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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged 
at the end of 2019 and is responsible for the largest human pandemic in 100 years. 
Thirty-four vaccines are currently approved for use worldwide, and approximately 67% 
of the world population has received a complete primary series of one, yet countries 
are dealing with new waves of infections, variant viruses continue to emerge, and 
breakthrough infections are frequent secondary to waning immunity. Here, we evaluate 
a measles virus (MV)-vectored vaccine expressing a stabilized prefusion SARS-CoV-2 
spike (S) protein (MV-ATU3-S2PΔF2A; V591) with demonstrated immunogenicity in 
mouse models (see companion article [J. Brunet, Z. Choucha, M. Gransagne, H. Tabbal, 
M.-W. Ku et al., J Virol 98:e01693-23, 2024, https://doi.org/10.1128/jvi.01693-23]) in an 
established African green monkey model of disease. Animals were vaccinated with 
V591 or the control vaccine (an equivalent MV-vectored vaccine with an irrelevant 
antigen) intramuscularly using a prime/boost schedule, followed by challenge with an 
early pandemic isolate of SARS-CoV-2 at 56 days post-vaccination. Pre-challenge, only 
V591-vaccinated animals developed S-specific antibodies that had virus-neutralizing 
activity as well as S-specific T cells. Following the challenge, V591-vaccinated animals 
had lower infectious virus and viral (v) RNA loads in mucosal secretions and stopped 
shedding virus in these secretions earlier. vRNA loads were lower in these animals in 
respiratory and gastrointestinal tract tissues at necropsy. This correlated with a lower 
disease burden in the lungs as quantified by PET/CT at early and late time points 
post-challenge and by pathological analysis at necropsy.

IMPORTANCE Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
responsible for the largest human pandemic in 100 years. Even though vaccines are 
currently available, countries are dealing with new waves of infections, variant viru
ses continue to emerge, breakthrough infections are frequent, and vaccine hesitancy 
persists. This study uses a safe and effective measles vaccine as a platform for vaccination 
against SARS-CoV-2. The candidate vaccine was used to vaccinate African green monkeys 
(AGMs). All vaccinated AGMs developed robust antigen-specific immune responses. 
After challenge, these AGMs produced less virus in mucosal secretions, for a shorter 
period, and had a reduced disease burden in the lungs compared to control animals. 
At necropsy, lower levels of viral RNA were detected in tissue samples from vaccinated 
animals, and the lungs of these animals lacked the histologic hallmarks of SARS-CoV-2 
disease observed exclusively in the control AGMs.
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S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmis
sible novel coronavirus that emerged in Wuhan, China, in late 2019 and is the 

causative agent of the COVID-19 pandemic (1, 2). To date, since the emergence of 
SARS-CoV-2, over 774 million confirmed cases and over 7 million deaths have occurred 
globally (3). As of March 2023, there are now 34 COVID-19 vaccines that have received 
Emergency Use Authorization or full Market Authorization (4). However, a combination of 
high transmission rates, unavailability of vaccines in low-income countries, and vaccine 
hesitancy has left much of the global population still at risk. Public health interventions 
put in place in 2020 across several countries helped keep transmission rates in check. 
These measures were not sustainable, and the impact of this pandemic on the global 
economy has been devastating. As 2021 came to an end, novel variant viruses of concern 
continued to emerge (5), and a number of countries were once again experiencing 
an increase in COVID-19 cases (3). Waning immunity and breakthrough infections are 
worrying (6).

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA virus and the 
seventh CoV to infect humans (1). It has a 32-kb genome that encodes a large open 
reading frame for 16 non-structural proteins mostly involved in the formation and 
function of the viral replication machinery (7). The remainder of the genome encodes 
accessory and structural proteins, the latter of which includes the nucleocapsid (N) 
protein, the envelope and matrix proteins, and the spike (S) protein (7). The N protein is 
responsible for packaging the RNA genome (8), and the S protein mediates viral entry 
into host cells through interaction with the angiotensin-converting enzyme 2 receptor 
(9). S is composed of S1 and S2 subunits, which are responsible for host cell attachment 
and membrane fusion, respectively (10). Cleavage by furin (11), TMPRSS2 (12, 13), and/or 
cathepsin (13) proteases is required to generate the mature, active form of the protein. 
Given these key roles in host cell infection and the fact that the S protein is the major 
antigenic target for host-neutralizing antibodies (14), this protein has been widely used 
in the designs of vaccines that are currently in use or in clinical development (4, 15).

The measles vaccine is a safe and effective live-attenuated virus that has been used 
in children for nearly 60 years (16–18), inducing cellular and humoral immunity (19). 
Measles virus (MV) tolerates the insertion of additional transcription units between 
the viral genes (20), and such recombinant viruses express the foreign protein during 
infection inducing immune responses to it in animals (21). As such, the measles vaccine 
has been proposed as a multivalent vaccination vector (22), and the Schwarz measles 
vaccine strain (23, 24) has been used successfully to safely induce an immune response 
to a chikungunya virus (CHIKV) antigen in a randomized phase II trial in adults, even 
in the presence of pre-existing measles immunity (25). The Schwarz vaccine has also 
been used in preclinical studies to express the S protein of SARS-CoV, protecting mice 
from intranasal challenge with the virus (26). Based on these and other studies using 
measles as a platform to express foreign antigens (27–32), the Schwarz vaccine strain 
was therefore used as a vector to express a prefusion-stabilized form of the Wuhan 
SARS-CoV-2 S protein generating the MV-vectored SARS-CoV-2 vaccine candidate V591 
(MV-ATU3-S2PΔF2A), which was brought to phase I/II clinical studies 8 months after the 
identification of SARS-CoV-2 (33, 34). V591 was fully characterized and induced robust 
immune responses to SARS-CoV-2 S in mice eliciting high levels of SARS-CoV-2-neutral
izing antibodies, inducing robust Th1-oriented T cell responses, and proving highly 
protective following SARS-CoV-2 challenge (see companion article by Brunet et al. [35] 
for full details).

