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ARTICLE INFO ABSTRACT

Keywords: Monoclonal antibody treatment of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection has
SARS-CoV-2 been widely implemented. Effects of treatment on the endogenous primary humoral response to the virus are
COVID-19

unknown. A retrospective cohort study performed at a Veterans Health Administration medical center compared
serologic responses of treated and untreated COVID-19 patients at high risk for severe outcomes. Three anti-viral
spike protein IgG monoclonal treatments were used during the study period, 1) bamlanivimab, 2) casirivimab
with imdevimab, and 3) bamlanivimab with etesevimab. Data were analyzed at acute (0-9 days), seroconversion
(10-19 days), and maximum antibody (20-39 days) stages. SARS-Cov-2 infection induced a dynamic primary
humoral response with anti-spike IgM and anti-nucleocapsid IgG seroconversion occurring after 9 days with
maximum serologic indices achieved by 20-39 days. All monoclonal antibody treatments suppressed the
endogenous anti-spike IgM response by 85-90% with minor effect on the anti-nucleocapsid response. Thus,

Monoclonal antibody
Humoral immunity
Passive immunization

passive immunization therapy may cause immunologic interference.

1. Introduction

The urgency surrounding the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) viral pandemic invoked intensive devel-
opment of novel therapies to prevent or ameliorate disease. Some
received Emergency Use Authorization (EUA) by the Food and Drug
Administration (FDA) while the full evaluation of efficacy and safety is
ongoing. Among these are neutralizing IgG monoclonal antibody (mAb)
preparations for passive immunization. These antibodies are directed
against SARS-CoV-2 viral surface spike (S) protein, blocking binding to
host cells via the angiotensin converting enzyme 2 (ACE2) receptor
[1,2]. Single agent bamlanivimab (BAM), as well as therapeutic com-
bination preparations, casirivimab (CAS) plus imdevimab (IMD) and

bamlanivimab plus etesevimab (ETE), have been employed along with
other emerging formulations. When administered to patients in the early
stage of infection, these agents reportedly reduce Coronavirus Disease
2019 (COVID-19)-related hospitalization and emergency room visits in
patients at high risk for disease progression compared to placebo [3-5],
but there is limited information regarding effects on endogenous im-
munity. Experimental animal studies suggest that the endogenous anti-
viral humoral response is abrogated by passive immunization with IgG
antibodies [6], but effects in humans have yet to be fully investigated. To
address this issue, we undertook a retrospective cohort study in a Vet-
erans Affairs healthcare system where these agents were regularly
administered.

Abbreviations: ACE2, angiotensin converting enzyme 2; anti-N, anti-SARS-CoV-2 nucleocapsid protein antibodies; anti-S, anti-SARS-CoV-2 spike protein anti-
bodies; BAM, bamlanivimab; CAS, casirivimab; BMI, body mass index; CDC, Center for Disease Control; COVID-19, Coronavirus Disease 2019; eGFR, estimated
glomerular filtration rate; ETE, etesevimab; EUA, emergency use authorization; FDA, Food and Drug Administration; IMD, imdevimab; mAb, monoclonal antibody;;

VHA, Veterans Health Administration.
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2. Materials and methods
2.1. Study design and data source

A retrospective cohort study approach was used for this investiga-
tion. The VA Ann Arbor Healthcare system electronic medical record
was queried for a list of all unique patients with both a positive SARS-
CoV-2 PCR test and SARS-CoV-2 serologic data recorded during the
study period of March 2020 to May 2021. Utilizing this list, a manual
chart review was performed to identify any patient who had received
mAb therapy, forming the treatment group, and those who did not
receive mAb therapy, forming the untreated group. Patients who were
vaccinated, had evidence of primary SARS-CoV-2 infection outside the
study period, were previously treated with anti-SARS-CoV-2 mAb, or
were undergoing either B or T cell immunosuppressive therapies were
excluded.

