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CORONAVIRUS

Immunogenicity of clinically relevant SARS-CoV-2
vaccines in nonhuman primates and humans

P. J. Klasse'*, Douglas F. Nixon2*, John P. Moore'*

Multiple preventive vaccines are being developed to counter the coronavirus disease 2019 pandemic. The leading
candidates have now been evaluated in nonhuman primates (NHPs) and human phase 1 and/or phase 2 clinical
trials. Several vaccines have already advanced into phase 3 efficacy trials, while others will do so before the end of
2020. Here, we summarize what is known of the antibody and T cell immunogenicity of these vaccines in NHPs
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and humans. To the extent possible, we compare how the vaccines have performed, taking into account the use
of different assays to assess immunogenicity and inconsistencies in how the resulting data are presented. We also
review the outcome of challenge experiments with severe acute respiratory syndrome coronavirus 2 in immu-
nized macaques, while noting variations in the protocols used, including but not limited to the virus challenge
doses. Press releases on the outcomes of vaccine efficacy trials are also summarized.

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic rages unabated
and may continue to do so until there is a safe, effective, and widely
used protective vaccine. Multiple vaccines to prevent severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and/
or COVID-19 disease are now progressing through preclinical test-
ing and phase 1/2a human trials, while some are already in phase
2b/3 efficacy trials in and outside the United States (www.who.int/
who-documents-detail/draft-landscape-of-covid-19-candidate-
vaccines and https://clinicaltrials.gov/ct2/results?recrs=&cond=
Covid19&term=vaccine&cntry=&state=&city=&dist=) (Table 1)
(1-32). Several of these mid- to late-stage vaccines are part of the
U.S. government’s Operation Warp Speed (OWS), which has been
reviewed elsewhere (33-35). Multiple vaccine candidates produced
in China are also well advanced in the evaluation and approval pro-
cess (1,2, 12, 14, 15, 22-24, 29, 30). Phase 1/2 trial data on the Russian-
made Sputnik V vaccine have now been published (28).

All the vaccines are either based solely on the viral Spike (S) pro-
tein, which is administered by various methods including expres-
sion from nonreplicating adenoviruses and nucleic acid vectors or
as recombinant proteins, or are inactivated viruses that include the
S protein together with all other structural viral proteins (Table 1).
The vaccines are all based on S proteins containing D614, which
was the dominant strain when they were designed. A variant virus
with G614 in its S protein has since emerged to dominance globally
because of its greater transmissibility (36-38). However, this D614G
change does not affect sensitivity to neutralization by sera from in-
fected or vaccinated people, or to neutralizing monoclonal antibodies
(MADs), and therefore is not problematic for vaccine efficacy (36-38).
Some of the more recent papers reviewed below include neutraliza-
tion data using the G614 virus. All the adenovirus, mRNA, and
DNA vaccine candidates listed in Table 1 involve full-length S pro-
teins; variants with truncations of the transmembrane region and/or
the cytoplasmic tail were tested as comparators in two macaque
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studies (4, 6). The recombinant proteins from Novavax and Clover
Biopharmaceuticals are based on full-length S proteins (9, 10, 12, 21).
Many S protein constructs incorporate two proline substitutions in
the S2 region (K986P and V987P) that stabilize the expressed trimer
in the prefusion structure that is considered to be optimally immu-
nogenic for the induction of neutralizing antibodies (NAbs), while
minimizing non-NAb responses (39). The same method was used
to stabilize the respiratory syncytial virus F (fusion) protein and im-
prove its immunogenicity (40, 41). In one macaque study of adeno-
virus serotype 26 (Ad26) virus variants, the NAb response to the
two-proline mutant S protein was stronger than to other constructs
that contained or lacked stabilizing changes, truncations, or alterna-
tive leader sequences (4). A mouse immunogenicity experiment that
also compared Ad26 virus variants led to a similar conclusion (42).
Comparative experiments in mice led to the inclusion of the same
double proline change (and a furin cleavage site knockout) in the
Sanofi Pasteur mRNA vaccine (13). Recombinant S protein immu-
nogens with the same combination of mutations provided the stron-
gest protection against virus challenge in a mouse model, when
compared with proteins that lacked these stabilizing changes (43).
In a macaque comparison of DNA vaccines expressing various S
protein constructs, the authors reported that a soluble S protein that
contained the two proline substitutions together with a cleavage site
knockout and a trimerization domain (S.dTM.PP) was better than
the corresponding truncated S protein (S.dTM) at conferring pro-
tection from SARS-CoV-2 challenge (6).

