCP was obtained from the hospital system’s blood suppliers, including New York Blood Cen-
ter (New York, NY), Rhode Island Blood Center (Providence, RI), and the American Red
Cross (Farmington, CT). Over the course of the study period the criteria for eligibility for CCP
donation was modified by the FDA, though generally required PCR-confirmed diagnosis of
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COVID-19 and complete resolution of symptoms for greater than 14 days prior to donation.
The units transfused were not labeled by the blood suppliers with an anti-SARS-CoV-2 IgG
titer.

Preparation and administration of convalescent plasma

Each patient received one unit of ABO compatible CCP, with a typical unit being approxi-
mately 200 mL in volume. Units were thawed on demand once requested and the patient was
confirmed to have met all eligibility criteria.

Outcome measures

The primary endpoint was in-hospital mortality. Time was censored on the date of discharge
or administratively on August 3, 2020, the date of closure of data extraction. Secondary end-
points included days alive and free from mechanical ventilation 30 days post-index date, length
of hospital stay post CCP or index date in the unexposed cohort, and change in 8-point WHO
ordinal scale at 7 days post CCP or index date and at hospital discharge (S1 Table in S1 File).

Statistical analysis

Patient demographics and pre-existing comorbidities were collected at admission. Vital signs,
oxygen therapy, concomitant medications, and laboratory tests were collected longitudinally
during the hospitalization. Descriptive statistics were used to summarize patient demographics
and clinical characteristics. In bivariate analysis, two-sample Student’s t-test, Wilcoxon rank-
sum test, Chi-square or Fisher’s exact tests were used for comparisons of exposed and unex-
posed cohorts, as appropriate.

Two separate propensity-score matches were carried out to select unexposed patients for
the early CCP cohort or unexposed patients for the late CCP cohort (S2 and S3 Figs in S1
File). CCP recipients were matched with unexposed patients using both propensity scores and
exact matching on the worst WHO scores preceding CCP administration or index date, and
on administration of remdesivir. No replacement was allowed for matching, and matched
unexposed patients in the early cohort were allowed in the late cohort. The standardized mean
difference between matched groups was set at < 0.25. Because of the stringent exact matching
criteria, the optimal algorithm that minimized differences between the matching pairs was
only able to yield 1:1 unexposed match. Group comparisons were performed to confirm
expected balance between matched groups. For each matched cohort, a multivariate logistic
regression model was fitted to estimate the probability of receiving CCP within the specified
time frame and create propensity for each individual (S2 Table in S1 File). The models
included demographic and clinical characteristics at hospital admission; concomitant medica-
tions, laboratory results prior to CCP administration, and supplemental oxygen status as
covariates. The list of covariates is presented in S2 Table in S1 File.

For the primary analysis, we used the Kaplan-Meier product-limit estimator to estimate the
hospital mortality function. We compared CCP exposed and unexposed patients for the early
and for the late cohorts using the log-rank test. Mortality at 14 days and 30 days post CCP or
index date was estimated and reported with 95% confidence intervals. Secondary outcomes
were analyzed using mixed effects models or ordinal logistic regression with robust variance
estimation to compare treatment groups with their respective matched unexposed cohort. The
effect sizes are presented as mean difference with 95% confidence interval. A two-sided alpha
level of 0.05 was required for statistical significance. All statistical analyses were performed
using SAS 9.4 (Cary, NC) software.

PLOS ONE | https://doi.org/10.1371/journal.pone.0254453  July 28, 2021 4/15


https://doi.org/10.1371/journal.pone.0254453

PLOS ONE

Early but not late convalescent plasma is associated with better survival in moderate-to-severe COVID-19

Results

Of 3,368 patients with confirmed SARS-CoV-2 infection within YNHHS, 151 eligible patients
received CCP under the US National Expanded Access Program (Fig 1). Among the CCP
recipients, 80 received CCP within 6 days after admission, and 71 received CCP after 6 days of
hospitalization. Of those who received CCP, 3 early and 16 late recipients were excluded from
propensity score matching due to missing laboratory values and/or supplemental oxygen
information during the first week of hospitalization, leaving a total of 77 CCP patients in the
early cohort and 55 CCP patients in the late cohort available for inclusion in the analyses. One
of three excluded early recipients died (33%), and 9 out of 16 excluded late recipients died
(56.3%). Among 3,217 SARS-CoV-2 positive hospitalized patients who did not receive CCP
transfusion, 666 were excluded from the unexposed cohort due to incomplete clinical data,
leaving 2,551 patients eligible for propensity score matching.