Data collected included age, gender, symptom onset date, medical
comorbidities, administered COVID-19-specific therapies, disease out-
comes, as well as date and results of SARS-CoV-2 RT-PCR along with
available corresponding cycle threshold (Ct) values, SARS-CoV-2 anti-
gen, and SARS-CoV-2 serologic tests. Clinical outcomes measures
included COVID-19 related emergency room visits, hospitalizations, and
deaths. The study received full review by the local institutional review
board (IRB) and was approved with waiver of informed consent.

2.2. Patient selection and characteristics

All patients presented to the VA Ann Arbor Healthcare System for
diagnosis, treatment, and monitoring. The overall population was 90%
male and represented both outpatient and hospitalized individuals with
an average age of 66 (range 23-94). Study patients had to have mild to
moderate COVID-19 symptoms within 10 days of symptom onset, with
high-risk comorbidities for progression to severe COVID-19.

Of 150 mAb treated patients, 64 had sufficient charted information
to assess clinical outcomes; 40 of which had simultaneous diagnostic
SARS-CoV-2 RT-PCR and antigen testing at presentation, and 38 had
concurrent serologic testing. Of over 200 untreated patients, 34 had
sufficient charted clinical, diagnostic, and concurrent serologic data to
be compared with the treated group. Cohort group demographic and
clinical data are summarized in Table 1.

2.3. Monoclonal antibody therapies

Three EUA anti-SARS-CoV-2 spike protein-specific IgG monoclonal
antibody treatments were administered as single intravenous infusions

Table 1
Patient group characteristics.
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from December 2020 through April 2021 at recommended doses: 700
mg bamlanivimab (BAM) as a single agent, or the combination treat-
ments of 1200 mg casirivimab plus 1200 mg imdevimab (CAS + IMD),
or 700 mg bamlanivimab plus 1400 mg etesevimab (BAM + ETE).
Treatment inclusion criteria and dosages were based on published CDC
and FDA EUA guidance active during the time of use [7-9]. Pharma-
cologic details of each mAb are provided in Supplementary Table 1.

2.4. Polymerase chain reaction (RT-PCR) assays

Two FDA EUA vendor supplied rapid RT-PCR assays were employed,
Xpert® Xpress SARS-CoV-2 (Cepheid, Sunnyvale, CA) and BioFire®
Respiratory 2.1 Panel (bioMerieux. Marcy-l‘Etoile, France) [10,11].
These are rapid assays with reported lower limits of detection of 250 and
500 viral gene copies/ml, respectively. The Xpert® Xpress test targets
sequences of the nucleocapsid, envelope and RNA-dependent RNA po-
lymerase genes. The BioFire assay targets 3 non-overlapping sequences
in the viral ORFlab and ORF8 genes. The Xpert® Xpress platform pro-
vides cycle threshold (Ct) values for the confirmatory N gene which
represent a rough estimate of viral load. Both assays underwent local
performance validations.

2.5. Antigen assay

Viral antigen was detected in nasal turbinate swabs using the FDA
EUA BD Veritor™ System, a chromatographic digital immunoassay for
the direct qualitative detection of SARS-CoV-2 nucleocapsid (N) anti-
gens during the acute phase of infection [12].

2.6. Serologic assays

Endogenously elicited anti-spike (S) IgM and anti-nucleocapsid (N)
IgG antibodies were detected in serum specimens using an FDA EUA
chemiluminescent assay on an automated immunoanalyzer (Abbott
Laboratories, Chicago, IL). Assay specificities and sensitivities are as
follows: anti-N IgG, 100 and 99%; Anti-S IgM, 95.0 and 99.6% [13]. The
numeric output is an index ratio of positive to background signal (S/Co).
Negative index cutoffs were IgM (<1.0) and IgG (<1.4). Results are
plotted on different scales due to lower background levels of IgM
compared to IgG. These assays show high correlation to traditional
enzyme-linked immunoassays [14]. Since the assays are specific for anti-
S IgM and anti-N IgG, the infused recombinant anti-S IgG will not cause
interference, allowing assessment of the endogenous response.

