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Mid-titer human convalescent
plasma administration results
in suboptimal prophylaxis
against SARS-CoV-2 infection
in rhesus macaques
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Introduction: SARS-CoV-2 is a respiratory pathogen currently causing a

worldwide pandemic, with resulting pathology of differing severity in humans,

from mild illness to severe disease and death. The rhesus macaque model of

COVID-19 was utilized to evaluate the added benefit of prophylactic

administration of human post-SARS-CoV-2 infection convalescent plasma (CP)

on disease progression and severity.

Methods: A pharmacokinetic (PK) study using CP in rhesus monkeys preceded the

challenge study and revealed the optimal time of tissue distribution for maximal

effect. Thereafter, CP was administered prophylactically three days prior to

mucosal SARS-CoV-2 viral challenge.

Results: Results show similar viral kinetics in mucosal sites over the course of

infection independent of administration of CP or normal plasma, or historic

controls with no plasma. No changes were noted upon necropsy via

histopathology, although there were differences in levels of vRNA in tissues, with

both normal and CP seemingly blunting viral loads.

Discussion: Results indicate that prophylactic administration with mid-titer CP is

not effective in reducing disease severity of SARS-CoV-2 infection in the rhesus

COVID-19 disease model.

KEYWORDS

SARS-CoV-2, COVID-19, rhesus macaque, convalescent plasma, prophylaxis
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1085883/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1085883/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1085883/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1085883/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1085883/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1085883&domain=pdf&date_stamp=2023-02-10
mailto:croy@tulane.edu
https://doi.org/10.3389/fimmu.2023.1085883
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1085883
https://www.frontiersin.org/journals/immunology


Beddingfield et al. 10.3389/fimmu.2023.1085883
Introduction

SARS-CoV-2, a pathogenic beta-coronavirus, is the cause of an

ongoing worldwide pandemic. The disease resulting from infection by

this virus,COVID-19,while largelypresenting asamild tomoderate self-

limiting respiratory illness, affects apercentageof individualsmuchmore

severely.Thishas resulted inalmost sixmilliondeathsworldwide (1), and

over one million deaths in the US (2), to date. The virus is highly

transmissible as an airborne respiratory pathogen, with a low estimated

infectious dose, making it highly successful at inducing large numbers of

infections, often moving through populations rapidly. This has resulted

in a large effort to produce an effective therapeutic or prophylaxis against

infection or severe disease, in addition to the efforts toward production

and distribution of vaccines.

Few options for prophylaxis and therapy were available early

during the pandemic. One of the investigated options consisted of

administration of convalescent plasma (CP) from individuals who

recovered from prior infection by SARS-CoV-2. Some initial work

indicated a potential for modulation of severe disease (3) and

lowering viremia (4). This early promise led to clinical trials,

specifically the Mayo Clinic’s COVID-19 Convalescent Expanded

Access Program (EAP), eventually resulting in emergency use

authorization from the FDA for administration to COVID-19

patients (5). Administration of CP has been correlated with lowered

positivity by PCR for SARS-CoV-2 (6), and early delivery has been

shown to reduce progression of disease (7). Accordingly, in designing

this study, a prophylactic approach was selected initially to evaluate

protective benefit of this source of CP before subsequent therapeutic

assessments were performed.

Despite the early optimism surrounding CP administration, later

analysesdetermined there tobenobenefit, though therewerenoanalyses

performed on group subsets (8). The clinical trial focusing on emergency

departmentCP treatment (NHLBIC3PO)was discontinued (9), and the

RECOVERY trial showed no difference in 28-day mortality with or

without treatment with CP (10). Many of these studies focused on

administration of CP at a later time point, such as within 72 hours post

symptom onset (8). This late time point administration may have a

negative effect on the efficacy of CP therapy.

We hypothesize that administration of CP prior to SARS-CoV-2

challenge will maximize protective effect of the prophylactic

intervention. Prior work has shown administration within 24 hours

has a limited effect on viral shedding and clinical signs of disease (11).