In this study, we tested the immunogenicity and efficacy of V591 in our COVID-19/
African green monkey (AGM) challenge model (36). AGMs have been developed as a 
model of mild to moderate COVID-19, with viral (v) RNA and replication-competent 
viruses present in mucosal swabs from 2 days post-infection and development of 
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pneumonia (36–41), with similar immune responses to those seen in humans (42). They 
also exhibit a variable response to infection and age-dependent disease severity similar 
to that observed in humans (43). Groups of six AGMs were vaccinated and boosted 
with V591 or a control MV-vectored vaccine encoding an irrelevant antigen. Immune 
responses were examined periodically up to 56 days post-vaccination (d.p.v.), at which 
point all animals were challenged with an early pandemic SARS-CoV-2 isolate (Munich: 
P3) (44). Our results demonstrate potent S-specific humoral and cellular immune 
responses in AGMs after vaccination. All vaccinated animals demonstrated reduced viral 
loads, and the respiratory tract was protected from disease after challenge.

RESULTS

V591 vaccination induces a spike-specific humoral and cellular immune 
response in AGMs

We evaluated an MV-vectored COVID-19 vaccine candidate (MV-ATU3-S2PΔF2A; V591) in 
AGMs using a prime-boost-challenge regime (Fig. 1A). Seroconversion was measured by 
indirect ELISA assays using the receptor-binding domain (RBD) of S or the N protein (Fig. 
1B and C, respectively), by an 80% plaque reduction neutralization test (PRNT80) against 
SARS-CoV-2 (Fig. 1D) and a neutralization assay against MV (Fig. 1E). ELISA assays utilizing 
SARS-CoV-2 RBD (Fig. 1B) or N protein (Fig. 1C) as antigen were used to differentiate 
responses post-vaccination (RBD) from those post-challenge (N). All V591-vaccinated 
animals seroconverted to SARS-CoV-2, as measured by RBD-binding, by 14 d.p.v. (Fig. 1B). 
SARS-CoV-2 seroconversion post-vaccination was not detected in the control animals but 
was detected in these animals by 14 days post-challenge (d.p.c.) with SARS-CoV-2 (Fig. 
1B). RBD titers also increased in the V591-vaccinated animals post-challenge. Post-chal
lenge, three of the six control animals had much higher titers of N-specific IgG than 
the V591-vaccinated animals. (Fig. 1C). Notably, four out of the six V591-vaccinated 
animals had titers that only reached the limit of detection by 14 d.p.c., demonstrating 
the strength of vaccine-mediated immunity. Four of the six V591-vaccinated animals 
produced SARS-CoV-2-neutralizing antibodies by 21 d.p.v. (Fig. 1D), and the remaining 
two animals produced detectable neutralizing antibodies by 28 d.p.v. As expected, 
the PRNT80 values increased post-boost and again post-challenge. None of the control 
animals produced SARS-CoV-2-neutralizing antibody until after the challenge, with two 
of the six animals producing detectable antibodies by 7 d.p.c. and all six by 14 d.p.c. In 
contrast, all animals (V591-vaccinated and control) produced detectable MV-neutralizing 
antibodies by 14 d.p.v., which increased post-boost (Fig. 1E).

To examine cell-mediated immune responses at 28 and 56 d.p.v. and 14 d.p.c (70 
d.p.v.), peripheral blood mononuclear cells (PBMCs) were isolated from whole blood and 
evaluated with IFN-γ or IL-4 ELISpot assays using overlapping peptide pools of the S 
protein. PBMCs from V591-vaccinated animals demonstrated S-specific IFN-γ secretion 
(Th1 response) at all time points (P = 0.03 at 28 d.p.v., Fig. 1F), whereas PBMCs from 
the control animals only had S-specific IFN-γ secretion after challenge (70 d.p.v.). The 
numbers of cells with S-specific IL-4 secretion (Th2 response) were similar for the V591 
vaccinated and control animals post-challenge (70 d.p.v.; Fig. 1F).

V591-vaccinated AGMs shed less challenge virus mucosally and contain 
lower viral RNA loads in tissues at necropsy

Post-challenge, vRNA levels were quantified in swab samples by qRT-PCR (Fig. 2A 
through C). vRNA levels were high at 2 d.p.c. in the nasal swabs (Fig. 2A) of both 
V591-vaccinated and control animals, which corresponded to the isolation of replication-
competent virus from all these swabs (Fig. 3). vRNA loads in the nasal swabs of most 
of the control animals remained high until 7 d.p.c. (Fig. 2A), with virus isolation from 
five of the six animals at 3/4 and 7 d.p.c. vRNA levels in the nasal swabs of V591-vacci
nated animals were over two logs lower at 7 d.p.c., and this reduction was statistically 
significant (Fig. 2D). Accordingly, virus was only isolated from the nasal swabs of two 
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of the V591-vaccinated animals at 3/4 d.p.c. and none of the animals at 7 d.p.c. (Fig. 3), 
which mirrored the vRNA levels in those swabs (Fig. 2A). The vRNA load in the oral swabs 
(Fig. 2B and D) followed the same trends as the nasal swabs, although the vRNA levels 
were lower overall, and this corresponded to virus isolation from fewer of these swabs 
(Fig. 3). In contrast, vRNA levels in rectal swabs were low for all animals at early time 
points (Fig. 2C), corresponding to no isolation of replication-competent virus, and even 
at later time points, replication-competent virus was only isolated from three swabs: one 
from a V591-vaccinated animal and two from control animals (Fig. 3). These three swabs 
contained the highest levels of vRNA (Fig. 2C) although the absolute quantity of virus 

