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COVID‑19 outcome is not affected 
by anti‑CD20 or high‑titer 
convalescent plasma 
in immunosuppressed patients
Mary J. Kasten 1*, Brian D. Lahr 2, Anusha Parisapogu 3, Zachary A. Yetmar 1,4, 
John C. O’Horo 1,5, Robert Orenstein 6, Pablo Moreno Franco 7, Raymund R. Razonable 1, 
Paschalis Vergidis 1, Aditya S. Shah 1, Mark J. Enzler 1, David J. Inwards 8 & 
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The role of severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2) convalescent plasma in 
the treatment of Coronavirus Disease 2019 (COVID‑19) in immunosuppressed individuals remains 
controversial. We describe the course of COVID‑19 in patients who had received anti‑CD20 therapy 
within the 3 years prior to infection. We compared outcomes between those treated with and those 
not treated with high titer SARS‑CoV2 convalescent plasma. We identified 144 adults treated at Mayo 
clinic sites who had received anti‑CD20 therapies within a median of 5.9 months prior to the COVID‑19 
index date. About one‑third (34.7%) were hospitalized within 14 days and nearly half (47.9%) within 
90 days. COVID‑19 directed therapy included anti‑spike monoclonal antibodies (n = 30, 20.8%), and, 
among those hospitalized within 14 days (n = 50), remdesivir (n = 45, 90.0%), glucocorticoids (n = 36, 
72.0%) and convalescent plasma (n = 24, 48.0%). The duration from receipt of last dose of anti‑CD20 
therapy did not correlate with outcomes. The overall 90‑day mortality rate was 14.7%. Administration 
of convalescent plasma within 14 days of the COVID‑19 diagnosis was not significantly associated with 
any study outcome. Further study of COVID‑19 in CD20‑depleted individuals is needed focusing on 
the early administration of new and potentially combination antiviral agents, associated or not with 
vaccine‑boosted convalescent plasma.

Abbreviations
COVID-19  Coronavirus disease 2019
EUA  Emergency use authorization
FDA  Food and Drug Administration
IQR  Interquartile ranges
NIH  National Institutes of Health
SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2
WHO  World Health Organization

Background and rationale
Coronavirus Disease 2019 (COVID-19) from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection remains a serious threat to immune suppressed persons despite the availability of vaccination, 
improved understanding of its pathophysiology and management. Antiviral agents such as oral nirmatrelvir 

OPEN

1Division of Public Health, Infectious Diseases, and Occupational Medicine, Mayo Clinic, Rochester, MN 55905, 
USA. 2Division of Clinical Trials and Biostatistics, Department of Quantitative Health Sciences, Mayo Clinic, 
Rochester, MN, USA. 3Infectious Diseases Research, Mayo Clinic, Rochester, MN, USA. 4Department of Infectious 
Disease, Integrated Hospital-Care Institute, Cleveland Clinic, Cleveland, OH, USA. 5Division of Pulmonary 
and Critical Care Medicine, Mayo Clinic, Rochester, MN 55905, USA. 6Division of Infectious Diseases, Mayo 
Clinic, Phoenix, AZ, USA. 7Department of Critical Care Medicine, Mayo Clinic, Jacksonville, FL, USA. 8Division 
of Hematology, Emeritus Staff Center, Mayo Clinic, Rochester, MN, USA. *email: mkasten@mayo.edu; 
Bauer.Philippe@mayo.edu

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-48145-x&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21249  | https://doi.org/10.1038/s41598-023-48145-x

www.nature.com/scientificreports/

plus  ritonavir1 and intravenous remdesivir attenuate the severity of COVID-192 and immunomodulator agents 
including  glucocorticoids3–5, Interleukine-6  inhibitors6, and Janus kinase  inhibitors7 modulate the inflamma-
tory response with reduction in mortality of severely ill patients. Anti-spike monoclonal antibodies have also 
been associated with a reduction in hospitalization in high-risk patients with early mild or moderate disease in 
the outpatient setting but their efficacy disappeared with the emergence of resistant SARS-CoV-2  variants8–10. 
The role of SARS-CoV2 convalescent plasma remains  controversial11 but could be beneficial if given early and 
contains high titers of neutralizing  antibodies12. On August 23, 2020, the U.S. Food and Drug Administration 
(FDA) issued an emergency use authorization (EUA) for investigational convalescent plasma for the treatment of 
COVID-19 in hospitalized  patients13. On February 4, 2021, the FDA issued a revision of the EUA for COVID-19 
convalescent plasma to limit the authorization to the use of high titer COVID-19 convalescent plasma only for 
the treatment of hospitalized patients with COVID-19 early in the disease course who have impaired humoral 
immunity and cannot produce an adequate antibody  response14. The National Institutes of Health (NIH) guide-
lines for COVID-19 state that there is insufficient evidence to recommend either for or against the use of high-
titer convalescent plasma for the treatment of COVID-19 in hospitalized or nonhospitalized patients who are 
 immunocompromised15. Vaccination is now the mainstay of the response against the pandemic and has been 
authorized in the US since December 14, 2020, but as of March 1st, 2023, only 69.3% of the US population had 
completed their primary vaccination and only 16.2% have received an updated (bivalent)  booster16.

Patients treated with anti-CD20 therapy (for a variety of diseases such as vasculitis or hematologic malig-
nancies) may be unable to mount an antibody response to natural infection and vaccination. Accordingly, the 
efficacy of vaccines is attenuated in patients with hematologic  conditions17,18. The most common drugs targeting 
the CD20 antigen are rituximab, obinutuzumab and ocrelizumab. A positive SARS-CoV-2 serology is associated 
with a faster resolution of viral shedding than with a negative  serology19. Patients with negative SARS-CoV-2 
serologies who have received anti-CD20 therapy are at risk of prolonged viral  shedding20, smoldering infection, 
more severe clinical  disease21, development of  variants22,  reactivation23 and protracted COVID-19  course24. They 
may be unable to mount a robust anti-inflammatory response due to B-cell  depletion25. Currently, it is unclear 
if the prolonged viral shedding seen with anti-CD20 therapy leads to worse outcomes. For instance, in patients 
with vasculitis, the pre-existing use of glucocorticoids, but not rituximab, and the presence of comorbid chronic 
respiratory disease are the main factors found to be associated with poor outcome in one  study26. Hematologic 
malignancy patients with COVID-19 have a higher mortality than the general population infected with COVID-
19 (40% vs. 3.6%)27–29. These patients have been reported to improve with convalescent  plasma30–37.

Objectives

1. To describe the natural course of COVID-19 in patients previously treated with anti-CD20 therapy for 
diseases including vasculitis and hematologic malignancies. Our hypothesis was that patients who acquire 
COVID-19 preceded by recent anti-CD20 therapy can develop a prolonged course of COVID-19 which is 
not improved by remdesivir and immunomodulator agents alone.