Treatment Groups

Untreated Bamlanivimab Casirivimab + Imdevimab Bamlanivimab + Etesevimab

Demographics

Mean Age (years) 69.3 64.9 66.5 68.2

Age Range 44-93 45-80 48-86 43-86

Group number n=34 n=24 n=27 n=13

Male/Female 32/2 19/5 25/2 12/1

Mean BMI 30.2 33.2 33.6 33.3

BMI Range 15.2-49.8 23.0-45.4 24.3-43.9 25.5-49.4
Risk factors (incidence/total)

Obesity (BMI > 30) 16/34 15/24 19/27 10/13

Diabetes 11/34 10/24 11/27 9/13

Hypertension 22/34 18/24 21727 6/13

Kidney disease (eGFR <60) 12/34 4/24 23/27 13/13

Cardiovascular 14/34 9/24 5/27 1/13

Pulmonary 14/34 6/24 3/27 3/13

Cancer 5/34 1/24 2/27 1/13

Immunosuppressive condition 6/34 5/24 2/27 1/13

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate.
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2.7. Statistical analysis

Kruskal-Wallis test with Dunn's correction for multiple comparisons
was used to compare serologic and PCR numerical results of treated and
untreated groups. Fisher's exact test was applied to assess differences
between untreated and treated groups for positive and negative cate-
gorical parameters. Values of p < 0.05 were considered statistically
significant. Calculations were performed using GraphPad Prism version
8.0.0 (GraphPad Software, San Diego, California USA).

3. Results
3.1. Dynamics of SARS-CoV-2 test parameters

We initially established the relationship of test parameters to disease
time course among unvaccinated patients not treated with mAb and
without known immunosuppressive conditions (Fig. 1). Of the sampled
charts, 85 anti-S IgM and 162 anti-N IgG results could be plotted against
the time of reported symptom onset. The lesser number of IgM values
was due to the later introduction of this test at our healthcare system.
Fig. 1A and B show scatterplots with overlaid 10 day moving average
spanning a period of about 240 days after symptom onset. Both anti-S
IgM and anti-N IgG responses showed that most subjects sero-
converted after day 10 post-symptom onset and reached maximum
average indices by 20-40 days. While the IgM and IgG responses rose
largely in parallel, the average IgM index declined after 40 days whereas
IgG levels persisted. These patterns were likewise apparent when indi-
vidual patients with available serial measurements were plotted (Fig. 2).
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The results were consistent with those reported by others [15-17] who
likewise noted day 10 post symptoms as the median point of serocon-
version. Moreover, the time course of index values matched that re-
ported using quantitative anti-S IgM and anti-N assays [18,19]
indicating that the chemiluminescence indices used in this study were
suitable for semiquantitative measurement of antibody levels.

We also examined the relationship of RT-PCR cycle thresholds (Ct) in
nasopharyngeal samples to detection of SARS-CoV-2 N-antigen in nasal
turbinate specimens. Fifty-eight patients with simultaneous RT-PCR and
antigen tests and reported time of symptom onset were identified
(Fig. 1C). Of these, 41 also had concurrent serologic studies (Fig. 1D). As
shown, antigen detection was largely restricted to 0-10 days after
symptom onset when viral loads were high, as indicated by RT-PCR Ct
values below 27.5. Moreover, antigen detection highly correlated with
the absence of anti-SARS-CoV-2 antibodies. Thus, a negative antigen test
was associated with seropositivity and higher Ct values. For this study,
symptomatic subjects were considered in the acute stage of disease when
presenting with a positive antigen test or low Ct value in combination
with negative serology.

Based on these findings three intervals were selected to group test
results for analysis, acute seronegative (0-9 days), seroconversion
(10-19 days), and maximum antibody index (20-39 days) stages.