FIG 1 Immunogenicity of V591 in African green monkeys. (A) Schematic of the experimental set-up. Two groups of six AGMs were vaccinated (day 0) 

and boosted (28 days post-vaccination) with 105 TCID50 V591 (MV-ATU3-S2PΔF2A; red) or control vaccine (black). All animals were challenged with 8.35 × 

105 p.f.u. SARS-CoV-2 at 56 d.p.v (i.e., day 0 for challenge) and necropsies (Nx) were performed at 14 days post-challenge (i.e., 70 d.p.v.). The gray-shaded 

areas depict post-challenge data throughout this figure, and the individual animal symbols depicted in the key are used again in Fig. 2 and Fig. 6. (B and 

C) SARS-CoV-2-specific IgG detected by ELISA using RBD (B) or N (C) as antigen. (D and E) Plaque reduction neutralization test (PRNT80) titers or neutralization 

titers in serum against SARS-CoV-2 (D) and MV (E), respectively. The dotted lines (B–E) represent the limits of detection (100 for panels B and C and 20 for panels 

D and E) for the assays. (F) Numbers of spots representing peripheral blood mononuclear cells (PBMCs) secreting IFN-γ at 28, 56, and 70 d.p.v. or IL-4 at 70 

d.p.v. after stimulation with SARS-CoV-2 S peptide pools 1–4 and measurement by ELISpot. Individual assays were performed with each peptide pool, and the 

number of spots (after subtraction of the number of spots for the negative control) was summed to generate the numbers graphed. Horizontal lines represent 

the geometric mean number of spots for each group. P-values were determined by Mann-Whitney tests.
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isolated from the V591-vaccinated animal was much lower than that isolated from the 
control animals (Fig. 3).

At necropsy (14 d.p.c.), a comprehensive set of respiratory and gastrointestinal tract 
tissues were assayed for vRNA load by qRT-PCR (Fig. 2E). A subset of these tissues was 
also assayed for the isolation of replication-competent virus (Fig. 4). Tissue samples from 
the control animals contained significantly higher levels of vRNA than the V591-vaccina
ted animals across all tissues assayed (P = 0.003, Fig. 2E). vRNA levels were highest in 
the gastrointestinal tract samples, for example, Peyer’s patch, jejunum, ileum, and cecum 
of the control animals, with the levels generally much lower or undetectable in the 
vaccinated animals in the same tissues (P = 0.01, Fig. 2E). Concomitantly, replication-com
petent virus was only isolated from control animals (Fig. 4). Animal 05 was the only 
V591-vaccinated animal that had substantial levels of vRNA in the gastrointestinal tract 
(Fig. 2E), which matched with the shedding of virus in the rectal swab of this animal at 10 
d.p.c. (Fig. 3). However, vRNA loads in the lung tissues of this animal were comparable to 
the other vaccinated animals (Fig. 2E).

FIG 2 Detection of SARS-CoV-2 viral (v) RNA in mucosal swabs and tissues. SARS-CoV-2 vRNA detected in nasal (A), oral (B), and rectal (C) swabs quantified by 

qRT-PCR; swab samples were collected between 2- and 14-days post-challenge (d.p.c.). The dotted lines represent the limit of detection (1,856) for the assay. 

The data for 7 d.p.c. from (A–C) are replotted in panel D for clarity. Horizontal lines represent the geometric mean SARS-CoV-2 genome copies/mL for each 

group. Symbols (A–D) as for Fig. 1. (E) SARS-CoV-2 vRNA detected in tissues collected at necropsy (14 d.p.c.) and quantified by qRT-PCR. The heat map shows 

the log-transformed vRNA copies/gram (g) of tissue. Any sample below the limit of detection of the qRT-PCR assay (white squares) was designated 103.3 (limit of 

detection for the assay). L.N., lymph node. P-values (D and E) were determined by Mann-Whitney tests. (A–E) V591-vaccinated, red; control-vaccinated, black.
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V591-vaccinated AGMs exhibit lower disease burden in the lungs post-chal
lenge

We have previously used positron emission tomography (PET) imaging with the 
radiotracer 18F-fluoro-2-deoxy-D-glucose (18F-FDG) combined with computed tomogra
phy (CT) scans to visualize lung inflammation, as an indicator of disease burden, in living 
AGMs after challenge with SARS-CoV-2 (36). All animals were imaged at an early (3 or 
4 d.p.c.) and late (10 or 11 d.p.c.) time point. First, the CT images were analyzed alone, 
and the seven lung lobes of each animal were given a disease CT score (Fig. 5). CT 
scores are based on the prevalence of areas of abnormally high opacity observed via 
CT in each of an animal’s seven lung lobes. The percentage of each lobe affected by 
high opacity corresponds to the score for that lobe (see the key in Fig. 5). Only two 
of the V591-vaccinated animals (01 and 02) received a CT score greater than 0 in a 
lung lobe at 4 d.p.c. Animal 02’s CT score had dropped to 0 by the late time point. In 
contrast, five of the six control animals (all except animal 09) received a non-zero CT 
score in a lung lobe at 3 or 4 d.p.c. None of the control group CT scores dropped to 0 
by the late time point. One control animal (12) developed significant new inflammation 
in a previously unaffected lung lobe between the early and late time points. Total lung 
18F-FDG uptake, an indicator of inflammation, was quantified from the PET images by the 
method described in reference (36) (Fig. 6A). The data largely matched the CT disease 
scores, with uptake only recorded for animals 01 and 02 (Fig. 6A and B) in the V591-vacci
nated group at 4 d.p.c. and in all animals except 09 and 11 at 3 or 4 d.p.c. in the control 
group. Collectively, the 18F-FDG uptake was lower in the V591-vaccinated animals at the 

FIG 3 Summary of live SARS-CoV-2 virus isolated from swabs in Vero E6 cells at indicated days post-challenge (d.p.c.). V591-vaccinated, red; control-vaccinated, 

black. Yellow shading, virus isolated; gray shading, no virus isolated; + to ++++ represent qualitative assessment of the number of plaques detected.