Experimentation and precedent therefore support the use of sta-
bilizing changes that maintain the SARS-CoV-2 S protein trimer in
its prefusion conformation. However, the S protein expressed in the
AstraZeneca/Oxford University ChAdOx1 nCoV-19 vaccine is a
wild-type sequence that does not include any stabilizing changes
(3, 16, 17). The Sputnik V rAd5 and rAd26 adenovirus vectors ex-
press a full-length S protein, but the published report does not men-
tion whether stabilizing mutations were added (28). Similarly, it
was not stated whether the S protein in the CanSinoBIO Ad5-nCoV
vaccine was stabilized (23, 24). Whether the absence of stabilizing
changes affects the performance of these various adenovirus vac-
cines is not known.

The Pfizer/BioNTech BNT162b1 vaccine was based on the S protein’s
receptor-binding domain (RBD), but its development was terminated
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Table 1. SARS-CoV-2 vaccines under evaluation in NHPs and phase 1/2 human trials.

i3

Vaccine name* Sponsor

Design principle*

NHP studies (citation) Human trials (citation)

PiCoVacc/CoronaVac® Sinovac

ed virus (1) (14)

ChAde1 nCoV 19 (AZD1222) AstraZeneca - ChAdeno virus— S protem o (3)

Ad26.COV2  Janssen  Ad6viusSprotein (45

Va”ous constructs e e Notapphcaue” s DNA-S prOtem e (6) e e
|No 4300 e |Nov|o e DNA_sprotem N (7) e e
mRNA 1273 e MOdema O mRNA . pmtem,. N (8) e (1920) P
vi cOv2373; e Novavax e ﬁécombmant 5 pmtel.n. e (9 10) e (2]) P
Unnamed e e ms|nopharm/w|BPH s |nact|vated o e o3 S
Ads nCoV e e s e Ads V|ru5 s pmtem. e e .‘,‘,‘,(23 24),‘,‘,. P
BNT162b2 Pfizer/BioNTech RNAS protem (11) (25-27)

Gam COVID Vac (Sputnlk V) - mGamaIeya Centern o WAdZ‘6+Ad5 V|rus S proteln I (28) -
Strlmer o CIover Blopharmaceutlcals o Recomblnant S proteln R (72) D
KMS 1 e |MB CAMS and pUMC R |nact|vated V|ru5 et e (29 30) P
MRT5500 e Sanoﬁ Pasteur s mRNA s prOtem N (73) OO U SOOI
COVLP e e Med.cago S ..‘,S prétem V|ru5 |.ke pamdes,. et e (31) S
canov e cUrevac e mRNA_s pmtem e e o S

*Some vaccines have alternative names or corporate designations. We use the same names as in the papers cited. The entries in this column are arranged in
approximate order of appearance of the first relevant paper on a preprint server or journal website. The citations are arranged so that the papers on the

nonhuman primate (NHP) studies are all numbered before those on human trials.

tThe five companies highlighted in bold in this and subsequent tables

are part of the U.S. government’s OWS program or, in the case of Pfizer/BioNTech, have close ties to it. As this program rapidly evolves, readers should consult
appropriate websites (e.g., https://medicalcountermeasures.gov/app/barda/coronavirus/COVID19.aspx) for updated information. In some cases, the companies
have academic partners. For example, Moderna is the corporate partner of the National Institutes of Health’s Vaccine Research Center, where the mRNA
construct was designed, while the AstraZeneca vaccine (also known as AZD1222) similarly involves the Oxford University in the United Kingdom, and
Medicago’s CoVLP vaccine program is a collaboration with McGill University in Canada. BIBP, Beijing Institute of Biological Products; WIBP, Wuhan Institute of
Biological Products. Both these organizations are part of the Sinopharm consortium. The Gamaleya Center in Moscow has multiple partners within the Ministry
of Health of the Russian Federation. IMB, Institute of Medical Biology; CAMS, Chinese Academy of Medical Sciences; PUMC, Peking Union Medical

College.