2. To quantify the risk for each outcome (change in the World Health Organization (WHO) ordinal out-
come scale, survival at 30 and 90 days, hospital-free days alive, and number of hospitalizations related to 
COVID-19) among patients with COVID-19 according to the time they had received anti-CD20 therapy. Our 
hypothesis was that patients who acquire COVID-19 may develop more severe illness and be less responsive 
to COVID-19 directed therapy when anti-CD20 therapy was given less than 6 months prior to contracting 
COVID-19.

3. To compare the outcome of patients with COVID-19 who have received anti-CD20 therapy and are treated 
with high titer convalescent plasma aiming at reaching passive seroconversion to those not treated with 
convalescent plasma. Our hypothesis was that patients treated with anti-CD20 therapy within the previous 
6 months have a reduced chance of achieving a full recovery without passive SARS-CoV2 seroconversion 
from convalescent plasma therapy.

Methods
This study followed the guidelines for reporting observational  studies38.

Study design
This was a retrospective cohort study of adult patients with newly diagnosed COVID-19 who received anti-CD20 
therapy within 3 years prior to the development of COVID-19 illness at the initial phase of the pandemic. The 
aims were to describe the clinical course, management, and outcomes in patients treated with anti-CD20 therapy, 
correlate the time since last anti-CD20 treatment with outcomes; and, in the subgroup of patients hospitalized 
early for COVID-19, explore the potential benefits of convalescent plasma transfusion. “Time zero” was con-
sidered the index date when the patient first tested positive for COVID-19, and the time-dependent nature of 
convalescent plasma infusion was explicitly used in the outcome analyses. The primary outcome of interest was 
the change in WHO ordinal outcome score measured at 30-day and 90-day follow-ups; secondary outcomes 
included 90-day mortality and hospital-free days  alive39.

Setting
This study was performed at Mayo Clinic sites in Minnesota, Wisconsin, Florida, and Arizona. The period of 
recruitment spanned from September 01, 2020, to February 28, 2021. Exposure included anti-spike monoclonal 
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antibodies, antivirals, immunomodulators and convalescent plasma whenever administered. The follow up was 
90-days after the first positive SARS-CoV-2 PCR result.

Participants
This study included all adults, 18-year-old and older, diagnosed for the first time with COVID-19 with a positive 
SARS-CoV-2 PCR, enrolled in the Mayo Clinic COVID-19  registry40, and previously treated for either vascu-
litis or hematologic malignancies with anti-CD20 therapy including rituximab, obinutuzumab, or ocrelizumab 
within the past 3 years.

A subgroup of patients who were hospitalized within 14 days of diagnosis was used in a secondary analysis 
for treatment comparison. These patients were categorized into two groups according to whether they received 
high titer convalescent plasma within 14 days from the index date. High titer convalescent COVID-19 plasma 
is based on serologic correlates of neutralizing activity and only plasma that met the FDA’s definition for high 
titer plasma was  used41. The rationale was that hospitalized patients with COVID-19 who recently received 
anti-CD20 therapy are likely to have reached the inflammatory phase of COVID-19, while still having active 
viral replication, persistent shedding, mutations and lack or reduced antibody response. The administration of 
glucocorticoids alone may also prolong infection and prevent  recovery42. Providing patients who are unable to 
mount an antibody response to SARS-CoV-2 with passive immunity using high titer convalescent plasma may 
lead to clinical and laboratory  improvement30. Additionally, convalescent plasma has consistently been shown to 
reduce viral  load20,43. We excluded patients who had declined to have their chart reviewed for research purposes.

The need for ethical approval was waived by Mayo Clinic Institutional Review Board (IRB # 21-001374) and 
registered with the U.S. National Library of Medicine: COVID-19 Infection in Patients Receiving Anti-CD20 
Therapy; NCT04884477: https:// clini caltr ials. gov/ ct2/ show/ NCT04 884477.

Outcomes
The primary outcome of interest was the modified WHO ordinal outcome  score44, a 7-level scale which we meas-
ured at baseline, and at 30-day and 90-day follow-ups. The primary end point for this study was the ordinal assess-
ment at day 30. Secondary outcomes included the 90-day ordinal outcome assessment, as well as mortality and 
hospital-free days alive at 90-day follow up. Hospitalizations were limited to those related to COVID-19 infection.

Data sources/measurement
Subjects were identified using an institutional registry of COVID-19 patients. Data collection was primarily 
based on manual review of the electronic medical records by several investigators. Disagreements were resolved 
by consensus.

Study size
No a priori sample size calculation was performed.

Statistical methods
Statistical analysis was performed using R version 4.0.3 (R Foundation for Statistical Computing, Vienna, Aus-
tria)45. Baseline characteristics are described with medians and interquartile ranges (IQR) for continuous vari-
ables and percentages for categorical variables. The index date a patient first tested positive for COVID-19 was 
considered “time zero” for all follow-up assessments. Frequency of intervening events (e.g., hospitalization, 
convalescent plasma transfusion) and mortality were estimated cumulatively over the 90-day follow-up period 
using the Kaplan–Meier estimator. The relationships between time since last anti-CD20 treatment and study 
outcomes (as measured by the WHO ordinal outcome scale, survival time, and hospital-free days alive) were 
expressed using Spearman’s rank correlation coefficient. Repeated assessments of the ordinal outcome scale for 
an individual were compared using the Wilcoxon signed-rank paired test. For all analyses, P < 0.05 was consid-
ered statistically significant.

Exploratory analysis was conducted on the subgroup of patients hospitalized in the first 14 days to investigate 
the patterns and potential benefits of convalescent plasma transfusion. For descriptive and practical purposes, we 
designated day 14 as a landmark time before which the exposure to treatment (convalescent plasma transfusion) 
was defined and after which the outcomes were measured. Before analyzing outcomes, a propensity analysis was 
undertaken to describe the patterns of treatment with convalescent plasma. The comparability of key baseline 
characteristics between treatment groups was assessed initially using standardized mean differences. The propen-
sity score (i.e., the probability of receiving transfusion by day 14 given the patient’s baseline characteristics) was 
then estimated using multivariable logistic regression and later included as a covariate in the outcome models 
to adjust for confounding.