FIG 4 Summary of live SARS-CoV-2 virus isolated from tissues at necropsy in Vero E6 cells. V591-vaccinated, red; control-vaccinated, black. Yellow shading, virus 

isolated; gray shading, no virus isolated. NT, nasal turbinates; LN, lymph node; PP, Peyer’s patches; DC, descending colon.
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early time point (Fig. 6A). Uptake was only recorded at 10 or 11 d.p.c. in control animals 
07 and 12 (Fig. 6A and B). We also analyzed the standard uptake values of 18F-FDG 
for thoracic lymph nodes as another measure of inflammation or infection. Overall, the 
levels of 18F-FDG uptake in these lymph nodes were variable with no clear differences 
between the V591-vaccinated and control animals (Fig. 6C and D; Table S1). We posit 
that whether the animals are mounting secondary immune responses to the SARS-CoV-2 
challenge (V591-vaccinated) or primary immune responses (control animals), the lymph 
nodes will be activated and accumulate the 18F-FDG tracer.

V591-vaccination prevents histologic hallmarks of SARS-CoV-2 disease 
observed exclusively in control AGMs at necropsy

After necropsy (14 d.p.c.), fixed and hematoxylin and eosin-stained 5 µm lung tissue 
sections were screened and scored for peribronchial/peribronchiolar inflammation and 
bronchus-associated lymphoid tissue (BALT) hyperplasia, perivascular inflammation, and 
alveolar + interstitial inflammation. The pathology observed was minimal-to-regionally 
moderate for all animals, with the highest scores observed in the control group (Table 
S2). V591-vaccinated animals had lower mean alveolar + interstitial and perivascular 
inflammation, and cumulative scores (Table 1). Histologic findings in the control group 
included minimal-to-regionally moderate lymphohistiocytic and neutrophilic interstitial 
and alveolar infiltrates (Fig. 7A), alveolar type 2 (AT2) cell hyperplasia/hypertrophy 
neighboring areas of interstitial infiltrates (Fig. 7B), and mononuclear perivascular 
infiltrates (Fig. 7C). In comparison, only minimal interstitial, alveolar, and perivascular 
mononuclear infiltrates were observed in the V591-vaccinated group (Fig. 7D). Notably, 
neutrophilic infiltrate and AT2 cell hyperplasia/hypertrophy were not observed in this 
group. No SARS-CoV-2 S antigen was observed in the lung sections of any of the animals 
(Fig. S1), which is attributed to the fact that animals were euthanized late in the course of 
the disease (i.e., 14 d.p.c.) when the viral antigen is no longer anticipated to be detecta
ble even in a natural COVID-19 disease course. Although statistical significance was not 
observed for histopathology ordinal scores between the two groups, this was ultimately 
attributed to the fact that lung disease was minimal-to-regionally moderate irrespective 
of group. In addition to lungs, lymph nodes (hilar, mesenteric, and cervical), spleen, 
trachea, ileum, kidney, heart, and liver were also examined; however, no significant 
histologic findings were observed in these tissues.

FIG 5 CT disease scores at indicated days post-challenge (d.p.c.). V591-vaccinated, red; control-vaccinated, black. Yellow shading, CT score greater than 0; gray 

shading, CT score of 0. R/LUL, right/left upper lobe; R/LML, right/left middle lobe; R/LLL, right/left lower lobe; and ACC, accessory lobe. Scoring, 0, no significant 

findings; 1, 0%–5%; 2, 5%–25%; 3, 25%–50%; 4, 50%–75%; 5, >75%.
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DISCUSSION

In this study, we assessed the immunogenicity and efficacy of an MV-vectored vaccine 
for SARS-CoV-2 in the AGM model of COVID-19 disease. Robust antigen-specific humoral 
and cellular responses were observed in all V591-vaccinated animals. Importantly, the 
cellular immune response induced by V591 vaccination was Th1 focused and did not 
skew toward Th2 following challenge. Activation of a Th1 response has been associated 
with less severe COVID-19 in humans (45, 46), and a Th1-biased response has previously 

FIG 6 Positron emission tomography (PET)/computed tomography (CT) imaging of SARS-CoV-2 challenged AGMs. (A) and (B) Region-of-interest analysis on PET 

images of animals challenged with SARS-CoV-2. Total lung inflammation (A) measured by total 18F-fluoro-2-deoxy-D-glucose (18F-FDG) uptake in standard uptake 

values (SUV) at early and late days post-challenge (d.p.c.; 3 and 10 d.p.c. for animals 04–09 or 4 and 11 d.p.c. for animals 01–03 and 10–12). Horizontal lines 

represent the mean total SUV for each group. (B) Representative PET/CT scans collected at early and late d.p.c. (as above). Each time point for each animal depicts 

an axial (left) and coronal (right) section. Symbols *, #, and ‡ denote the same scans at higher magnification in the larger right panels. Yellow arrows/dotted lines 

indicate 18F-FDG uptake. Representative scans shown in the larger right panels depict no 18F-FDG uptake (−), minimal 18F-FDG uptake (+), and extensive 18F-FDG 

uptake (+++). A representative PET color scale depicting 0–15 SUV is shown on the far right. (C and D) Estimation of inflammation in individual lymph nodes for 

each animal over time by measuring 18F-FDG uptake of each lymph node in SUV. Data have been split into V591-vaccinated (C) and control (D) groups for clarity. 