$The SARS-CoV-2 components of these vaccines are all based on the S protein or, in the case of the Pfizer/BioNTech now abandoned BNT162b1,

the S protein’s receptor-binding domain (RBD). The adenovirus, mRNA, and DNA vaccines express the full-length S protein. Truncated variants have been
studied as comparator immunogens (4, 6). The recombinant protein vaccines are based on stabilized S full-length S proteins. The inactivated virus vaccines all
include S proteins together with other viral components. For full details of the immunogens, including modifications made to the S proteins, the primary papers

should be consulted.
trials.

studied at phase 1, only BNT162b2 was advanced into phase 2/3.

after phase 1/2 trials, in favor of the BNT162b2 construct that ex-
presses the complete, stabilized S protein (Table 1) (11, 25-27). All
the mRNA vaccines are encapsulated within liposomes of unpub-
lished composition, which accounts for their thermal fragility and
need for storage and shipment in freezers at various temperatures.

It is of considerable scientific and public interest to know the
immunogenicity of the leading vaccines in absolute and, to the ex-
tent possible, comparative terms. Here, we have reviewed antibody
and T cell immune response data derived from published studies of
vaccines that were tested in nonhuman primates (NHPs) and then
progressed into human phase 1/2 trials or that are in human trials
without a prior NHP experiment (Tables 2 to 4). We have also eval-
uated macaque vaccine challenge experiments, including how they
were performed, as the outcomes are relevant to understanding the
protective potential of SARS-CoV-2 vaccines (Table 3). The NHP
experiments are described in (1-13), and the human trials are de-
scribed in (14-32).

Klasse et al., Sci. Adv. 2021; 7 : eabe8065 19 March 2021

§The Sinovac vaccine was named PiCoVacc at the preclinical stage and then renamed CoronaVac when it moved into human
|| The DNA vaccines tested in the macaque study are not known to be part of a clinical development program; we include this paper in the review
because it has a macaque challenge component and is therefore relevant to the comparison with other such studies.

YAlthough both vaccines were

The Chinese government authorized the CanSinoBIO Ad5-nCoV
vaccine for use on military personnel in June 2020, presumably on
the basis of the phase 1/2 trial data (23, 24). In August 2020, the
Russian government approved an Ad5 and Ad26 adenovirus vector
vaccine, Gam-COVID-Vac (also referred to as Sputnik V), after
minimal safety testing and with no evidence of protective efficacy,
several weeks before phase 1/2 trial data were published (28). Reservations
have been expressed about the suitability of Ad5 vaccines for use in
areas of high HIV-1 incidence, based on the risks of increased HIV-1
acquisition (44). This concern would apply to both the CanSinoBIO
Ad5-nCoV and the Gam-COVID-Vac vaccines (23, 24, 28). The
approval processes that will be applied to the vaccines of the
U.S. government-supported OWS program are outlined in brief
elsewhere (33).

The immunogenicity of some of the >150 vaccine candidates
now in preclinical development worldwide has been tested in small
animals and, in some cases, NHPs. These reports are beyond the
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Table 2. Vaccine immunogenicity in NHP studies.

Vaccine name (citation) Vaccine dose* Binding antibody titer’ NADb titer T cell response§

Smovac P|CoVacc ( ) 6ugx3 GM EP, ~12,800 RV GM IDsg, ~50 ND||

Slné;))harm/BlPP BBIBP CorV Bugx2 RV GM IDsp, ~230 ND

AstraZeneca ChAdOX1 25x 1010 VP x 2 Median EP, ~28,000" RV median IDso, ~280' ND
nCoV-19 (3)