We utilize a nonhuman primate model of infection, shown before as

susceptible to a mild to moderate disease process (12), to investigate

the prophylactic administration of CP.
Materials and methods

Study approval

The Tulane University Institutional Animal Care and Use

Committee approved all procedures used during this study. The

Tulane National Primate Research Center (TNPRC) is accredited

by the Association for the Assessment and Accreditation of

Laboratory Animal Care (AAALAC no. 000594). The U.S. National

Institutes of Health (NIH) Office of Laboratory Animal Welfare
Frontiers in Immunology 02
number for TNPRC is A3071-01. Tulane University Institutional

Biosafety Committee approved all procedures for work in, and

removal of samples from, Biosafety Level 3 laboratories.
Virus and cells

Virus used for animal inoculation was strain SARS-CoV-2; 2019-

nCoV/USA-WA1/2020 (BEI# NR-52281) prepared on subconfluent

VeroE6 cells (ATCC# CRL-1586) and confirmed via sequencing.

VeroE6 cells were used for live virus titration of biological samples

and were maintained in DMEM (#11965092, Thermo Scientific, USA)

with 10% FBS.
Animals and procedures

A total of nine rhesus macaques of Indian origin (Macaca mulatta),

between 3 and 11 years old, were utilized for this study. All rhesus

macaques (RMs) were bred in captivity at TNPRC. For the PK study,

three RMs were intravenously infused at standard rates with 4 mL/kg of

human convalescent plasma (CP) obtained fromprior, recovered SARS-

CoV-2 infection or normal plasma (NP). Serum from RMs were

monitored for RBD binding as well as neutralizing activity routinely

for 68 days to determine pharmacokinetics. The NT50 of the CP used for

both the PK and challenge studies was 1:1597 by pseudovirus

neutralization assay. This plasma met the FDA recommended

minimum neutralizing titer of CP to be used in therapy against SARS-

CoV-2 of 1:160 (13). We define this as mid-titer plasma due to meeting

the FDA recommended limit but falling below that of prior work

selecting high titer plasma at levels of 1:3200 or above (7).

For the viral challenge study, four of the RMs were intravenously

infused at standard rates with 4 mL/kg CP three days before challenge,

with two RMs similarly infused with normal plasma. They were then

exposed via intratracheal/intranasal (IT/IN) installation of viral

inoculum (1mL intratracheal, 500 uL per nare, total delivery 2e+6

TCID50). Four historic controls of the same species and viral challenge

dose, variant and route, are utilized for the purposes of comparisons in

figures. Animal information, including plasma dosage and type, can be

found in Table 1. Historic controls are listed as the final 4 animals.

The animals were monitored twice daily for the duration of the

challenge study, with collections of mucosal swabs (nasal, pharyngeal,

bronchial brush) as well as fluids (bronchoalveolar lavage) were taken

pre-exposure as well as post-exposure days 1, 2, 3, 5 and at necropsy

(or 1, 3 and necropsy for bronchial brush and BAL). For the PK study,

BAL was performed through day 21 post infusion. Bronchial brushes

were performed endoscopically. BAL consisted of instillation of 40mL

of saline via feeding tube followed by removal via the same tube.

Blood was collected pre-exposure, as well as 1, 2, 3, 5 and at necropsy

for the challenge study, or up to day 68 post infusion for the PK study,

in order to follow antibody levels. Physical examinations were

performed daily after exposure, and necropsy occurred between 7-

and 9-days post-exposure. During physical examination, rectal

temperature and weight of each animal was performed. No animals

met humane euthanasia endpoints during this study. Animals were

euthanized at prescribed timepoints based upon experimental design

of this evaluation. Animals were first anesthetized using ketamine and
frontiersin.org
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then administered euthanasia agent (Fatal plus, sodium pentobarbital,

Lexington, KY). Death was confirmed by auscultation and absence of

heartbeat. During necropsy, tissues were collected in media, fresh

frozen, or in fixative for later analysis.

Prior to being assigned to the study, animals underwent

the following: physical examination by a veterinarian, assessment

of hematology and clinical chemistry, fecal direct and

indirect examinations for intestinal parasites, and viral/pathogen

screenings (including simian immunodeficiency virus (SIV), simian

retrovirus type D (SRV), measles virus (MV), human papilloma virus

2 (HPV2), simian t-lymphotropic virus 1 (STLV1), SARS-CoV-2,

Mycobacterium tuberculosis, Burkholderia sp., Shigella sp., Salmonella

sp., Campylobacter sp, Escherichia coli, Tryapanosoma cruzi,

Plasmodium sp., and the study-specific pathogen SARS-CoV-2.