Baseline demographic characteristics and clinical factors for the early and late cohorts are
summarized in Table 1. Overall, age, sex, race, ethnicity, BMI, and Charlson Comorbidity
Index were equally distributed between the CCP and the unexposed group. Likewise, the mean
maximum WHO score prior to the index date and the level of supplemental oxygen were com-
parable between CCP and unexposed group. Baseline laboratory values obtained prior to CCP

YNHHS inpatients with COVID-19
positive testing 3/8/2020-7/25/2020:

n=3368
v l
Received convalescent Did not receive convalescent
plasma: n=151 plasma: n=3217
\ 4 \ 4
Early cohort: n=80 Late cohort: n=71 Excluded: n=666
Patients received Patients received ¢ NoO,>3L:n=097
plasma within 6 days plasma after 6 days * iNissing valuestin=o69

Excluded: n=3
o Missing values: n=3

Excluded: n=16
e Missing values: n=16

A\ 4

Candidate controls: n=2551

Y \4

Propensity score matching: n=77 Propensity score matching: n=55

Fig 1. Consort selection tree. Patient disposition in the observational cohort analysis.

https://doi.org/10.1371/journal.pone.0254453.9001
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Table 1. Baseline demographic characteristics and clinical factors.

All Patients CCP Early Unexposed Early P value | CCP Late Unexposed Late P value

(N =3368) (n=77) (n=77) (n=55) (n=55)
Demographics
Age, years 64 + 20 60 + 14 62+17 0.49 66+ 13 66 + 15 0.95
Gender, n (%) 0.87 0.12
Female 1718 (51) 34 (44) 35 (46) 17 (31) 25 (46)
Male 1650 (49) 43 (56) 42 (55) 38 (69) 30 (55)
Race, n (%) 0.98 0.33
White 1610 (48) 24 (31) 24 (31) 24 (44) 27 (49)
Black or AA 870 (26) 18 (23) 17 (22) 10 (18) 14 (26)
Other 888 (26) 35 (46) 36 (47) 21 (38) 14 (26)
Ethnicity, n (%) 0.74 0.68
Hispanic or Latino 873 (256) 33 (43) 31 (40) 19 (35) 17 (31)
Other 2495 (74) 44 (57) 46 (60) 36 (66) 38 (69)
BMI 30 (8) 33 (11) 33 (10) 0.97 31(7) 32(8) 0.73
Comorbidities
Charlson Comorbidity Index 5+4 4+3 4+34 0.43 5+3 5+3 0.82
Hypertension, n (%) 2322 (69) 43 (55) 45 (58) 0.74 43 (78) 44 (80) 0.81
Diabetes mellitus, n (%) 1354 (40) 27 (35) 30 (39) 0.62 28 (51) 28 (51) 1.00
Chronic kidney disease, n (%) 851 (32) 11 (14) 18 (23) 0.15 23 (42) 14 (26) 0.07
Chronic lung disease, n (%) 1095 (33) 24 (31) 26 (34) 0.73 19 (35) 21(38) 0.69
Heart disease (CVD), n (%) 792 (24) 11 (14) 12 (16) 0.82 9 (16) 9 (16) 1.00
Smoke, n (%) 0.87 0.85
Never smoke 1482 (44) 29 (38) 28 (36) 19 (35) 17 (31)
Current/former smoker 1886 (56) 48 (62) 49 (64) 36 (66) 38 (70)
Max WHO scale 4+1 5+1 51 1.00 6+1 6+1 1.00
O, by face mask or nasal cannula, n (%) | 1265 (39) 4(5.2%) 4(5.2%) 1.00 2(4) 2 (4) 1.00
Non-Invasive ventilation or high-flow 810 (24) 41 (53) 41 (53) 1.00 24 (44) 24 (44) 1.00
O,,n (%)
Intubation and mechanical ventilation, | 386 (12) 31 (40) 31 (40) 1.00 29 (53) 29 (53) 1.00
n (%)
Max FiO, 35+27 76 £ 35 65+ 37 0.08 76 £ 34 68 + 36 0.23
ECMO, n (%) 10 (1) 0 2(3) 050 | 1(2) 1(2) 1.00
Lab value (maximum value prior to index treatment day)
ALC, x 1000/ul 1.7+59 1.4+ 0.6 1.4+0.7 0.70 1.7+ 3.8 1.3+£0.5 0.45
D-dimer, mg/L 4.7+59 9.4+10.8 9.3+10.2 0.96 8.2+8.6 6.2+55 0.17
Creatinine, mg/dL 36.9 (92.1) 67.5(176.7) 72.5 (186.1) 0.86 53.0 (90.1) 44.9 (80.2) 0.62
AST, U/L 114 + 503 354 +1352 113 + 128 0.12 139 + 162 136 £ 157 0.92
ALT, U/L 76 190 185 + 445 92 + 109 0.08 81.2 £ 86.1 101 + 141 0.38
ALP,U/L 104 + 79 117 + 88 98 + 41 0.09 107 + 66 102 + 69 0.70
NT-proBNP, pg/mL 33+9.6 13+£23 1.8+£59 0.50 41+11.2 3.0+9.1 0.58
Fibrinogen, mg/dL 575+ 157 654 £143 643 £120 0.62 674 £139 597 £ 139 0.005
C-reactive protein, mg/dL 12.5+8.7 17.7 £ 8.0 17.7 £ 8.1 0.96 17.8 £ 8.4 158 £7.2 0.17
Medications, n (%)
Hydroxychloroquine 2229 (66) 53 (69) 53 (69) 1.00 53 (96) 48 (87) 0.16
Dexamethasone 67 (2) 4 (5) 4 (5) 1.00 3(5) 1(2) 0.62
Remdesivir 305 (9) 38 (49) 38 (49) 1.00 13 (24) 13 (24) 1.00
Received within 6 days 226 (7) 30 (39) 30 (39) 10 (18) 10 (18)
Received after 6 days 74 (2) 8 (10) 8 (10) 3(6) 3(6)