Symbols (A, C, and D) as for Fig. 1. (A–D) V591-vaccinated, red; control-vaccinated, black.

TABLE 1 Mean individual lung ordinal scores and cumulative scores at necropsya

V591 Control

Mean
Peribronchial/peribronchiolar inflammation and BALT hyperplasia 1.00 1.00
Perivascular inflammation 0.83 1.08
Alveolar + interstitial inflammation 0.67 1.17

Cumulative score 2.50 3.25
aScoring: 0, normal; 1, minimal; 2, mild; and 3, moderate.
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been shown to be important for vaccine safety for SARS-CoV vaccine candidates, where 
induction of a Th2-skewed response led to vaccine-associated enhanced disease events 
post-challenge (47, 48).

Post-challenge, control animals demonstrated rapid development of SARS-CoV-2 
N-specific IgG, which reached higher titers than in the vaccinated animals. Titers 
remained at the limit of detection for four of the six V591-vaccinated animals at necropsy, 
whereas the titers for five out of the six control animals were higher, with animals 08 and 
12 reaching titers of 218,700 and 24,300, respectively. This indicates that replication of 
the challenge virus in the V591-vaccinated animals was less robust than in the control 
animals, resulting in lower levels of N protein and consequently lower levels of N-spe
cific IgG. Correspondingly, viral loads were overall lower in the mucosal swabs from 
V591-vaccinated animals at most time points and in the tissue samples of these animals 
at necropsy, and apart from one rectal swab, no replication-competent virus was isolated 
from the V591-vaccinated animals after 4 d.p.c. In contrast, replication-competent virus 
was shed in mucosal secretions from five of the six control animals until 7 d.p.c. and was 
isolated from the tissues of three of the animals at necropsy. V591-vaccinated animals 
were also largely protected from lung inflammation as measured by PET/CT imaging. 
Collectively, this demonstrates the efficacy of the V591 vaccine in protecting animals 
from disease and potentially limiting transmission via mucosal secretions.

Due to animal availability, there were only two female animals in the study with 
one assigned to each vaccine group, animals 04 and 09. Animal 09 was the only 
control animal that did not receive a CT disease score and did not register disease 
burden in the lungs by PET. Animal 04 in the V591-vaccinated group had low levels of 
vRNA in the respiratory and gastrointestinal tract tissues at necropsy, with vRNA not 
detected in many of the tissues, and no infectious virus was isolated from the swabs 
of this animal after 2 d.p.c. These observations echo data obtained with SARS-CoV-2 
infections of hamsters, where male hamsters developed more extensive pneumonia 
and recovered more slowly than females (49), and female hamsters shed less virus 
and had more moderate symptoms and milder lung pathology than males (50). More 

FIG 7 V591 vaccination prevents histologic hallmarks of SARS-CoV-2 disease observed exclusively in control AGMs at necropsy. (A–D) Representative 

photomicrographs of hematoxylin and eosin-stained 5 µm lung tissue sections from control (A–C) and V591-vaccinated (D) animals after necropsy at 14 

days post-challenge. Areas marked by black rectangles in the top panels are shown at higher magnification in the bottom panels. Scale bars represent 50 µm. 

V591-vaccinated, red; control-vaccinated, black. (A) Neutrophilic infiltrates (black arrows) in animal 12. (B) Multifocal alveolar type 2 cell hyperplasia/hypertrophy 

(black arrows) adjacent to areas of moderate mononuclear interstitial infiltrates (blue arrows) and perivascular cuffing (yellow arrows) in animal 07. (C) Moderate 

multifocal mononuclear perivascular infiltrates (black arrows) in animal 07. (D) Minimal interstitial/alveolar (black arrows) and perivascular mononuclear infiltrate 

(blue arrows) in animal 03.
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recently, it has been suggested that the hormone progesterone may reduce the severity 
of virus-induced pneumonia in female animals (51). These animal studies also match 
the situation in humans, where male COVID-19 patients are more likely to have severe 
COVID-19 infections, as measured by intensive care unit admissions and deaths (52). 
However, although an interesting observation, more comprehensive studies in AGMs 
would be required to ascertain whether female animals are at lower risk of pulmonary 
disease.

After necropsy, lung sections were examined microscopically in a qualitative and 
semi-quantitative manner to capture the overall heterogeneity and severity of peribron
chial/peribronchiolar inflammation and/or BALT hyperplasia, perivascular inflammation, 
and alveolar interstitial inflammation. Scores were highest among the control group, 
although statistical significance was not observed. This is attributed to the mild-to-mod
erate disease reported in this model (36–38) and acknowledging animals were euthan
ized at 14 d.p.c. when much of the lung pathology is anticipated to have resolved.

Pathology exclusively observed in the control animals included neutrophilic 
interstitial infiltrate and AT2 cell hyperplasia. Neutrophil influx is one histologic criterion 
of diffuse alveolar damage (DAD), albeit other features of DAD (hemorrhage, edema, 
hyaline membranes, and overt pneumocyte injury) were not observed. AT2 cell 
hyperplasia is reflective of a reparative response to previous pneumocyte injury. Taken 
together, these findings support the efficacy of V591 vaccination to prevent SARS-CoV-2-
induced lung pathology, albeit acknowledging disease was minimal to moderate even 
in the control group at necropsy. To this point, necropsy provides a snapshot of disease, 
defined by the time point selected; therefore, the ability to detect and quantify disease 
in living animals by PET/CT imaging provides a more comprehensive view of disease 
progression, and along with the virus shedding and necropsy tissue data, it allows a 
powerful analysis of protection from disease after SARS-CoV-2 vaccination.