Only animals considered healthy and determined to be free of

screened pathogens were assigned to the study.

The animals underwent a one-week acclimation period following

transfer to the ABSL3 facility prior to challenge for the purpose of

allowing physiological and psychological stabilization before

experimental manipulation. The TNPRC facilities are accredited by

AAALAC International. Housing space requirements set forth by The

Guide for the Care and Use of Laboratory Animals and the Animal

Welfare Act are used to establish the minimum standard for housing

all species at the TNPRC. Nonhuman primate standard caging

dimensions are 4.3 ft2 x 36”H for those animals under 10kg, which

included all animals under this study. The temperature set points for

holding rooms for all nonhuman primates housed at the TNPRC

ranged between 69-72°F, with a relative humidity target of 70%. Light

cycle was set at 12:12 h of light:dark. All nonhuman primates were fed

Purina LabDiet nonhuman primate diet, which is nutritionally

complete. The Purina Mills diet was supplemented with a variety of

fruits and vegetables at a minimum of three times each week. Water

was provided ad libitum. For all procedures, animals were

anesthetized per internal SOPs, with pain control occurring as per

veterinary discretion.
Frontiers in Immunology 03
Quantification of Viral RNA in swab and
tissue samples

Viral load in tissues, swabs and BAL cells and supernatant was

quantified using RT-qPCR targeting the nucleocapsid (genomic and

subgenomic) or envelope gene (subgenomic) of SARS- CoV-2. RNA

was isolated from non-tissue samples using a Zymo Quick RNA Viral

Kit (#R1035, Zymo, USA) or Zymo Quick RNA Viral Kit (#D7003,

Zymo, USA) for BAL cells, per manufacturer’s instructions. RNA was

eluted in RNAse free water. During isolation, the swab was placed into

the spin column to elute the entire contents of the swab in each

extraction. BAL supernatant was extracted using 100 µL, and serum

was extracted using 500 µL. Viral RNA (vRNA) from tissues was

extracted using a RNeasy Mini Kit (#74106, Qiagen, Germany) after

homogenization in Trizol and phase separation with chloroform.

Isolated RNAwas analyzed in a QuantStudio 6 (Thermo Scientific,

USA) using TaqPath master mix (Thermo Scientific, USA) and

appropriate primers/probes (14) with the following program: 25°C

for 2 minutes, 50°C for 15 minutes, 95°C for 2 minutes followed by 40

cycles of 95°C for 3 seconds and 60°C for 30 seconds. Signals were

compared to a standard curve generated using in vitro transcribed RNA

of each sequence diluted from 108 down to 10 copies. Positive controls

consisted of SARS-CoV-2 infected VeroE6 cell lysate. Viral copies per

swabwere calculated bymultiplyingmean copies per well by amount in

the total swab extract, while viral copies in tissue were calculated per

microgram of RNA extracted from each tissue.
Detection of neutralizing antibodies
in serum

The ability of antibodies in serum to disrupt the binding of the

receptor binding domain (RBD) of SARS-CoV-2 spike protein to

Angiotensin Converting Enzyme (ACE2) was assessed via the

Surrogate Virus Neutralization Test (GenScript# L00847) using the
TABLE 1 Study Animal Information.

Animal ID Species Age (years) Source Sex Weight (kg) Viral Dose (TCID50) Plasma Dose (mL/kg) Plasma Type

II67 Macaca mulatta 11 TNPRC F 8.3 N/A 4 CP

JK23 Macaca mulatta 9 TNPRC M 9.6 N/A 4 CP

L147 Macaca mulatta 5 TNPRC M 9.1 N/A 4 CP

LI78 Macaca mulatta 5 TNPRC M 8.2 2.0 X 106 4 NP

LL28 Macaca mulatta 4 TNPRC M 7.7 2.0 X 106 4 NP

LC59 Macaca mulatta 6 TNPRC M 7.5 2.0 X 106 4 CP

IE32 Macaca mulatta 11 TNPRC F 7.4 2.0 X 106 4 CP

JJ76 Macaca mulatta 9 TNPRC F 7.6 2.0 X 106 4 CP

LJ15 Macaca mulatta 5 TNPRC M 9.2 2.0 X 106 4 CP

LM74 Macaca mulatta 4 TNPRC M 6.2 2.0x106 N/A N/A

IK92 Macaca mulatta 11 TNPRC M 6.9 2.0 X 106 N/A N/A

KF89 Macaca mulatta 8 TNPRC M 8.2 2.0 X 106 N/A N/A

LM30 Macaca mulatta 4 TNPRC M 8.1 2.0 X 106 N/A N/A
N/A, not applicable.
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included kit protocol modified per the following: Serum samples were