The risk of outcomes for hospitalized patients treated with versus without convalescent plasma by day 14 was 
assessed using semiparametric regression models. Specifically, we used the proportional odds ordinal logistic 
regression model to analyze the WHO ordinal outcome scale and hospital-free days alive after day 14, and the 
Cox proportional hazards regression model to analyze survival over 90 days. For modeling the ordinal outcome 
scale, an ordinal regression extension for repeated measurements was used to incorporate the 30-day and 90-day 
assessments into a single model. In particular, the model used a robust sandwich variance estimator to account 
for correlated responses from two observations on the same patient, with additional covariates included for the 
follow-up time and the baseline measure of the outcome. For modeling survival, we used an extended form of the 
Cox model for time-dependent covariates to assess the treatment effect over time, thereby allowing analysis of 
the entire 90-day survival curve. To be consistent with the landmark variable, our main time-dependent variable 
for convalescent plasma captured only transfusions given up to day 14; however, in a secondary Cox analysis, we 
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considered a separate time-dependent variable for transfusion at any point during the 90-day follow-up period. 
To allow for nonlinear effects of covariates, the propensity score was modeled (on logit scale) with a linear tail-
restricted cubic spline function, while the baseline ordinal outcome score was modeled as quadratic.

Research involving human participants, data, or biological material
This was a retrospective study that was reviewed and deemed exempt by the Mayo clinic IRB, who waived the 
need for informed consent. All the methods were performed in accordance with relevant institutional guidelines 
and regulations. Participants who declined research authorization were not included.

Results
A total of 144 adults previously treated with anti-CD20 therapy contracted COVID-19 for the first time between 
September 1, 2020, and February 28, 2021 (Table 1). Median age was 63.6 years (IQR 54.0–74.5), 58.3% were 
male, 93.0% were White, and 97.1% were non-Hispanic. The last infusion of anti-CD20 therapy (rituximab, 
92.4%, obinutuzumab, 7.6%) was a median of 5.9 months (2.1–15.7) prior to the date of laboratory-confirmed 

Table 1.  Baseline characteristics. Values represent median (quartile 1 to quartile 3) for continuous variables 
and frequency (percentage) for discrete variables, except when noted otherwise. N is the number of non-
missing values.

Characteristic N
Overall
(N = 144)

Age at diagnosis, years 144 63.6 (54.0–74.5)

Male sex 144 84 (58.3%)

Race 142

 White 132 (93.0%)

 Black 4 (2.8%)

 Asian 4 (2.8%)

 Other 2 (1.4%)

Ethnicity: Hispanic 139 4 (2.9%)

COVID-19 vaccination single dose 144 3 (2.1%)

Body mass index, kg/m2 144 28.4 (24.1–32.6)

Indication for anti-CD20 treatment 144

 Hematologic malignancy 82 (56.9%)

 Solid organ cancer 1 (0.7%)

 Bone marrow transplantation 5 (3.5%)

 Solid organ transplant 3 (2.1%)

 Connective tissue disease 19 (13.2%)

 Vasculitis 14 (9.7%)

 Other 20 (13.9%)

Anti-CD20 drugs 144

 Rituximab 133 (92.4%)

 Obinutuzumab 11 (7.6%)

Time since last anti-CD20 treatment, months 144 5.9 (2.1–15.7)

Co-morbidity 144

 Malignancy 98 (68.1%)

 Renal disease 30 (20.8%)

 Rheumatologic disease 29 (20.1%)

 Chronic obstructive lung disease 29 (20.1%)

 Diabetes mellitus 26 (18.1%)

Charlson index score 144 2 (2–4)

COVID-19 outcome scale, day 0 144

 1: Not hospitalized, no limitation in activity 110 (76.4%)

 2: Not hospitalized, limitation in activity 17 (11.8%)

 3: Hospitalized without oxygen 7 (4.9%)

 4: Hospitalized with oxygen 4 (2.8%)

 5: Noninvasive ventilation or high flow oxygen 6 (4.2%)

 6: Invasive mechanical ventilation or ECMO 0 (0.0%)

 7: Death 0 (0.0%)

 Mean (median, IQR) 1.5 (1, 1–1)
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COVID-19. The most common indication for anti-CD20 treatment was hematologic malignancy (56.9%). Most 
of the patients were not vaccinated; only 3 patients received a single dose of COVID-19 vaccine, including one 
who contracted COVID-19 the same day. More than one-third of our cohort (n = 50, 34.7%) were hospitalized 
within 14 days of their positive test, and nearly half (n = 69, 47.9%) were hospitalized for COVID-19 at some 
point during the 90-day follow-up (Fig. 1). Thirty patients were treated as outpatient with one of two anti-spike 
monoclonal antibodies available at that time (20.8%), most of whom received bamlanivimab (80.0%) while 
the others received casirivimab-imdevimab (20.0%); seven of them had to be hospitalized and two of them 
subsequently received convalescent plasma (Fig. S1). Compared with baseline scores, a statistically significant 
worsening in the WHO ordinal outcome scale was noted at day 30 (P < 0.001) that persisted through day 90 
(P = 0.006), with mean increases from baseline of 0.6 and 0.5 points, respectively for the whole cohort of 144 
patients (Table 2; Fig. S2). The overall mortality rates at 30 and 90 days were 8.3% and 14.7%, respectively. No 
statistically significant correlations were noted between time since anti-CD20 treatment and the WHO ordinal 
outcome score at day 30 (Spearman correlation coefficient ρ = − 0.12, P = 0.141), hospital-free days alive (ρ = 0.12, 
P = 0.167) or overall days alive (ρ = 0.11, P = 0.176) during the 90-day follow-up.

Figure 1.  Cumulative rates of (A) hospitalization and (B) convalescent plasma (within hospitalized subgroup) 
across 90-day follow-up.
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In the subset analysis of 50 patients hospitalized by day 14 (Table S1), laboratory measurements within the 
first 3 days of admission indicated lymphopenia (absolute lymphocytes, 0.7 [0.5–1.1] ×  109/L), with inflammation 
present but relatively mild as indicated by levels of C-reactive protein (62.2 [33.6–99.1] mg/L), d-dimer (900 
[531–1459] ng/mL FEU) and ferritin (559 [250–890] mcg/L). Among hospitalized patients, COVID-19-directed 
therapy included remdesivir (90.0%), glucocorticoids (72.0%) and the percentage of patients receiving convales-
cent plasma, by 14 and 90 days, was 38.0% and 48.0%, respectively. During the 90-day follow-up, rehospitalization 
for COVID-19 was frequent (40.8%).

Nineteen hospitalized patients were transfused with convalescent plasma in the first 14 days of follow-up 
and 31 hospitalized patients were not (Fig. 2). Comparison of baseline descriptors in these 2 groups revealed 
some imbalances, with a tendency for those receiving convalescent plasma by day 14 to be younger, female, 
and having shorter time to hospitalization from diagnosis of COVID-19 and more recent anti-CD20 treatment 
(standardized difference > 0.25 each) (Table S2). Outcomes are reported in these 2 groups (Table 3), (Fig. S3). 
Propensity-adjusted regression analyses did not demonstrate any significant effects of convalescent plasma on 
the primary or secondary outcomes (Table S3).