3.2. Effect of anti-SARS-CoV-2 monoclonal therapy on endogenous
SARS-CoV-2 antibody response

Of the mAD treated patients, 38 had serologic testing at presentation
with 18 and 36 with follow up testing at 10-19 and 20-39 days after
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Fig. 1. SARS-CoV-2 elicited anti-spike IgM and anti-nucleocapsid IgG antibody responses following symptom onset related to viral antigen detection and viral load. A
and B, scatterplots with solid lines showing 10 day moving average of antibody index values. C and D, scatterplots with solid line indicating RT-PCR cycle threshold
of 27.5 (Cepheid platform) above which virtually all patients were antigen negative and most seropositive.
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Patients with serial anti-S IgM measurements
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Patients with serial anti-N IgG measurements
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anti-S IgM levels were reduced by >90% in BAM and CAS + IMD treated
subjects compared to the untreated group, anti-N IgG levels trended
lower but did not reach statistical significance. Insufficient data was
available for statistical analysis among BAM-ETE treated patients at this
stage. In the maximum antibody stage (20-39 days), anti-S IgM levels
remained reduced by 85-90% in all mAb treated groups. Anti-N IgG
levels were affected to a lesser degree, with significant reductions of
50% only in the CAS + IMD treated group. A separate group of 11 pa-
tients was found to be seropositive at the time of mAb treatment. Of
these, 9 were also negative for SARS-CoV-2 antigen. They were excluded
from the analysis as they did not meet criteria for having been treated at
the acute stage. However, follow up serology was available for 6 of the
patients treated with BAM or BAM + ETE. Treatment did not signifi-
cantly reduce the endogenous IgM anti-S or IgG anti-N humoral immune
response in these subjects, suggesting that the suppressive effect of mAb
on the primary antibody response required administration during the
seronegative acute stage (Supplementary Fig. 1).

3.3. Effect of anti-SARS-CoV-2 monoclonal therapy on SARS-CoV-2 viral
clearance

To determine if the observed reduction of the primary humoral
response was due to rapid viral clearance, SARS-CoV-2 RT-PCR posi-
tivity, viral antigen and Ct values were analyzed. As shown in Fig. 4A
and B, at the acute stage (0-9 days) all patients were RT-PCR positive
and 80-90% were antigen positive. At 10-19 days virtually all subjects
remained RT-PCR positive but had become antigen negative. At 20-39
days, all patients remained antigen negative, but differences were
observed in the percentage of patients remaining RT-PCR positive. Un-
treated patients remained RT-PCR positive, while 50% and 40% of BAM
and BAM + ETE treated patients were RT-PCR negative, respectively.
Twenty percent of CAS + IMD treated subjects also became PCR nega-
tive, but this did not reach statistical significance. Fig. 5 shows the
available Ct values recorded for those individuals remaining RT-PCR
positive at the stage intervals. In the acute stage (0-9 days) Ct values
averaged approximately 20 cycles with no significant differences among
groups, indicating comparable viral loads at presentation. At 10-19 days
and 20-39 days Ct values increased among all groups consistent with
declining viral loads, but again with no significant statistical difference
between treated and untreated groups. Thus, while mAb did promote
viral clearance among some patients, there were no profound differ-
ences in viral load during the acute and seroconversion stages when
antigen is first presented to the immune system.
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3.4. Effect of anti-SARS-CoV-2 monoclonal therapy on COVID-19 disease
course and outcomes

Clinical trials show mAb treatment reduces emergency room visits
and hospitalizations when administered during the early symptomatic
stage of disease [3-5]. To determine if similar benefit occurred among
our treatment cohort, disease outcomes were assessed. As shown in
Table 2, both emergency room visits, and hospitalizations were lower
among all mAb treated patients at 5.9% and 2.9%, respectively,
compared to 20.6% and 70.5% for the untreated group. The rates among
all mAb treated patients were comparable to those previously reported
[3]. A multi-facility study of VA medical centers reported admission
rates among all veterans presenting with COVID-19 at about 20% with
high-risk patients comprising most admissions [20]. Hence, the high rate
of admissions among the untreated study group was not unexpected as
this was a retrospective study specifically biased to patients at highest
risk for admission. As recently reported, COVID-19 admission rates
among high-risk patients with one or more comorbidities adjusted for
age, sex, and race/ethnicity may range from 2.5 to 5 times the overall
community rate [21]. While not the central aim of this study, the find-
ings further support the clinical benefit of mAb treatment and indicated
efficacious use at our facility.