(Continued)
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Table 1. (Continued)

All Patients CCP Early Unexposed Early P value | CCP Late Unexposed Late P value
(N =3368) (n=77) (n=77) (n=55) (n=55)
Tocilizumab 1304 (39) 69 (90) 67 (87) 0.38 53 (96) 46 (84) 0.03*
Pressor use, n (%) 528 (16) 35 (46) 31 (40) 0.51 42 (76) 33 (60) 0.07

Comparative baseline demographics, comorbidities, laboratory values, and medications among of all COVID-19 patients, early CCP recipients, late CCP recipients and
the respective early/late unexposed cohorts. P-values represent significance of bivariate analyses using Student’s t-test, Wilcoxon rank-sum test, Chi-square or Fisher’s
exact tests to compare exposed and unexposed cohorts as appropriate. Abbreviations: ALC = absolute lymphocyte count, ALT = alanine transaminase, AST = aspartate
aminotransferase, BMI = body mass index, CCP = COVID-19 convalescent plasma, ECMO = extracorporeal membrane oxygenation, NT-proBNP = N-terminal-pro b-
type natriuretic peptide.

*,**, and *** correspond to significant p-values for comparison between groups of <0.05, <0.01, and <0.001 respectively.

https://doi.org/10.1371/journal.pone.0254453.t001

administration or index date were similar among the CCP and unexposed group, with the
exception of mean fibrinogen level which was higher in the CCP treated group compared with
the unexposed group in the late cohort. Concomitant medications, including hydroxychloro-
quine, remdesivir, tocilizumab, and dexamethasone were well balanced in the early cohort.
Tocilizumab was administered more frequently in the CCP group compared with the unex-
posed group in the late cohort (Table 1).

Primary endpoint

In the propensity score matched analysis, the estimated in-hospital mortality was 15% by day
14 among early CCP recipients, compared with 23% in their matched unexposed cohort. At
day 30, estimated in-hospital mortality was 38% in early CCP recipients compared to 49% in
their matched unexposed cohort (Table 2). Overall, early CCP recipients were nearly 50% less
likely to die in the hospital compared to patients in the matched unexposed cohort (HR 0.52,
[95% CI 0.28 to 0.96]; P = 0.036) (Fig 2A). In contrast, there were no differences in mortality

Table 2. Primary and secondary study endpoints.