Discussion
Key results
During the initial phase of the pandemic, 144 mostly unvaccinated patients, who were previously treated with 
anti-CD20 therapy, contracted de novo COVID-19. A fifth of patients received anti-spike monoclonal antibod-
ies. Half of the patients were hospitalized within 90 days; of those hospitalized, most received remdesivir and 
glucocorticoids, and about half of them ultimately received convalescent plasma. At day 90, the overall mortality 
was low, and most patients were clinically doing well, not hospitalized, and off oxygen. The use of convalescent 
plasma in the first 14 days was not associated with a better outcome.

Interpretation
This study underscores the unique challenges faced by clinicians during the early stages of the pandemic in treat-
ing CD20-depleted immunocompromised patients, many of whom had received anti-CD20 treatment within 
six months prior to contracting COVID-19. These patients generally have an undetectable CD20 level and are 

Table 2.  Clinical outcomes. Values represent median (quartile 1 to quartile 3) for continuous outcome 
variables and frequency (percentage) for binary/ordinal outcome variables, except when noted otherwise. N is 
the number of non-missing values. NIV: noninvasive ventilation; HFNO: high flow nasal oxygenation; IMV: 
invasive mechanical ventilation; ECMO: extracorporeal membrane oxygenation. a P < 0.001 and P = 0.006, vs. 
baseline for day 30 and 90, respectively. b P = 0.057, vs. day 30. c P = 0.003 and P = 0.011, vs. baseline for day 30 
and 90, respectively. d P = 0.362, vs. day 30.

Outcome N
Overall
(N = 144)

Hospitalized
(N = 50)

COVID-19 outcome scale, day 30 143

 1: Not hospitalized, no limitation in activity 83 (58.0%) 14 (28.6%)

 2: Not hospitalized, limitation in activity 31 (21.7%) 12 (24.5%)

 3: Hospitalized without oxygen 6 (4.2%) 1 (2.0%)

 4: Hospitalized with oxygen 4 (2.8%) 3 (6.1%)

 5: NIV or HFNO 6 (4.2%) 6 (12.2%)

 6: IMV or ECMO 1 (0.7%) 1 (2.0%)

 7: Death 12 (8.4%) 12 (24.5%)

 Mean (median, IQR) 2.1 (1, 1–2)a 3.5 (2, 1–6)c

COVID-19 outcome scale, day 90 143

 1: Not hospitalized, no limitation in activity 115 (80.4%) 26 (53.1%)

 2: Not hospitalized, limitation in activity 5 (3.5%) 5 (10.2%)

 3: Hospitalized without oxygen 2 (1.4%) 0 (0.0%)

 4: Hospitalized with oxygen 0 (0.0%) 0 (0.0%)

 5: NIV or HFNO 0 (0.0%) 0 (0.0%)

 6: IMV or ECMO 0 (0.0%) 0 (0.0%)

 7: Death 21 (14.7%) 18 (36.7%)

 Mean (median, IQR) 1.9 (1, 1–1)a,b 3.3 (1, 1–7)c,d

Cumulative mortality 144

 Days = 14 4 (2.8%) 4 (8.0%)

 Days = 30 12 (8.3%) 12 (24.0%)

 Days = 90 21 (14.6%) 18 (36.0%)

Hospital readmission, post-day 14 49 – 20 (40.8%)

Hospital-free days alive 143 90.0 (78.0–90.0) 75.0 (12.0–83.0)
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Figure 2.  Hospital event charts for patients treated with (A) and without (B) convalescent plasma (CP) in the 
first 14 days. Each horizontal line in the chart represents an individual patient, while the vertical red line is used 
to reference day 14. Numbers listed on the left are study-assigned subject numbers. Note that subject number 79 
was lost to clinical follow-up following hospital discharge on day 7, although the patient was known to be alive 
on day 90.
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at high risk for adverse outcomes from COVID-19, even if  vaccinated46. We chose to study this highly humor-
ally immunosuppressed group with COVID-19 before widespread availability of SARS-CoV-2 vaccines as we 
hypothesized that they may be the group to benefit most from convalescent plasma which we were unable to 
demonstrate. Many of these patients had an underlying hematologic malignancy which may confer additional 
immunosuppression independent of B cell depletion. This may help explain why there was no correlation with 
the last dose of anti-CD20 therapy on outcomes. The lack of correlation between COVID-19 severity and timing 
of rituximab prior to infection has also been found in other  studies47–49. The high proportion of patients treated 
with remdesivir is consistent with the known benefit of available antiviral agents, especially when given early to 
high-risk patients. A recent study found that high titer convalescent plasma reduced mortality in patients with 
COVID-19 ARDS when given within 5 days of the initiation of invasive mechanical  ventilation50, but, the propor-
tion of patients treated with remdesivir was very low (< 6%). Our findings suggest that patients hospitalized for 
COVID-19 infection in this immunosuppressed cohort may exhibit persistent viral shedding and comparatively 
low inflammation, as indicated by relatively low inflammation markers within three days of initial hospitaliza-
tion. This may justify a prolonged course of antiviral agents as currently suggested by the  NIH15. The high rate 
of rehospitalization for COVID-19 suggests a subacute and indolent infection pattern in this population, which 
raises concerns about the potential emergence of variants of concern due to ongoing or smoldering infection.

Limitations
This study has several limitations. This is a retrospective observational study that is subject to the inherent limita-
tions and biases of such designs. Analysis exploring the therapeutic benefit of convalescent plasma was performed 
only among a limited subset of the study population. Given this small sample and the low observed mortality 
rates, our study was underpowered to detect treatment differences in survival. Regarding the indication for prior 
anti-CD20 therapy (hematological versus non hematological), the hospitalized patients who received plasma 
within 14 days of COVID diagnosis and those who did not were reasonably balanced. However, we did note 
some imbalances in the time since last anti-CD20 treatment, Charlson index score, and in some of the individual 
comorbid conditions in the Charlson score including chronic obstructive lung disease, and diabetes (Table S2). 
However, the final outcomes analyses account for the differences in time since last anti-CD20 treatment and 
Charlson Index (as well as in age, sex, time to hospital admission) by use of propensity score adjustment with 
inclusion of the propensity score as a covariate in these regression models. Even though the level of anti-spike 
or receptor-binding domain (RBD) titers were not provided, only convalescent plasma with high titers could be 

Table 3.  Clinical outcomes according to 14-day treatment groups with or without convalescent plasma 
(CP). Values represent median (quartile 1 to quartile 3) for continuous outcome variables and frequency 
(percentage) for binary/ordinal outcome variables. N is the number of non-missing values. *One patient was 
lost to follow up early on and was therefore not included in the responses for the COVID outcome scale.