Janssen Ad26.COV 25.PP (4) 1x10"VP x 1
Janssen Ad26.COV 25.PP (5) 5% 10" VP x 2

Median EP, ~4000

GMEU, ~7500

PV median IDs, 408; .
RV med|an ID50, 113 ISeIET =60 (Rt

PV GM IDso, ~3000 GM, ~200 (day 70)
PV medlan IDso, ~200

DNA, full-length S protein (6) 5mgx2 Median EP, ~140 RV median IDsy, ~40 Median, ~80 (day 35)
AM, ~140 (day 42);
INOVIO INO-4800 (7) Tmgx2 GM EP, ~130,000 PV GM IDsp, ~1000 AM, ~30 (day 84)
PV GM IDs, 1862;

Moderna mRNA-1273 (8) 100 ug X 2 Log AUC, 4-5 RV GM |D50y 3481 ND
Novavax NVX CoV2373 (9) 5 }19 >< 2 GM ED50, 174,000 RV GM ID>99, 17 000 ND
Novavax NVX COV2373 (70) 25 ug x 2 GM ED50, 469 739 RV GM CPEmg, 23 040 ND
Pflzer/BloNTech BNT1 62b2 (I 7) 100 ug x 2 GM EU 34 668 RV GM ID50 1689 GM, ~750 (days 28 and 42)
Clover Blopharmaceutlcals PV GM IDso, ~5227

S trimer (12) 30ngx2 GMEP, 17,497 RV GM CPEsg, ~20,234 ND
Sanofi Pasteur MRT5500 (73) 135pug x 2 GM EP, ~200,000 PV GM IDso ~2871 GM, 30 to 40 (day 42)

RV GM IDsg, ~1877

*Only results for the optimal dose, i.e., the strongest responses without unacceptable side effects, are recorded. When the number of immunizations differed

between groups, the one inducing the strongest response was chosen. VP, virus particle.

tAntibody binding was measured in S protein immunoglobulin G

(IgG) enzyme-linked immunosorbent assay (ELISA) 2 weeks after the last immunization, and the values are listed as median effective dilution (EDsp), end point

(EP), or ELISA units derived from comparison with a standard curve (EU); GM, geometric mean; AUC, area under the curve.

$Neutralization was quantified in

pseudo-virus (PV) or replicating virus (RV) assays, as indicated. The potency was measured as median inhibitory dilution (IDso) or ID>gg values [CPE;qq in (70) is the

approximate equivalent of ID. 599 in (9)].
spot forming cells (SFC) per 10
listed (in parentheses). AM, arithmetic mean.

scope of this review, although we and others have summarized sev-
eral previously (34, 35, 45). Small animal immunogenicity studies
that directly relate to the vaccine candidates we review here are de-
scribed in several of the papers on NHP experiments and human
trials and also in (42, 46-50).

The first indications of vaccine efficacy emerged during November, 2020,
with the appearance of seven press releases. “Science by press
release” is a far from ideal mechanism for the dissemination of im-
portant data but is understandable in the context of the COVID-19
pandemic. The information in the press releases was generally quite
limited, and, of course, the data were not peer reviewed. In some
cases, more questions were raised than answers given. Nonetheless,
it was clear that significant and meaningful levels of efficacy were
being accomplished. None of the press releases reported severe
safety problems. We summarize what is now known near the end of
this review.

ASSESSING ANTIBODY RESPONSES TO VACCINE CANDIDATES

Antibodies induced by the S protein-based immunogens are gener-
ally measured in two ways. Immunoassays, usually but not always
enzyme-linked immunosorbent assays (ELISAs), quantify antibody
binding to the S protein or fragments thereof, such as the RBD. Neu-
tralization assays assess the abilities of NAbs to inhibit SARS-CoV-2

Klasse et al., Sci. Adv. 2021; 7 : eabe8065 19 March 2021

8T cell responses were measured in enzyme-linked immune absorbent spot (ELISpot) interferon-y (IFN-y) assay as
cells after stimulation with different SARS-CoV-2 S-derived peptides. The days between immunization (day 0) and sampling are also
|| ND, not done (no data were presented in the paper).

fData are for the two-dose (prime boost) group.