CCP Early |Unexposed Difference or HR p-value |CCP Late |Unexposed Difference or HR p-value

Early (95% CI) Late (95% CI)
Primary outcomes
14-day mortality 15% 23% 0.52 (0.28, 0.96) 0.036* 28% 29% 0.98 (0.53, 1.83) 0.95
30-day mortality 38% 49% 42% 47%
Secondary outcomes
Alive and mechanical ventilation-
free, days (SD) 214 (116) | 18.1 (12.6) 3.3(0.2,6.3) 0.04* 13.4(123) |169(128) | -35(-86,17) 0.18
Length of hospitalization, days | 18.4 (16.3, | 17.5(14.9, 1.0 (-2.4,4.4) 0.57 24.7 (22.6, |19.9(16.9, 4.9(1.2,8.5) 0.01*
(95% CI) | 20.7) 20.1) 26.8) 22.9)
WHO score on index date, mean | 5.2 (0.7) 4.9(0.9) 0.3 (0.2,0.5) 0.0002*** | 5.7 (0.5) 5.3(0.9) 0.4 (0.1, 0.6) 0.0001***
(SD)
WHO score change at 7-days, | -0.5(1.1) | 0.3 (1.6) 0.8 (-1.2,-0.4) 0.0003*** | 0 (1.3) 0.2 (1.6) 0.2 (-0.3,0.8) 0.41
mean (SD)
Change of WHO score at | -0.7 (2.0) 0.2(2.2) -0.9 (-1.5,-0.3) 0.004** -0.1(2.3) -0.4(2.1) 0.6 (-0.4, 1.5) 0.23

discharge, mean (SD)

Table reports primary and secondary outcomes for the two separate propensity score matched cohorts of early and late transfused patients. CCP effect on mortality is
reported as a hazard ratio and secondary outcomes report differences in days or WHO score, each with 95% confidence intervals and p-values shown. Differences in
alive and mechanical ventilation free days are measured at 30-days post index. Length of hospitalization is measured from index day.

*,**, and *** correspond to significant p-values for comparison between groups of <0.05, <0.01, and <0.001 respectively.

https://doi.org/10.1371/journal.pone.0254453.t1002
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among late CCP recipients compared to their matched unexposed cohort (HR 0.98, [95% CI
0.53 to 1.83]; P = 0.95) (Fig 2B, Table 2). In the late cohort, the estimates of 14-day and 30-day
in-hospital mortality were 28% vs 29% and 42% vs 47%, comparing CCP recipients vs matched
unexposed patients, respectively.

Secondary endpoints

The early CCP cohort had more days “alive and ventilator free” by 30 days post-index date
compared with their matched unexposed cohort (mean 3.3 days, [95% CI 0.2 to 6.3]; P = 0.04,
Table 2). There were no differences comparing CCP recipients and matched unexposed
patients in the late cohort (mean -3.5 days, [95% CI -8.6 to 1.7]; P = 0.18).

In the early CCP cohort, WHO scores were significantly lower at 7 days post administration
or post index date (difference in means -0.8, [95% CI -1.2 to -0.4]; P = 0.0003) and at hospital
discharge (difference in means -0.9, [95% CI -1.5 to -0.3]; P = 0.004) compared to their
matched unexposed cohort. Early CCP recipients were nearly twice as likely to demonstrate an
improvement in their WHO scores at discharge from baseline index day scores (OR 1.9, [95%
CI 1.1to 3.3]; P = 0.02, Fig 3A, Table 2). 42.9% of CCP recipients on mechanical ventilation at
baseline (WHO score of 6) no longer required supplementary oxygen at the time of discharge
(WHO score of 3) compared to 36.4% of unexposed matches (S1 Fig in S1 File). There were
no differences in length of hospital stay post treatment or index date (mean, 18.4 days vs 17.5
days, P = 0.57) or likelihood of discharge (HR for discharge 0.9, 95% CI 0.6 to 1.3; P = 0.46).

In the late cohort, there were no differences in WHO scores at day 7 (mean +0.2, [95% CI
-0.3 t0 0.8]; P = 0.41) or at discharge (mean +0.6, [95% CI -0.4 to 1.5]; P = 0.23) between CCP
recipients and their matched unexposed cohort (Fig 3B, Table 2). The change from baseline
(CCP transfusion or index date) to discharge in WHO scores was not different either (OR 0.6
[95% CI 0.3 to 1.3]; P = 0.22). Hospital length of stay was longer in CCP recipients compared
with unexposed matches, (mean, 24.7 days vs 19.9 days, P = 0.01), although the likelihood of
discharge was not different (HR for discharge 0.6, 95% CI 0.3 to 1.1) (Table 2).

Adverse outcomes

No immediate transfusion-related adverse events were observed after CCP administration in
any of the cohorts and no transfusion reactions were reported to the blood bank.

Discussion

In this cohort study of CCP transfusion in patients with moderate-to-severe COVID-19, we
found a nearly 50% lower in-hospital mortality, fewer days spent on mechanical ventilation,
and greater improvement in WHO scores after early administration of CCP (within 6 days of
hospitalization) when compared to a propensity score-matched unexposed cohort. When
administered after 6 days of hospitalization, CCP transfusion was not associated with
improved mortality or clinical outcomes.