Outcome N CP (N = 19) No CP (N = 31)

COVID outcome scale, day 30 49*

 1: Not hospitalized, no limitation in activity 5 (27.8%) 9 (29.0%)

 2: Not hospitalized, limitation in activity 5 (27.8%) 7 (22.6%)

 3: Hospitalized without oxygen 0 (0.0%) 1 (3.2%)

 4: Hospitalized with oxygen 1 (5.6%) 2 (6.5%)

 5: Noninvasive ventilation or high flow oxygen 1 (5.6%) 5 (16.1%)

 6: Invasive mechanical ventilation or ECMO 1 (5.6%) 0 (0.0%)

 7: Death 5 (27.8%) 7 (22.6%)

 Mean (median, IQR) 3.6 (2, 1–7) 3.5 (2, 1–5)

COVID outcome scale, day 90 49*

 1: Not hospitalized, no limitation in activity 8 (44.4%) 18 (58.1%)

 2: Not hospitalized, limitation in activity 3 (16.7%) 2 (6.5%)

 3: Hospitalized without oxygen 0 (0.0%) 0 (0.0%)

 4: Hospitalized with oxygen 0 (0.0%) 0 (0.0%)

 5: Noninvasive ventilation or high flow oxygen 0 (0.0%) 0 (0.0%)

 6: Invasive mechanical ventilation or ECMO 0 (0.0%) 0 (0.0%)

 7: Death 7 (38.9%) 11 (35.5%)

 Mean (median, IQR) 3.5 (2, 1–7) 3.2 (1, 1–7)

Cumulative mortality 50

 Days = 14 2 (10.5%) 2 (6.5%)

 Days = 30 5 (26.3%) 7 (22.6%)

 Days = 90 7 (36.8%) 11 (35.5%)

Post-14-day hospital outcomes

Hospital readmission 45 7 (43.8%) 13 (44.8%)

Hospital-free days alive 45 67.5 (15.8–76.0) 66.0 (10.0–76.0)
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delivered by the transfusion center as per FDA mandate. Furthermore, plasma treatment was neither randomized 
nor defined at the time of diagnosis, and attempting to compare dynamic, non-random treatment regimens is 
difficult. Our analysis incorporated time-dependent plasma measures and propensity adjustment techniques, 
although the sample size limited the number of baseline factors included in the propensity score. The use of anti-
spike monoclonal antibodies was limited, as their use was restricted to patients diagnosed early and able to initiate 
treatment within 7 days of onset of symptoms. Convalescent plasma was not authorized in the outpatient setting 
at that time and therefore was only administered to inpatients who may have also received remdesivir, which is 
now proven effective when given  early2. The potential synergistic effect of convalescent plasma when combined 
with antiviral therapies requires further investigation. The hypothesis that administering convalescent plasma 
at an earlier stage in outpatient settings for severely immunosuppressed patients may be promising but warrants 
additional  research51. Vaccine-boosted convalescent plasma may be useful when there is high resistance to anti-
spike monoclonal antibodies or particularly if variants resistant to current antivirals  emerge52. Although high 
titer convalescent plasma was used, the actual composition of antibodies is unpredictable, limiting conclusion 
regarding its effectiveness. Viral load and cycle threshold were not measured. CD20 count was not measured, 
and the actual degree of immunosuppression is not known. Semi-quantitative COVID-19 antibody testing for 
nucleocapsid protein was rarely performed in this study. Moreover, a positive test after convalescent plasma does 
not guarantee passive immunity. Finally, this study included patients before vaccines were widely available. Even 
in patients with impaired immunity, vaccination has proven to be  beneficial53.

Generalizability
This study was limited to a single large institution, but it included several medical centers across 4 states in the 
U.S. increasing its external validity. Also, the state of care has dramatically changed with new antivirals, vaccina-
tions, and improved inpatient care.

Conclusion
Patients receiving anti-CD20 therapy with COVID-19 infection frequently needed hospitalization and often 
developed ongoing or smoldering infection. With the incomplete adherence to vaccination in the general popu-
lation, the resistance to previously authorized anti-spike monoclonal antibodies, and the uncertainty about the 
efficacy of convalescent plasma against future variants, further study of COVID-19 in CD20-depleted individuals 
is needed that focuses on the early administration of new and potentially combination antiviral agents, associated 
or not with vaccine-boosted convalescent  plasma54,55.

Data availability
Data will be available upon reasonable request by writing to the corresponding author. We will ensure data is 
completely deidentified before it is shared.

Received: 22 September 2023; Accepted: 22 November 2023

References
 1. Hammond, J. et al. Oral nirmatrelvir for high-risk, nonhospitalized adults with covid-19. N. Engl. J. Med. 386, 1397–1408. https:// 

doi. org/ 10. 1056/ NEJMo a2118 542 (2022).
 2. Gottlieb, R. L. et al. Early remdesivir to prevent progression to severe covid-19 in outpatients. N. Engl. J. Med. 386, 305–315. https:// 

doi. org/ 10. 1056/ NEJMo a2116 846 (2022).
 3. RECOVERY Collaborative Group et al. Dexamethasone in hospitalized patients with covid-19. N. Engl. J. Med. 384, 693–704. 

https:// doi. org/ 10. 1056/ NEJMo a2021 436 (2021).
 4. The Writing Committee for the REMAP-CAP Investigators. Effect of hydrocortisone on mortality and organ support in patients 

with severe COVID-19: The remap-cap COVID-19 corticosteroid domain randomized clinical trial. JAMA 324, 1317–1329. https:// 
doi. org/ 10. 1001/ jama. 2020. 17022 (2020).

 5. Cano, E. J. et al. Impact of corticosteroids in coronavirus disease 2019 outcomes: Systematic review and meta-analysis. Chest 159, 
1019–1040. https:// doi. org/ 10. 1016/j. chest. 2020. 10. 054 (2021).

 6. REMAP-CAP Investigators et al. Interleukin-6 receptor antagonists in critically ill patients with covid-19. N. Engl. J. Med. 384, 
1491–1502. https:// doi. org/ 10. 1056/ NEJMo a2100 433 (2021).

 7. Kalil, A. C. et al. Baricitinib plus remdesivir for hospitalized adults with covid-19. N. Engl. J. Med. 384, 795–807. https:// doi. org/ 
10. 1056/ NEJMo a2031 994 (2021).

 8. Chen, P. et al. SARS-CoV-2 neutralizing antibody LY-CoV555 in outpatients with covid-19. N. Engl. J. Med. 384, 229–237. https:// 
doi. org/ 10. 1056/ NEJMo a2029 849 (2021).