diluted from 1:10 to 1:21, 870 to determine an IC50 for RBD/ACE2
binding. Pseudovirus neutralization testing of matched serum was

performed using a SARS-CoV-2 D614G spike-pseudotyped virus in

293/ACE2 cells, with neutralization assessed via reduction in luciferase

activity (15, 16). Pseudovirus assaywasutilized forbothdeterminationof

RM plasma titers over time as well as CP material prior to RM infusion.
Statistical analysis

Comparisons between the area under the curve measurements of

vRNA were made using ANOVAwith Geisser-Greenhouse correction

and Holm-Šıd́ák multiple comparisons test. Time-based comparisons

of vRNA were performed using a two-way ANOVA with Geisser-

Greenhouse correction and a Tukey multiple comparisons test.
Results

Antibody levels wane rapidly following
CP administration

We infused three RMs with convalescent plasma and followed

antibody levels long term for pharmacokinetic determination

(Figure 1A). Using a surrogate ELISA examining the ability of

antibody to disrupt RBD/ACE2 interaction, we determined antibody

levels were higher overall in BAL on day 3 post infusion, but wane in

both BAL and serum rapidly (Figures 1B, C). Pseudovirus inhibition
Frontiers in Immunology 04
assay performed on serum shows a similar pattern, with levels falling

to baseline in one individual by day 10 post infusion (Figure 1D).

Based on this data, a separate set of RMs were challenged with SARS-

CoV-2 three days post infusion with normal plasma (NP) or

convalescent plasma (Figure 1A). One day post challenge, ID50

levels were between 1:40 and 1:82 (data not shown).
Mucosal viral RNA content shows mild
reductions with use of CP

We challenged a cohort of RMs with 2x106 TCID50 SARS-CoV-2

and followed viral loads via qPCR using nasal and pharyngeal swabs,

bronchial brushes, and BAL cell isolation, as these are the primary

sites of infection for this virus. No differences were found between the

AUC of viral genomic or subgenomic content of RMs administered

normal or convalescent plasma except for BAL cell subgenomic E

content (Figure 2). No differences were found between those two

groups and historic controls administered no plasma at all (Figure 2).

Some sites, including bronchial brush, show a trend toward a

reduction in vRNA in individuals administered CP, indicating a

potential effect that is not significant due to small sample size.

Viral RNA day-by-day shows an increase in subgenomic N

content one day post challenge in the cohort administered no

plasma as compared to that administered normal plasma. No other

significant differences were seen, though there were patterns

indicative of slight effect (Figure 3). Viral RNA content was blunted

earlier in the bronchi upon CP administration compared to normal

plasma, but did not reach significance, likely again due to a small
A B

DC

FIGURE 1

Study Design and Antibody Kinetics. (A) Three RMs were given 4 mL/kg CP and followed for 68 days to determine pharmacokinetics. Following this, 6
RMs were given either NP or CP and challenged with SARS-CoV-2 three days later. (B, C) Surrogate ELISA was used to follow plasma kinetics of BAL and
serum, respectively. (D) Serum kinetics were followed by pseudovirus inhibition assay. Study design made in Biorender.
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sample size (Figure 3). Genomic and subgenomic content persisted

longer in the pharyngeal swabs in both the CP and no plasma

cohorts (Figure 3).
Tissue viral RNA content at necropsy is
similar between normal plasma and CP

After necropsy, vRNA content was examined in respiratory and

gastrointestinal (GI) tissues. In respiratory sites, genomic and

subgenomic content was generally lower in both NP and CP

animals than the no plasma cohort. Gastrointestinal sites showed

higher genomic vRNA loads in the CP cohort than the NP cohort, but

less than the no plasma cohort. Very little subgenomic N vRNA was

found in the GI tract, with the same pattern being displayed. No

subgenomic E content was found in either NP or CP cohorts for either

respiratory or gastrointestinal sites (Figure 4).
Frontiers in Immunology 05
In addition to vRNA content of tissues, administration of CP did not

alter the clinical course of SARS-CoV-2 infection. No significant disease

was observed in either treated or untreated animals beyond mild

respiratory signs that were not significantly different between cohorts.
Discussion