There are currently 34 COVID-19 vaccines available for use worldwide (4), and 
preclinical immunogenicity and efficacy studies in non-human primates (NHPs) have 
been conducted for many of them [reviewed in reference (53)]. For the most widely used 
SARS-CoV-2 S-expressing RNA [Moderna mRNA-1273 (54) and BioNTech/Pfizer BNT162b2 
(55)] and vectored [Oxford/AstraZeneca ChAdOx1-S (56) and Janssen (J&J) Ad26.COV2.S 
(57)] vaccines, these have been performed in rhesus macaques. The data obtained for 
V591, in AGMs, are in good alignment with that obtained for these other vaccines, with 
strong production of SARS-CoV-2-neutralizing antibodies, induction of a cellular immune 
response that was Th1 skewed, and protection of the animals post-challenge. Several 
of the studies looked at IFN-γ production by ELISpot assay (pre-challenge only); the 
V591 pre-challenge data matched well to that obtained with ChAdOX-S (56) although 
BNT162b2 (55) and Ad26.COV2.S (57) induced higher levels. None of these studies 
looked at the IFN-γ production post-challenge, where we observed a robust Th1-skewed 
response.

Additional macaque studies have now been performed for some of the vaccines 
to specifically look at the correlates of protection, and these indicate that levels of S 
binding and neutralizing antibodies are predictive of protection (58, 59) with lower 
titers sufficient to protect against lower respiratory tract disease compared to the 
upper respiratory tract (59). However, a CD8+ T cell depletion study (60) performed in 
macaques suggests that there is also a role for cellular immunity when antibody levels 
are suboptimal, with the caveat that this is an infection/reinfection model rather than 
vaccination. Human patients receiving anti-CD20 monoclonal antibody treatment are 
also capable of generating a robust T cell response after vaccination in the absence of a 
humoral response (61), although it is not yet known if this alone is protective.

V591 behaved comparably to authorized COVID-19 vaccines in measles-unvaccina
ted NHPs. However, the immunogenicity of V591 in two clinical trials was lower than 
expected. V591 was concurrently assessed in randomized, placebo-controlled phase 
I (33) and randomized, double-blind, placebo-controlled, dose-ranging phase I/II (34) 
clinical trials. Both studies found that V591 was well tolerated in healthy adults after 
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intramuscular (IM) administration. However, two injections of the high dose (106 TCID50) 
elicited SARS-CoV-2-neutralizing antibodies in only 61% of participants, and therefore 
V591 was not moved forward through the development process. This was unexpected, 
given the immunogenicity of V591 in both mouse (see companion article by Brunet et al. 
[35]) and NHP (as shown here) models and the immunogenicity of a CHIKV-vectored 
vaccine candidate developed using the same measles Schwarz platform (MV-CHIK). 
Two injections of a comparable dose of MV-CHIK elicited CHIKV-neutralizing antibodies 
in >95% of recipients in phase I (62) and phase II (25) clinical trials. One contributing 
factor to the differing results might be the observed sensitivity of V591 to pre-existing 
anti-MV immunity in the clinical trial (33, 34). At this time, we do not yet have any 
experimental evidence to explain this finding. However, this will be important for us and 
others working on vectored MV vaccines to determine in the future if the platform is 
to be used to protect against respiratory pathogens such as SARS-CoV-2. This highlights 
why we believe the dissemination of this unique set of three papers for the COVID-19 
candidate-vectored vaccine is important for the measles vaccinology field. Differences 
between V591 and MV-CHIK include that the heterologous SARS-CoV-2 spike antigen in 
V591 was stabilized by introducing two consecutive prolines in the hinge region of S2 
and deletion of the furin cleavage site, and thus functionally inactivated. However, these 
modifications strongly increased the immunogenicity in mice (see companion article by 
Brunet et al. [35]) and are similarly used in the licensed Ad26-vectored COVID-19 vaccine 
(63). MV-CHIK generates CHIKV virus-like particles (VLPs) (64), which may contribute to 
the immunogenicity of this candidate if expressed in vivo or if already present in the 
vaccine preparation, as vaccinated individuals may mount a response directly to these 
VLPs. Furthermore, the ratio of infectious to physical viral particles might differ between 
these two MV candidates or between the vaccine preparations and potentially impact 
the immunogenicity. Investigational studies are currently ongoing to understand why 
V591 led to unsatisfactory clinical results in spite of the strong protective data in the 
pre-clinical models.

In summary, we performed a comprehensive evaluation of the immunogenicity 
and efficacy of an MV-vectored SARS-CoV-2 vaccine in the AGM model of COVID-19 
disease. Our study demonstrates vaccine effectiveness and protection of V591-vacci
nated animals from disease after challenge, exemplified by (i) rapid development of 
SARS-CoV-2-specific IgG post-vaccination, (ii) development of SARS-CoV-2-specific-neu-
tralizing antibodies post-vaccination, (iii) priming of a Th1 immune response, (iv) slower 
development/lower titers of N-specific IgG in vaccinated animals post-challenge, (v) 
shedding lower levels of replication-competent challenge virus in mucosal secretions, (vi) 
lower disease burdens in the lungs post-challenge and at necropsy, and (vii) lower vRNA 
levels in respiratory and gastrointestinal tract tissues at necropsy post-challenge.

MATERIALS AND METHODS

Cells

Vero E6 cells were obtained from ATCC (Virginia, USA) and grown in Dulbecco’s 
modified Eagle medium (DMEM) (high glucose with GlutaMAX; Thermo Fisher Scientific), 
supplemented with 10% (vol/vol) fetal bovine serum (Thermo Fisher Scientific).