infection of target cells (51, 52). The binding and NAb assays both
have value, and titers derived from them generally correlate reason-
ably well. However, neutralization assays quantify antibodies that
block infection, while ELISAs and other binding antibody assays
also detect antibodies that lack these properties (non-NAbs) (Figs. 1
to 3). Other assays are sometimes used, for example, to detect anti-
bodies that inhibit the binding of the S protein or its RBD to a solu-
ble form of the angiotensin-converting enzyme 2 (ACE2), which is
the entry receptor for SARS-CoV-2. We restrict our discussion to
binding antibodies and NAbs, with some exceptions. A repeated
occurrence in the papers we summarize is the use of COVID-19
convalescent sera or plasma as comparators for vaccine-induced
antibody responses. We have ignored all of these datasets. The
serum/plasma panels differ among the various studies, and the range
of antibody titers seen in COVID-19 patients can span a 5-log range
and vary considerably also during convalescence (34, 35, 51, 53-55).
Accordingly, we have not found the convalescent serum panels
helpful when gauging the relative immunogenicity of the various
vaccine candidates. There is a compelling need to now assemble and
use a standard panel containing neutralizing MAbs and/or validated
convalescent plasma or purified immunoglobulin G (IgG) prepara-
tions for these comparisons (34, 35, 51).

As we have noted previously, different research groups use dif-
ferent assays and measure antibody binding and virus neutralization
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Table 3. Antibody responses at the time of challenge and degree of protection in NHP studies.

sl mnleety NAD titer near time of Dose and route of Uitz e
Vaccine name (citation) titer near time of challenge’ challenge® immunization to Viral load reductions®
challenge* 9 9 challenge
Sinovac PiCoVacc (1) G,%]EZ;;]BZCI?OO " (ﬁi’\galssl;'c;so 1% 10° TCIDso IT 22 days TS AMIL ~1.8; AS AM, ~4.7
Sinopharm/BIBP RV GM IDsg, ~230 a e, ~
BBIBP-CorV (2) ND (day of challenge) 1x10°TCIDso IT 14 days TS AM, ~5.0"; AS AM, ~2.9
AstraZeneca ChAdOx1 Median EP ~6300* RV median IDsg, ~60 (1.6+0.8+0.8+0.2) x 14 davs BAL median, ~1.7; INS
nCoV-19 (3) (28 days BC) (28 days BQ) 10° TCIDsg IT-IN-OR-OC** 4 median, ~1.5
. PV median IDsq, 408; RV BAL median, 3.2 (0/6
Janssen Ad26.COV 25.PP (4) Meg':’;fps' Bgm median IDs, 113 1 10° TCIDso IT-IN 42 days detectable); INS median,
Y (14 days BC) 3.9 (1/6 detectable)
T, Median EP, ~160 PV:::;'::I"D)S"':;SSRV 12x108VP=1.1x 10 21 davs BAL median, 3.1; INS
gth > p (7 days BO) e PFU IT-IN Y median, 3.7
(7 days BC)
g GM EP, ~3200 PV GM IDs, ~260 4 Y BAL median, ~1.5; INS
INOVIO INC-4800 (7) (14 days BC) (14 days BQ) a2 S AR R 7 ek median, ~0.20
Log AUC, 4 to 5 PVGM D5, 1862,RVEM ;o 45 PFU; 1 x 10° BAL median, ~4.0; INS
Moderna mRNA-1273 (8) (14 days BO) IDs0, 3481 TCIDeo T-IN 28 days median. ~3.0
y (14 days BC) =0 s
BAL median, ~2.6
GM EDso, 469,739 RV GM CPE; 0, 23,040 a (0/4 detectable); INS
Novavax NVX-Cov2373(10) day of challenge) (day of challenge) 1.04 x 10* PFU IT-IN 35 days median <26
(0/4 detectable)
BAL GM, ~3.0 (0/6
Pfizer/BioNTech GMEU, 6317 RV GM IDsg, 310 6 detectable); INS GM, ~1.5
BNT162b2 (17) (20 days BO) (20 days BC) 105X 10°PFUIT-IN SR (0/6 detectable); OPS GM,
~2.5 (2/6 detectable)
. . PV GM IDsg, ~5227; 6 . ~1.5;
Clover Biopharmaceuticals GMEP, 17,497 RV GM CPEsg, ~20,234 2.6 x10° TCIDs IT 14 days TS GM, ~1.7; AS GM, ~1.5;

S trimer (72)

(day of challenge)

(60%) IN (40%)

ITS GM, ~1.7; INS GM, ~0.5

(day of challenge)

*Antibody binding was measured in S protein IgG ELISA, and the values are listed as EDso, EP, or ELISA units derived from comparison with a standard curve (EU).