Convalescent plasma therapy has been used for infectious diseases

for over a century since von Behring developed the practice in the late

19th century. Early on mostly utilized for bacterial diseases, it has also

been used against viral infections spread by the respiratory route

including influenza and measles (17–20). Mechanisms thought to be

protective include neutralization that mitigates viral burden as well as

non-neutralizing Fc-based antibody functions that reduce lung

inflammation (21). Due to the novel nature of SARS-CoV-2 at the

beginning of the worldwide pandemic, CP was explored as a
FIGURE 2

Mucosal vRNA Content post SARS-CoV-2 Challenge. Viral loads, measured via genomic N and subgenomic (E and N) vRNA content, were determined in
pharyngeal and nasal swabs, as well as bronchial brushes and BAL cells. Data is represented as area under the curve of vRNA content over the course of
the study. Groups were compared via ANOVA with Geisser-Greenhouse correction and Holm-Šıd́ák multiple comparisons test (*p<0.05).
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therapeutic approach in the absence of any available virus-specific

antiviral or vaccine. Accordingly, we tested the prophylactic potential

of CP administered three days prior to infection with SARS-CoV-2.

We demonstrate that CP that is of insufficient titer does not alter most
Frontiers in Immunology 06
viral kinetics in the host. This data underscores the lack of utility of

CP in the prophylaxis of COVID-19.

Antibodies capable of RBD/ACE2 binding inhibition or

neutralization were highest in BAL at three days post
FIGURE 3

Mucosal vRNA Content post SARS-CoV-2 Challenge. Viral loads, measured via genomic N and subgenomic (E and N) vRNA content, were determined in
pharyngeal and nasal swabs, as well as bronchial brushes and BAL cells. Data is represented as copies per swab or BAL of vRNA content per collection
timepoint. Groups were compared via two-way ANOVA with Geisser-Greenhouse correction and a Tukey multiple comparisons test (*p<0.05).
FIGURE 4

Tissue vRNA Content post SARS-CoV-2 Challenge. Viral loads, measured via genomic N and subgenomic (E and N) vRNA content, were determined in
respiratory and digestive tissues, as well as bronchial brushes and BAL cells. Data is represented as copies per ug extracted RNA at necropsy.
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administration and between 12 hours and three days post

administration in serum, though particularly high levels were never

achieved, even with the more sensitive pseudovirus inhibition assay.

Human antibody kinetics in macaques are skewed toward shorter

half-lives, though this 3-day time frame is not of sufficient length for

that be a driving factor of efficacy in this study (22). Viral kinetics in

mucosal sites were similar regardless of administration of NP or CP.

Tissue viral loads showed differences, with NP and CP both seemingly

able to lower tissue vRNA content one week post challenge, especially

in the subgenomic content. There was nothing significant noted in

histopathology at necropsy (data not shown).

This work agrees with earlier work in the nonhuman primate

model that focused on CP administration soon after SARS-CoV-2

challenge, also utilizing mid-titer CP (11). Lack of histopathological

modification, viral kinetics, or changes in development of later

immune responses such as antibody development indicates lack of

disease modification capacity whether given early after infection, or

even before infection. Treatment early post infection with high titer

CP in another nonhuman primate model did produce a potentially

clinical benefit, with reduced lung pathology and viral loads seen (23).

This indicates a high degree of variability in therapeutic efficacy

between pools of CP, leading to less certainty as to the effective nature

of any given CP lot.

In contrast, prophylaxis by potent, long half-life, neutralizing

monoclonal antibodies has been shown in this model of SARS-CoV-2

infection to reduce viral loads at mucosal sites up to 75 days post

administration (14). With multiple lots of a monoclonal antibody

(mAb) preparation being much more standardized than a CP

preparation (24), this makes therapeutics consisting of mAbs much

more appealing. Indeed, trials regarding therapy via CP have been

discontinued due to lack of apparent efficacy (9, 10). With the advent

of robust vaccines and antiviral medications, CP therapy and

prophylaxis are no longer an avenue of significant exploration

regarding infection by SARS-CoV-2.
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