 9. Weinreich, D. M. et al. REGN-COV2, a neutralizing antibody cocktail, in outpatients with covid-19. N. Engl. J. Med. 384, 238–251. 
https:// doi. org/ 10. 1056/ NEJMo a2035 002 (2021).

 10. COVID-19 Treatment Guidelines Panel. Statement on Tixagevimab Plus Cilgavimab (Evusheld) as Pre-Exposure Prophylaxis of 
COVID-19. Coronavirus Disease (COVID-19) Treatment Guidelines (2023, accessed 4 Apr 2023). https:// www. covid 19tre atmen 
tguid elines. nih. gov/ thera pies/ state ment- on- evush eld/.

 11. Janiaud, P. et al. Association of convalescent plasma treatment with clinical outcomes in patients with COVID-19: A systematic 
review and meta-analysis. JAMA 325, 1185–1195. https:// doi. org/ 10. 1001/ jama. 2021. 2747 (2021).

 12. Joyner, M. J. et al. Convalescent plasma antibody levels and the risk of death from covid-19. N. Engl. J. Med. 384, 1015–1027. 
https:// doi. org/ 10. 1056/ NEJMo a2031 893 (2021).

 13. FDA News Release. FDA issues emergency use authorization for convalescent plasma as potential promising COVID–19 treatment, 
another achievement in administration’s fight against pandemic (2023, accessed 4 Apr 2023). https:// www. fda. gov/ news- events/ 
press- annou nceme nts/ fda- issues- emerg ency- use- autho rizat ion- conva lesce nt- plasma- poten tial- promi sing- covid- 19- treat ment.

 14. FDA In Brief: FDA updates emergency use authorization for COVID-19 convalescent plasma to reflect new data (2023, accessed 4 
Apr 2023). https:// www. fda. gov/ news- events/ fda- brief/ fda- brief- fda- updat es- emerg ency- use- autho rizat ion- covid- 19- conva lesce 
nt- plasma- refle ct- new- data.

https://doi.org/10.1056/NEJMoa2118542
https://doi.org/10.1056/NEJMoa2118542
https://doi.org/10.1056/NEJMoa2116846
https://doi.org/10.1056/NEJMoa2116846
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1001/jama.2020.17022
https://doi.org/10.1001/jama.2020.17022
https://doi.org/10.1016/j.chest.2020.10.054
https://doi.org/10.1056/NEJMoa2100433
https://doi.org/10.1056/NEJMoa2031994
https://doi.org/10.1056/NEJMoa2031994
https://doi.org/10.1056/NEJMoa2029849
https://doi.org/10.1056/NEJMoa2029849
https://doi.org/10.1056/NEJMoa2035002
https://www.covid19treatmentguidelines.nih.gov/therapies/statement-on-evusheld/
https://www.covid19treatmentguidelines.nih.gov/therapies/statement-on-evusheld/
https://doi.org/10.1001/jama.2021.2747
https://doi.org/10.1056/NEJMoa2031893
https://www.fda.gov/news-events/press-announcements/fda-issues-emergency-use-authorization-convalescent-plasma-potential-promising-covid-19-treatment
https://www.fda.gov/news-events/press-announcements/fda-issues-emergency-use-authorization-convalescent-plasma-potential-promising-covid-19-treatment
https://www.fda.gov/news-events/fda-brief/fda-brief-fda-updates-emergency-use-authorization-covid-19-convalescent-plasma-reflect-new-data
https://www.fda.gov/news-events/fda-brief/fda-brief-fda-updates-emergency-use-authorization-covid-19-convalescent-plasma-reflect-new-data


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21249  | https://doi.org/10.1038/s41598-023-48145-x

www.nature.com/scientificreports/

 15. COVID-19 Treatment Guidelines Panel. COVID-19 Treatment Guidelines: COVID-19 Convalescent Plasma (2023, accessed 15 
Sep 2023). https:// www. covid 19tre atmen tguid elines. nih. gov/ thera pies/ antiv irals- inclu ding- antib ody- produ cts/ covid- 19- conva 
lesce nt- plasma/.

 16. Centers for Disease Control and Prevention. COVID Data Tracker, COVID-19 Vaccinations in the United States (2023, accessed 
3 Mar 2023). https:// covid. cdc. gov/ covid- data- track er/# vacci natio ns_ vacc- people- boost er- perce nt- pop5.

 17. Sun, C., Pleyer, C. & Wiestner, A. COVID-19 vaccines for patients with haematological conditions. Lancet Haematol. 8, e312–e314. 
https:// doi. org/ 10. 1016/ S2352- 3026(21) 00073-9 (2021).

 18. Herishanu, Y. et al. Efficacy of the BNT162b2 mRNA COVID-19 vaccine in patients with chronic lymphocytic leukemia. Blood 
137, 3165–3173. https:// doi. org/ 10. 1182/ blood. 20210 11568 (2021).

 19. Harvey, R. A. et al. Association of SARS-CoV-2 seropositive antibody test with risk of future infection. JAMA Intern. Med. 181, 
672–679. https:// doi. org/ 10. 1001/ jamai ntern med. 2021. 0366 (2021).

 20. Biernat, M. M. et al. Early administration of convalescent plasma improves survival in patients with hematological malignancies 
and COVID-19. Viruses 13, 436. https:// doi. org/ 10. 3390/ v1303 0436 (2021).

 21. Avouac, J. et al. COVID-19 outcomes in patients with inflammatory rheumatic and musculoskeletal diseases treated with rituximab: 
A cohort study. Lancet Rheumatol. 3, e419–e426. https:// doi. org/ 10. 1016/ S2665- 9913(21) 00059-X (2021).

 22. Hensley, M. K. et al. Intractable coronavirus disease 2019 (COVID-19) and prolonged severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) replication in a chimeric antigen receptor-modified T-cell therapy recipient: A case study. Clin. Infect. Dis. 
73, e815–e821. https:// doi. org/ 10. 1093/ cid/ ciab0 72 (2021).

 23. Lancman, G., Mascarenhas, J. & Bar-Natan, M. Severe COVID-19 virus reactivation following treatment for B cell acute lympho-
blastic leukemia. J. Hematol. Oncol. 13, 131. https:// doi. org/ 10. 1186/ s13045- 020- 00968-1 (2020).

 24. Hughes, C. M. et al. Clinical illness with viable severe acute respiratory coronavirus virus 2 (SARS-CoV-2) virus presenting 72 
days after infection in an immunocompromised patient. Infect. Control Hosp. Epidemiol. 43, 820–822. https:// doi. org/ 10. 1017/ ice. 
2021. 120 (2022).

 25. Vardhana, S. A. & Wolchok, J. D. The many faces of the anti-COVID immune response. J. Exp. Med. 217, e20200678. https:// doi. 
org/ 10. 1084/ jem. 20200 678 (2020).