On August 23, 2020, the FDA granted Emergency Use Authorization for the use of CCP in
the management of COVID-19 based on preliminary analysis of the EAP which found that
CCP administered within 3 days of admission produced clinical benefit. Specifically, the obser-
vational study reported by Joyner et al. found lower 30-day mortality in patients who received
plasma within 72 hours of first positive SARS-CoV-2 PCR compared to patients transfused
after 72 hours [14]. There is a growing body of literature supporting a biological rationale for
the early administration of CCP as a means to enhance response to this treatment [15, 21-24].
Active viral shedding is highest within the first week of symptoms, with peak replication occur-
ring within the first 5 days [21, 22]. Moreover, antibody responses to SARS-CoV-2 start to

PLOS ONE | https://doi.org/10.1371/journal.pone.0254453  July 28, 2021 8/15


https://doi.org/10.1371/journal.pone.0254453

PLOS ONE Early but not late convalescent plasma is associated with better survival in moderate-to-severe COVID-19

A Product-Limit Survival Estimates
With Number of Subjects at Risk
104 + Censored
Logrank p=0.0367
0.8
z 06 l——a——i e I
& g
-g S
S 04+ I
; Ean
I
0.2 fo e e —
0.0
T T T T T T T
0 10 20 30 40 50 60
Follow-up time since treatment (days)
No. at Risk | Group 1: CCP recipient — — — 2: Matched control |
1 14 59 27 12 8 5 4
144 37 23 14 - 1 0
B Product-Limit Survival Estimates
With Number of Subjects at Risk
1.0 4 + Censored
Logrank p=0.9471
0.8
2 06 B
g
B
€ 04+
=1
w
0.2 1
0.0 1
T T T T T T T
0 10 20 30 40 50 60
Follow-up time since treatment (days)
No. at Risk | Group 1; CCP recipient — — — 2: Matched control |
1 55 45 25 15 7 3 1
2 55 35 19 13 7 4 3

PLOS ONE | https://doi.org/10.1371/journal.pone.0254453  July 28, 2021 9/15


https://doi.org/10.1371/journal.pone.0254453

PLOS ONE Early but not late convalescent plasma is associated with better survival in moderate-to-severe COVID-19

Fig 2. Kaplan-Meier curves of survival in early (A) and late (B) convalescent plasma recipients vs respective matched unexposed
patients. Shown are Kaplan-Meier estimates of survival from time of index in (A) early CCP recipients (solid line) vs matched
unexposed patients (dashed line) (B) late CCP recipients (solid line) vs matched unexposed patients (dashed line). Survival improved
for early CCP at 14-days (15% vs 23%) and 30-days (38% vs 49%) compared to matched unexposed patients (HR 0.52, [95% CI 0.28-
0.96]; p = 0.0367). There was no difference in mortality at 14-days (28% vs 29%) or 30-days (42% vs 47%) among late CCP recipients
compared to their matched unexposed patients (HR 0.98,[95% CI 0.53to 1.83]; p = 0.95). Censoring is indicated by the tick mark “+”
with number by each ten-day interval marked below the number at risk.

https://doi.org/10.1371/journal.pone.0254453.g002

develop in the first week, with antiviral immunoglobulin peaks by day 22 of symptoms [23].
With the SARS epidemic of 2003, Cheng et. al. described higher hospital discharge and lower
mortality in patients who received anti-SARS convalescent plasma prior to 14 days after the
onset of illness [9]. This is also consistent with data observed by Libster and colleagues, who
found a 48% relative risk reduction in developing severe respiratory disease in older adults
receiving CCP within 72 hours after the onset of mild COVID-19 symptoms [19]. However,
this aforementioned study failed to detect any benefit in mortality due to very few deaths.
Another small study using propensity score matched method reported benefit for patients
with severe COVID receiving CCP within 7 days with a HR of 0.34 [15]. The results of our
investigation support these findings utilizing a larger sample size and suggest that the adminis-
tration of CCP after the first week of hospitalization does not attain the same results as earlier
CCP administration.