Viruses

V591 (33, 34) (see companion article by Brunet et al. [35]) is a recombinant measles 
vaccine (Schwarz) virus expressing SARS-CoV-2 S protein from an additional transcription 
unit located between the H and L genes. The SARS-CoV-2 S protein expressed from 
V591 is based on the Wuhan-Hu-1 sequence (accession number MN908947), and it is 
locked in the prefusion conformation, has the loop encompassing the furin cleavage 
site deleted, and has the carboxy-terminal endoplasmic reticulum retrieval signal ablated 
as described (see companion article by Brunet et al. [35]). The control vaccine is an 
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equivalent recombinant Schwarz vaccine expressing a non-SARS-CoV-2-related control 
viral antigen of similar size.

SARS-CoV-2 Munich: P3 [a passage 3 stock of the Munich clade G (65) isolate 
previously described in reference (44)] was used under biosafety level-3 (BSL-3) 
conditions in the University of Pittsburgh Center for Vaccine Research and the Regional 
Biocontainment Laboratory. Powered air-purifying respirators (Versaflo TR-300; 3M, St. 
Paul, MN, USA) were used when handling infectious samples or working with infected 
animals. Disinfection was performed using Peroxigard disinfectant (surface or liquid) or 
by steam sterilization in an autoclave (solid wastes, caging, or animal wastes).

rMVEZEGFP(3), a recombinant vaccine MV encoding enhanced green fluorescent 
protein from an additional transcription unit between the P and M genes, was grown 
and titrated as previously described (66).

Animal study design

Twelve, captive-bred AGMs (10 male: 01–03, 05–08, and 10–12; 2 females: 04 and 09) 
were obtained from the Vervet Research colony at Wake Forest University. Animals were 
serologically negative for herpes B virus, SIV, simian T-cell leukemia virus, and simian 
retrovirus. For vaccination, challenge and sample collection, animals were sedated with 
10 mg ketamine/kg of body weight via IM injection. For euthanasia, each animal was 
sedated with 20 mg ketamine/kg of body weight (IM), followed by an injection of 200 mg 
Beuthanasia/kg of body weight (intravenous). Following euthanasia, each animal was 
perfused via the left ventricle with saline using a variable perfusion machine (GP1000; 
Fisher Scientific).

Animals (five male and one female) were randomly assigned to two groups. Groups (n 
= 6) were vaccinated IM on day 0 with 105 TCID50 of V591 (vaccinated group: 01–06) or 
control vaccine encoding an irrelevant antigen (control group: 07–12). All animals were 
boosted with the same dose of vaccine via the same route at 28 d.p.v. At 56 d.p.v. (day 0 
for challenge), all animals were challenged with 8.35 × 105 plaque-forming units of a low 
passage, early pandemic isolate of SARS-CoV-2 [Munich: P3 (44)] by multi-route mucosal 
exposure (3 mL intratracheal, 1 mL intranasal, and 1 mL oral instillation). Intratracheal 
instillation was performed as previously described (36). Animals were monitored for 14 
d.p.c.; they were observed several times per day for clinical signs of illness and sampled 
regularly (see below). All animals were imaged by PET/CT at one early and one late time 
point. For logistical reasons, half the animals in each group were imaged at 3 and 10 
d.p.c. (04–09) and the other half at 4 and 11 d.p.c. (01–03 and 10–12). All animals were 
euthanized 14 d.p.c., and full necropsies were performed.

Samples

Pre-vaccination, at 7, 14, 21, 28, 35, 42, 49, 56, and 63 d.p.v. (7 d.p.c.), and at necropsy 
(70 d.p.v./14 d.p.c.), small blood samples (2–3 mL) were drawn from the right or left 
femoral vein into tubes with and without anticoagulant. Plasma and serum, respectively, 
were separated by centrifugation of these tubes at 1,500 g for 10 minutes and used 
for ELISA (plasma) or PRNT and neutralization (serum) assays. At 28 and 56 d.p.v. and 
at necropsy, additional larger volume blood samples (8–12 mL) were collected by the 
same procedure into a tube containing EDTA. This blood was processed into plasma 
and PBMCs as previously described (67). Mucosal (nasal, oral, and rectal) swabs were 
collected at 2 and 7 d.p.c., at necropsy and whenever animals were anesthetized for 
imaging (3 and 10, or 4 and 11 d.p.c.). Swabs were collected and processed as previously 
described (36) and used for virus isolation and vRNA quantitation by qRT-PCR.

At necropsy, a comprehensive set of respiratory and gastrointestinal tract tissues 
(100 mg) were collected and processed for virus isolation and vRNA quantitation by 
qRT-PCR, as previously described (36). Duplicate tissue samples were collected directly 
into formalin for fixation and subsequent pathological processing and assessment.
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Neutralization assays

Serum samples were diluted in a twofold series from 1:20 to 1:1,280 in Opti-MEM I. 
SARS-CoV-2-neutralizing antibodies in 100 µL serum dilutions were measured using an 
PRNT80 assay as previously described (44). MV-neutralizing antibodies in 100 µL serum 
dilutions were measured using a neutralization assay. Each serum dilution (100 µL) was 
mixed with 100 µL of rMVEZEGFP(3) dilution containing 50 TCID50 of virus in Opti-MEM 
I. The serum–virus mixes (200 µL total) were incubated at 37°C for 1 h, after which they 
were added onto confluent Vero E6 cell monolayers in 96-well plates. After incubation 
at 37°C, 5% (vol/vol) CO2 for 5 days, cells were observed for fluorescence with a UV 
microscope. Wells were scored as seropositive (virus neutralized), if no fluorescence was 
observed, or seronegative (virus not fully neutralized), if any fluorescence was observed, 
allowing neutralization titers to be calculated as the reciprocal of the highest serum 
dilution that neutralized all viruses in a well. Appropriate controls were included to 
determine antibody specificity.