 26. Rutherford, M. A. et al. Risk factors for severe outcomes in patients with systemic vasculitis and COVID-19: A binational, registry-
based cohort study. Arthrit. Rheumatol. 73, 1713–1719. https:// doi. org/ 10. 1002/ art. 41728 (2021).

 27. Kim, J. S. et al. Clinical characteristics and mortality of patients with hematologic malignancies and COVID-19: A systematic 
review. Eur. Rev. Med. Pharmacol. Sci. 24, 11926–11933. https:// doi. org/ 10. 26355/ eurrev_ 202011_ 23852 (2020).

 28. Vijenthira, A. et al. Outcomes of patients with hematologic malignancies and COVID-19: A systematic review and meta-analysis 
of 3377 patients. Blood 136, 2881–2892. https:// doi. org/ 10. 1182/ blood. 20200 08824 (2020).

 29. Sharma, A. et al. Clinical characteristics and outcomes of COVID-19 in haematopoietic stem-cell transplantation recipients: An 
observational cohort study. Lancet Haematol. 8, e185–e193. https:// doi. org/ 10. 1016/ S2352- 3026(20) 30429-4 (2021).

 30. Kenig, A., Ishay, Y., Kharouf, F. & Rubin, L. Treatment of B-cell depleted COVID-19 patients with convalescent plasma and plasma-
based products. Clin. Immunol. 227, 108723. https:// doi. org/ 10. 1016/j. clim. 2021. 108723 (2021).

 31. Hueso, T. et al. Convalescent plasma therapy for B-cell-depleted patients with protracted COVID-19. Blood 136, 2290–2295. 
https:// doi. org/ 10. 1182/ blood. 20200 08423 (2020).

 32. Ferrari, S., Caprioli, C., Weber, A., Rambaldi, A. & Lussana, F. Convalescent hyperimmune plasma for chemo-immunotherapy 
induced immunodeficiency in COVID-19 patients with hematological malignancies. Leuk. Lymphom. 62, 1490–1496. https:// doi. 
org/ 10. 1080/ 10428 194. 2021. 18720 70 (2021).

 33. Thompson, M. A. et al. Association of convalescent plasma therapy with survival in patients with hematologic cancers and COVID-
19. JAMA Oncol. 7, 1167–1175. https:// doi. org/ 10. 1001/ jamao ncol. 2021. 1799 (2021).

 34. Gerber, V. et al. Protracted SARS-CoV-2 pneumonia with rituximab treatment: About two cases. J. Med. Virol. 93, 4141–4144. 
https:// doi. org/ 10. 1002/ jmv. 26921 (2021).

 35. Hamilton, F. W., Lee, T., Arnold, D. T., Lilford, R. & Hemming, K. Is convalescent plasma futile in COVID-19? A Bayesian re-
analysis of the RECOVERY randomized controlled trial. Int. J. Infect. Dis. 109, 114–117. https:// doi. org/ 10. 1016/j. ijid. 2021. 06. 034 
(2021).

 36. Senefeld, J. W. et al. Use of convalescent plasma in COVID-19 patients with immunosuppression. Transfusion 61, 2503–2511. 
https:// doi. org/ 10. 1111/ trf. 16525 (2021).

 37. Senefeld, J. W. et al. COVID-19 convalescent plasma for the treatment of immunocompromised patients: A systematic review and 
meta-analysis. JAMA Netw. Open 6, e2250647. https:// doi. org/ 10. 1001/ jaman etwor kopen. 2022. 50647 (2023).

 38. von Elm, E. et al. The strengthening the reporting of observational studies in epidemiology (STROBE) statement: Guidelines for 
reporting observational studies. Equator Network (2023, accessed 18 Jan 2023). https:// www. equat or- netwo rk. org/ repor ting- guide 
lines/ strobe/.

 39. Tong, A. et al. Core outcome measures for trials in people with coronavirus disease 2019: Respiratory failure, multiorgan failure, 
shortness of breath, and recovery. Crit. Care Med. 49, 503–516. https:// doi. org/ 10. 1097/ CCM. 00000 00000 004817 (2021).

 40. O’Horo, J. C. et al. Outcomes of COVID-19 with the Mayo Clinic model of care and research. Mayo Clin. Proc. 96, 601–618. https:// 
doi. org/ 10. 1016/j. mayocp. 2020. 12. 006 (2021).

 41. O’Shaughnessy, J. Revised Letter of Authorization (2021, accessed 9 Nov 2023). https:// www. fda. gov/ media/ 141477/ downl oad.
 42. Jeny, F. et al. Correspondence on “glucocorticoid-induced relapse of COVID-19 in a patient with sarcoidosis”. Ann. Rheum. Dis. 

81, e241. https:// doi. org/ 10. 1136/ annrh eumdis- 2020- 218957 (2022).
 43. Kim, M. S., An, M. H., Kim, W. J. & Hwang, T. H. Comparative efficacy and safety of pharmacological interventions for the treat-

ment of COVID-19: A systematic review and network meta-analysis. PLoS Med. 17, e1003501. https:// doi. org/ 10. 1371/ journ al. 
pmed. 10035 01 (2020).

 44. Rubio-Rivas, M. et al. WHO ordinal scale and inflammation risk categories in COVID-19. Comparative study of the severity scales. 
J. Gen. Intern. Med. 37, 1980–1987. https:// doi. org/ 10. 1007/ s11606- 022- 07511-7 (2022).

 45. R Core Team. R: A language and environment for statistical computing. R Foundation for statistical computing, Vienna, Austria 
(2020, accessed 18 Jan 2023). https:// www.R- proje ct. org/.

 46. Smith, J. B., Gonzales, E. G., Li, B. H. & Langer-Gould, A. Analysis of rituximab use, time between rituximab and SARS-CoV-2 
vaccination, and COVID-19 hospitalization or death in patients with multiple sclerosis. JAMA Netw. Open 5, e2248664. https:// 
doi. org/ 10. 1001/ jaman etwor kopen. 2022. 48664 (2022).