In contrast, there have been multiple randomized controlled trials of CCP with negative
findings, the most recent being the CCP arm of RECOVERY, which found no benefit in mor-
tality, mechanical ventilator liberation or hospital discharge [25]. An important distinction
from the present study is that the median time to CCP in RECOVERY was 9 days from symp-
toms. Zeng and colleagues reported that administration of CCP 21 days after initial

-
o
1

A B
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30+ ] 30+
25%
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2 20- 1
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WHO score change

Fig 3. Histogram plots of WHO ordinal scale scores before and after intervention in the early (A) and late CCP (B) compared to matched unexposed cohorts. Shown is a
histogram of the change is WHO COVID-19 severity score from time of index to discharge in (A) early CCP recipients (gray solid bars) vs matched unexposed patients
(black solid bars) (B) late CCP recipients (gray dashed bars) vs matched unexposed patients (black solid bars). WHO scores in (A) early CCP recipients were significantly
improved at discharge (difference in mean -0.9, [95% CI -1.5 to -0.3]; p = 0.004) when compared to unexposed patients. Relative to the unexposed patients, early CCP
recipients were nearly twice as likely to demonstrate an improvement in their WHO scores at discharge from baseline index day scores (OR 1.9,[95% CI 1.1 to 3.3];

p =0.02). Among (B) late CCP recipients, there was no effect of CCP on WHO scores at discharge (difference in mean +0.6, [95% CI -0.4 to 1.5]; p = 0.23). The odds ratio
for improvement at discharge was 0.6 (95% CI 0.3 to 1.3; p = 0.22).

https://doi.org/10.1371/journal.pone.0254453.9003
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SARS-CoV-2 detection failed to improve survival despite successful viral clearance [26]. Simo-
novich et al. also reported no benefit to CCP in patients who had a median time from symp-
toms onset to CCP transfusion of 8 days in a recent study [27]. Indeed, our findings in the late
cohort are consistent with this prior work and further emphasize the importance of early
administration of CCP to achieve clinical improvement.

It is important to note that 40% of early CCP recipients in our cohort were on mechanical
ventilation, suggesting that the clinical benefits of early CCP administration extend to even
patients who are critically ill. Although previous uncontrolled case series reported improve-
ment in mechanically ventilated patients who received CCP [28, 29], an open-label, random-
ized trial by Li et. al. failed to demonstrate any significant clinical improvement in a small
subset of patients with life-threatening COVID-19 [16], although fewer patients in the CCP
group died compared to unexposed patients [16]. To our knowledge, our study is among the
first to report significant clinical benefit with early administration of CCP in hospitalized
patients with moderate-to-severe COVID-19.

Interestingly, in our study late CCP recipients had longer lengths of hospitalization than
their matched unexposed counterparts despite having similar likelihood of discharge, mortal-
ity, and WHO scores at day 7 and discharge. Future studies should help elucidate potential
explanations for these observations.

Limitations

The interpretation of our findings is limited by the observational nature of the study. However,
propensity score matching to parse electronic medical record data is a valid and commonplace
method in medical research [20, 30]. Matching characteristics were comparable between
exposed and unexposed patients. We acknowledge that it is possible that despite the adequate
matching, patients in the late cohort were intrinsically different from matched unexposed
patients, and indication bias might have played a stronger role, or the late administration of
CCP might not be an adequate rescue intervention. While results from multi-center, random-
ized, controlled trials will be available in the future, our study is the first adequately powered to
evaluate CCP for use in moderate-to-severe disease.

Although other studies may use different cut-offs for timing of CCP administration, our
study used hospitalization date as a reliable time point that could be easily implemented to
guide hospital treatment algorithms. It would be more challenging to establish timing of treat-
ment based on the date of symptom onset, because initial COVID-related symptoms are often
more difficult to precisely identify, and even more so in the early stages of the pandemic.
Symptom onset information was also not feasible to obtain for our entire 2,551 patient cohort
used for propensity matching. Another limitation of the present study is that each pool of
plasma was unique without individual titer levels available, given that data for this study were
collected prior to a validated serologic test. This information on donor plasma would have
enabled us to confirm a dose-response relationship, supporting the concept of the biological
effects of CCP.

Conclusion

Among patients hospitalized with moderate-to-severe COVID-19, administration of CCP
within 6 days of hospitalization in conjunction with standard of care treatment was associated
with improved in-hospital mortality compared to standard of care treatment alone. Further-
more, the early administration of CCP was associated with increased 30-day alive and ventila-
tor free days and improved WHO ordinal scale scores compared with the matched unexposed
cohort. However, these associations were not observed among patients transfused 7 days or
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later into their hospital course. Further clinical trials are required to confirm the efficacy and
safety of CCP, especially considering the importance of timing of administration, in order to
address the limitations of this propensity-matched analysis and confirm our findings.
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