ELISA assays

SARS-CoV-2-specific total IgG levels were measured using an indirect ELISA with 
SARS-CoV-2 RBD or N protein as antigen as previously described (36, 68). The endpoint 
titer was calculated as the highest dilution of plasma that achieved an OD of three 
standard deviations above that of the negative control (pre-vaccination) sample.

SARS-CoV-2 peptide library preparation

A total of 316 peptides spanning the entire SARS-CoV-2 spike protein were made 
to >70% purity and confirmed by HPLC (Genscript). Lyophilized peptides were suspen
ded in DMSO to 20 mg/mL. Peptide pools (pools 1–4) were prepared by mixing peptides 
1–79 (pool 1; encompassing the N-terminus, S1), 80–158 (pool 2; encompassing the RBD, 
S1), 159–237 (pool 3; encompassing the furin cleavage site, S1/S2), and 238–316 (pool 4; 
encompassing the C-terminus, S2) into 50-µL aliquots such that each peptide was at a 
final concentration of 0.25 µg/µL. Peptide pools were stored at −20°C until use.

ELISpot assay

Serial dilutions of AGM PBMCs were incubated with each peptide pool (2 µg of each 
peptide/mL), Staphylococcal enterotoxin B (positive control), or DMSO (negative control) 
in precoated monkey IFN-γ and human IL-4 ELISpot plates (Mabtech) for 24 h in RPMI 
medium (Thermo Fisher Scientific), supplemented with 10% (vol/vol) fetal bovine serum. 
Plates were processed according to the manufacturer’s instructions, and spots were 
counted using a CTL ImmunoSpot S4 Analyzer. Data were exported to Excel for analysis. 
Samples were considered positive when the spot count was greater than zero after 
subtracting the number of spots from the negative control wells, and samples with 
fewer spots than the negative controls were recorded as zero. The spot counts for 
the individual samples stimulated with peptide pools 1–4 were summed, and the total 
number of spots is reported per 1 × 105 cells. Differences in spot numbers between 
SARS-CoV-2-vaccinated and control groups were analyzed by Mann-Whitney tests using 
GraphPad Prism software.

vRNA quantitation and virus isolation

RNAs from swabs and tissue samples were isolated using a standard alcohol precipita
tion method, and vRNA was quantified using a one-step qRT-PCR assay as previously 
described (36, 44). Differences in the vRNA levels between SARS-CoV-2-vaccinated and 
control groups in respiratory tract tissues alone, in gastrointestinal tissues alone, or 
across all tissues were analyzed by Mann-Whitney tests using GraphPad Prism software.

Replication-competent virus was isolated from processed swab and tissue samples 
by plaque assay on Vero E6 cells. Briefly, fivefold serial dilutions of tissue homogenate 
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or swab eluate were prepared in Opti-MEM (Thermo Fisher Scientific) and added to 
confluent Vero E6 monolayers in 6-well plates (Corning; 200 µL/well). After 1 h of 
incubation at 37°C, 5% CO2, cells were overlaid with agarose, incubated, fixed, stained, 
and analyzed as previously described (44).

PET/CT imaging

Animals were sedated, 18F-FDG was administered, and imaging was performed as 
previously described (36). Briefly, animals were sedated and injected intravenously 
with ~5 millicuries of 18F-FDG. Then, they were intubated, anesthetized with isoflurane, 
and connected to a ventilator for breath control. Images were acquired with a MultiScan 
LFER 150 (Mediso Medical Imaging Systems, Budapest, Hungary) and analyzed with 
Osirix MD software, described in detail in reference (69).

Histologic processing and immunohistochemistry

Tissue samples were fixed for a minimum of 24 h in 4% paraformaldehyde before 
being removed from BSL-3 and subsequently processed in a Tissue-Tek VIP-5 automated 
vacuum infiltration processor (Sakura Finetek USA) and embedded in paraffin using a 
HistoCore Arcadia paraffin embedding machine (Leica). Five micrometer tissue sections 
were generated using a RM2255 rotary microtome (Leica) and transferred to positively 
charged slides, deparaffinized in xylene, and dehydrated in graded ethanol. Tissue 
sections were stained with hematoxylin and eosin for histologic examination, with 
additional serial sections utilized for immunohistochemistry (IHC). Monoplex DAB IHC 
was conducted using a Chromomap DAB IHC kit, which includes a peroxidase inhibitor 
(Roche). Antigen retrieval was conducted using CC1 reagent (Roche) at 95°C for 64 
minutes. Primary antibody incubation (1:400 dilution) was conducted at 37°C for 32 
minutes with a rabbit monoclonal antibody specific to SARS-CoV-2 spike Protein (Cell 
Signaling Technology, E5S3G), followed by incubation with a pre-diluted ImmPRESS 
polymer goat anti-rabbit HRP conjugated secondary (Vector Labs MP-7451-50) for 
20 minutes at 37°C. Immunoreactivity was developed via DAB followed by nuclear 
counterstaining with hematoxylin and bluing reagents (Roche). Human lung xenografts 
inoculated with SARS-CoV-2, confirmed via plaque assay and RT-PCR, were utilized as a 
positive control, while a negative control included an isotype control that was specific to 
mouse CD31 (Cell Signaling Technology Clone D8V9E) and displayed no immunoreactiv
ity (70).

Statistical analysis

All graphs were generated, and statistical analyses performed, in GraphPad Prism 8. 
qRT-PCR data were analyzed in Microsoft Excel.
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