4. Discussion

Passive immunization with mAb is an important therapy for the
treatment of high-risk individuals presenting early with mild to mod-
erate symptomatic COVID-19. However, a nuanced understanding of the
effects on both the virus and host are needed to optimally employ these
agents. Little is known about the effects of monoclonal antibody
administration on host endogenous immunity. Animal studies have
demonstrated that passive immunization inhibits the host primary anti-
viral antibody response [6], but this has not been fully assessed in
humans [4]. The intensive use of anti-viral spike protein (S) mAb ther-
apy at our medical center during the SARS-CoV-2 pandemic offered an
opportunity to approach this question through retrospective cohort
analysis. Here we demonstrate that anti-SARS-CoV-2 mAb administra-
tion suppresses the primary endogenous humoral immune response.

A major technical obstacle to the analysis of the humoral response in
passively immunized subjects is that it is difficult to distinguish between
endogenously induced and administered antibodies. To circumvent this,
we examined the host anti-S IgM and anti-nucleocapsid (N) IgG antibody
response measured by a laboratory-based chemiluminescence assay
which does not detect the therapeutically administered anti-spike (S)
IgG mAb. We initially established the post symptom onset induction
time course of these antibodies which closely matched that reported in
non-veteran care settings [15-17]. Thus, despite being predominantly
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Table 2
Effect of monoclonal antibody treatment on clinical outcomes.

Treatment Groups

Untreated

Bamlanivimab Casirivimab + Imdevimab Bamlanivimab + Etesevimab All mAD treated
Clinical course
ED visit for COVID-19 7/34 2/24 2/27 0/13 4/64
20.6% 8.3% 6.5% 0.0% 5.9%
Hospitalized for COVID-19 24/34 0/24 2/27 0/13 2/64
70.5% 0.0% 6.5% 0.0% 2.9%
Deaths due to COVID-19 1/34 0/24 0/27 0/13 0/64
2.9% 0.0% 0.0% 0.0% 0.0%
Other COVID-19 therapies”
Corticosteroids 17/34 0/24 1/27 0/13 1/64
Remdesivir 16/34 0/24 1/27 0/13 1/64

2 Administered during hospitalizations.

male high-risk patients, our veteran cohort showed similar serologic
kinetics to the general population.

We also related SARS-CoV-2 RT-PCR and antigen detection assays to
serologic findings. This not only validated the assays for comparative
analysis but allowed the definition of interval stages of the disease based
on laboratory studies. The acute stage could be defined by negative
serology with a low RT-PCR Ct value, positive nasal antigen test, or
combination of the two. Optimal benefit of mAb treatment requires
administration in the early post symptom stage of infection [4]. As
subjective symptom onset reporting may be inaccurate, our findings
would endorse including baseline serology along with other laboratory
diagnostic tests to confirm acute stage disease. Using this analytic
framework, we demonstrated that passive immunization of COVID-19
patients with anti-S monoclonal IgG preparations profoundly sup-
pressed the induction of the endogenous anti-S IgM response and to a
lesser extent the anti-N IgG response. The suppressive effect of passive
immunization on the induction of endogenous humoral immunity is
well-described in mouse models [22-24] and the concept is employed
empirically in humans to prevent Rh hemolytic disease in newborns
through peripartum administration of anti-RhD immunoglobulin to
block induction of anti-Rh antibodies in Rh-incompatible mothers [25].
The mechanism of suppression has been controversial, and it was
thought that infused antibody simply caused clearance of the foreign
antigen preventing access to immune responding cells. However, animal
studies point to antigen-specific blockade, such that antibody can
“mask” a specific epitope on a single cell or molecule without affecting
the response to other antigens [22,24,26,27]. Blockade or steric inter-
ference by passive antibody can potentially inhibit viral antigen binding