 47. Levavi, H., Lancman, G. & Gabrilove, J. Impact of rituximab on COVID-19 outcomes. Ann. Hematol. 100, 2805–2812 (2021).
 48. Booth, S. et al. Key findings from the UKCCMP cohort of 877 patients with haematological malignancy and COVID-19: Disease 

control as an important factor relative to recent chemotherapy or anti-CD20 therapy. Br. J. Haematol. 196, 892–901 (2021).
 49. McKay, K. A. et al. Rituximab infusion timing, cumulative dose, and hospitalization for COVID-19 in persons with multiple 

sclerosis in Sweden. JAMA. Netw. Open. 4, e2136697. https:// doi. org/ 10. 1001/ jaman etwor kopen (2021).
 50. Misset, B. et al. Convalescent plasma for Covid-19-induced ARDS in mechanically ventilated patients. NEJM 389, 1590–1600 

(2023).
 51. Levine, A. C. et al. COVID-19 convalescent plasma outpatient therapy to prevent outpatient hospitalization: A meta-analysis of 

individual participant data from five randomized trials. Clin. Infect. Dis. 76, 2077–2086 (2023).

https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-products/covid-19-convalescent-plasma/
https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-products/covid-19-convalescent-plasma/
https://covid.cdc.gov/covid-data-tracker/#vaccinations_vacc-people-booster-percent-pop5
https://doi.org/10.1016/S2352-3026(21)00073-9
https://doi.org/10.1182/blood.2021011568
https://doi.org/10.1001/jamainternmed.2021.0366
https://doi.org/10.3390/v13030436
https://doi.org/10.1016/S2665-9913(21)00059-X
https://doi.org/10.1093/cid/ciab072
https://doi.org/10.1186/s13045-020-00968-1
https://doi.org/10.1017/ice.2021.120
https://doi.org/10.1017/ice.2021.120
https://doi.org/10.1084/jem.20200678
https://doi.org/10.1084/jem.20200678
https://doi.org/10.1002/art.41728
https://doi.org/10.26355/eurrev_202011_23852
https://doi.org/10.1182/blood.2020008824
https://doi.org/10.1016/S2352-3026(20)30429-4
https://doi.org/10.1016/j.clim.2021.108723
https://doi.org/10.1182/blood.2020008423
https://doi.org/10.1080/10428194.2021.1872070
https://doi.org/10.1080/10428194.2021.1872070
https://doi.org/10.1001/jamaoncol.2021.1799
https://doi.org/10.1002/jmv.26921
https://doi.org/10.1016/j.ijid.2021.06.034
https://doi.org/10.1111/trf.16525
https://doi.org/10.1001/jamanetworkopen.2022.50647
https://www.equator-network.org/reporting-guidelines/strobe/
https://www.equator-network.org/reporting-guidelines/strobe/
https://doi.org/10.1097/CCM.0000000000004817
https://doi.org/10.1016/j.mayocp.2020.12.006
https://doi.org/10.1016/j.mayocp.2020.12.006
https://www.fda.gov/media/141477/download
https://doi.org/10.1136/annrheumdis-2020-218957
https://doi.org/10.1371/journal.pmed.1003501
https://doi.org/10.1371/journal.pmed.1003501
https://doi.org/10.1007/s11606-022-07511-7
https://www.R-project.org/
https://doi.org/10.1001/jamanetworkopen.2022.48664
https://doi.org/10.1001/jamanetworkopen.2022.48664
https://doi.org/10.1001/jamanetworkopen


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21249  | https://doi.org/10.1038/s41598-023-48145-x

www.nature.com/scientificreports/

 52. Ripoll, J. G. et al. Vaccine-boosted convalescent plasma therapy for patients with immunosuppression and COVID-19. Blood Adv. 
6, 5951–5955 (2022).

 53. Cook, L. B. et al. Third primary SARS-CoV-2 mRNA vaccines enhance antibody responses in most patients with haematological 
malignancies. Nat Commun. 13, 6922. https:// doi. org/ 10. 1038/ s41467- 022- 34657-z (2022).

 54. Trottier, C. A. et al. Dual antiviral therapy for persistent coronavirus disease 2019 and associated organizing pneumonia in an 
immunocompromised host. Clin. Infect. Dis. 76, 923–925 (2023).

 55. Ford, E. S. et al. Successful treatment of prolonged, severe coronavirus disease 2019 lower respiratory tract disease in a B cell acute 
lymphoblastic leukemia patient with an extended course of remdesivir and nirmatrelvir/ritonavir. Clin. Infect. Dis. 76, 926–929 
(2023).

Acknowledgements
We thank Dr. Gina A. Suh for assistance with data extraction and Erica Barthels for editing and formatting 
assistance.

Author contributions
Authors M.J.K., B.D.L., Z.A.Y., J.C.O., M.J.E., D.J.I., R.R.R., A.S.S., P.V., P.R.B. were all involved with conception 
and design of the study.Authors M.J.K., A.P., Z.A.Y., J.C.O., M.J.E., P.M.F., R.O., R.R.R., A.S.S., P.V., P.R.B. were all 
involved in data acquisition.Authors M.J.K., B.D.L., A.P., Z.A.Y., J.C.O., M.J.E., D.J.I., P.M.F., R.O., R.R.R., A.S.S., 
P.V., P.R.B. were all involved in data interpetation.All Authors M.J.K., B.D.L., A.P., Z.A.Y., J.C.O., M.J.E., D.J.I., 
P.M.F., R.O., R.R.R., A.S.S., P.V., P.R.B. were involved with drafting and approving the manuscript.

Funding
This study was internally funded by a discretionary grant from the Division of Pulmonary Medicine and Critical 
Care at Mayo Clinic in Rochester, Minnesota.

Competing interests 
Mary J. Kasten, M.D.: Stockholder: Abbott Laboratories, AbbVie, Amgen, Eli Lilly, Bristol Myers Squib, Amgen, 
Merck, GlaxoSmithKline, Baxter International, Pfizer, CVS Health Corporation, Viatris Inc, Medtronic, Zim-
mer Biomet, Masimo Corp, Takeda PharmaceuticalJohn C. O’Horo, M.D., M.P.H.: Grants from Nference, Inc 
and the MITRE corporation for COVID-19 research unrelated to the present work.Raymund R. Razonable, 
M.D.: research grants (funds to the institution) from Gilead, Regeneron and Roche; member of the Data and 
Safety Monitoring Board (Novartis) and Endpoint Adjudication Committee (Allovir); member of the Board of 
Directors, American Society of TransplantationPaschalis Vergidis, M.D.: research support from Ansun, Cidara, 
Scynexis and consultant AbbVie with all fees being paid to Mayo ClinicAll other authors declare no conflicts 
of interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 48145-x.

Correspondence and requests for materials should be addressed to M.J.K. or P.R.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41467-022-34657-z
https://doi.org/10.1038/s41598-023-48145-x
https://doi.org/10.1038/s41598-023-48145-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	COVID-19 outcome is not affected by anti-CD20 or high-titer convalescent plasma in immunosuppressed patients
	Background and rationale
	Objectives
	Methods
	Study design
	Setting
	Participants
	Outcomes
	Data sourcesmeasurement
	Study size
	Statistical methods
	Research involving human participants, data, or biological material

	Results
	Discussion
	Key results
	Interpretation
	Limitations
	Generalizability

	Conclusion
	References
	Acknowledgements