to cognate B cell receptors during early B cell activation [28]. Early-
stage interference would be consistent with our observation that mAb
did not suppress the response after seroconversion (Supplementary
Fig. 1). Intuitively, reduction of viral load in the early stage of infection
might be expected to result in a reduced antibody response. Indeed, anti-
SARS-CoV-2 mAb preparations reportedly can reduce viral load [4,29],
but the effect is modest, observed at 7 days after symptoms and with
only combination therapy. Therefore, it is unclear if this is sufficient
antigen reduction to affect the endogenous antibody response. One
study comparing COVID-19 patients with mild and severe disease
showed no difference in anti-viral IgM and IgG levels or their kinetics of
onset despite 2-3 log lower viral loads in mild disease [30]. In models of
influenza infection, the critical period of B cell activation is within 3-7
days after maximum viral load [28]. While a rough measure of viral
load, we observed similar RT-PCR Ct values among treated and un-
treated patients during the early and seroconversion stages suggesting
comparable viral load during this critical period. Still, we cannot rule
out a hybrid model as clearance and blockade mechanisms are not
mutually exclusive. Since mAb treatments were directed at the S-pro-
tein, the profound suppression of the anti-S IgM response may primarily
reflect antigen masking. There was a lesser effect on the anti-N response
but with a trend to lower indices which reached statistical significance in
only the CAS-IMD group at 20-39 days. The anti-N response could be
more resistant to suppression due to a greater immunogenicity of this
protein [31], but a partial effect would be consistent with accelerated
viral clearance as suggested by the greater number PCR negative pa-
tients in the treated groups at 20-39 days. By this period, PCR Ct values
in nasopharyngeal samples of those subjects with persisting PCR
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positivity were approaching 40 cycles in all groups which suggested very
low viral loads in the upper airways. Since only Ct values were available
for the upper respiratory tract, we cannot rule out the possibility of
greater differences in viral loads in other locations. Viral loads persist
longer in the lower respiratory tract of those with more severe disease as
would be the case among untreated subjects [32].

Our study agrees with the recent report of Zhang et al. [33]. That
study examined the endogenous anti-SARS-CoV-2 antibody response in
BAM and BAM + ETE treated subjects by measuring antibody titers
against portions of the spike protein not recognized by the mAb. They
demonstrated significantly reduced titers as well as impaired viral
neutralization from 15 to 85 days after mAb treatment with lesser effect
on the anti-nucleocapsid response. However, only BAM and BAM + ETE
preparations were examined without separation of IgM and IgG re-
sponses. Reduced viral load was suggested as a likely etiology but
baseline viral loads of treated and control subjects were not compared.
Our findings extend these by showing a profound effect on the IgM anti-S
response by CAM + IMD as well as BAM and BAM + ETE. Our results
also suggest that specific antigen-blockade during early antigen pre-
sentation must be considered as a potential major interference mecha-
nism during passive immunization.

A serious implication of our study is the potential effect on long-term
immunity. A recent mouse study showed that passive antibody sup-
pressed not only the IgM response but also the IgG and memory B cell
response [22]. The reduced antibody titers reported at 85 days after
mAD treatment by Zhang et al. [33] suggests this might be the case. Still,
this has yet to be demonstrated in humans and would apply only to the
humoral response. Our study did not assess effects on CD8 T killer and T
helper cell anti-SARS-CoV-2 responses which may be unaffected by mAb
treatment. Carefully designed prospective studies would be needed to
clarify these points. Nevertheless, our study supports prudent manage-
ment with follow up vaccination of mAb treated patients after clearance
of infused antibodies.

In summary, this study provides evidence that virus-targeted passive
immunization with engineered monoclonal antibodies during early-
stage infection inhibits the host endogenous primary antibody
response. This effect of passive immunization has been observed in an-
imal models and our study suggests it likely applies to humans. While
potentially beneficial, the full effects of anti-pathogen monoclonal
antibody therapies must be understood to guide effective follow-up
vaccination timing.
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