The data are derived from the time point (listed in days) closest to the time of challenge. BC, before challenge.
$Challenge dose {in plaque-forming units (PFU) or tissue culture infectious

assays, as indicated, and the potency was measured as IDsg or CPE;og values.

tNeutralization was quantified in PV or RV

dose yielding infection in 50% of wells [median tissue culture infectious dose (TCIDsp)] and route of challenge}; only in (8) were both PFU and TCIDs, given.

IT, intratracheal; IN, intranasal; OR, oral; OC, ocular.

§Protection was measured as median log reductions in subgenomic RNA copies per milliliter [except for

(2, 17) where viral RNA data are listed]. The viral load (VL) data were derived from bronchoalveaolar lavages (BALs), intranasal swabs (INSs), throat swabs (TSs),
oropharyngeal swabs (OPSs), or anal swabs (ASs), at times when VLs were approximately at their peak levels after challenge. In some studies, more substantial

protective effects could be detected after the peak values began to decline (see the primary papers for details).
9Because viral RNA declined without any discernable peak in the control animals, only RNA measurements for day 7 (the last time point sampled)
**The macaques were challenged simultaneously via four different routes (IT-IN-OR-OC)

values.
are listed. #Data are for the two dose (prime boost) group.
with the various doses listed in the same order in the brackets.

differently, which greatly complicates comparisons of datasets (34).
The different measurements made in the original papers are ex-
plained in Table 5 and Figs. 1 to 3. How binding and NAb titer and
protection data derived from animal experiments that use different
infectious doses of challenge virus can be related to each other has
been modeled and discussed elsewhere (51, 52, 56). The range of
SARS-CoV-2 vaccine-induced antibody titers seen in groups of
NHPs and humans generally exceeds 100-fold and can be as high as
1000-fold. As noted previously, the existence of such a wide range
of responses has implications for the proportion of a population
that a vaccine can protect (34). The titer spreads reported in the
various primary papers are worth comparing from this perspective.

Antibody responses in the various studies are usually measured
for only a short period after the final immunization or, in the case of
some macaque experiments, after the virus challenge. The same con-
straint applies also to the T cell data. In one study where evaluations

Klasse et al., Sci. Adv. 2021; 7 : eabe8065 19 March 2021

|| AM, arithmetic mean of the VL log

were carried out for longer than is normal, rhesus macaques were
immunized twice with the Pfizer/BioNTech BNT162b2 mRNA vac-
cine. The peak anti-S1 protein antibody titers then declined ~5-fold
over a 28-day period, while NAb replicating virus (RV) median in-
hibitory dilution (IDs) titers also dropped ~5-fold in the high-dose
(100 pg) group (1I1). We estimate that the early-phase half-life of
these antibody titers is only 1 to 2 weeks. The lack of knowledge of
the longevity of SARS-CoV-2 vaccine-induced immune responses in
humans is a substantial gap that will need filling.

In almost all of the papers we review, antibody responses are
measured only in serum. There has been very little attention paid, to
date, to mucosal immune responses, which seems unfortunate given
how SARS-CoV-2 is transmitted and where it predominantly repli-
cates. Accordingly, we cannot address mucosal immunity in this
review, other than by noting that one recent preclinical study of a
chimpanzee adenovirus vaccine (different from the AstraZeneca
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Fig. 1. The measurement of antibody binding and virus neutralization in vitro.
Blood samples are obtained from patients or experimental animals and serum is
separated. (Left) Serum antibody binding is usually measured by ELISA: S proteins
(blue triangles) or RBDs are immobilized in wells, S-specific antibodies (green) in
titrated sera are allowed to bind, and they are then detected with labeled anti-
antibodies (purple with yellow flash) (57). (Right) Neutralization is measured as
antibody-mediated inhibition of viral infectivity in cell culture assays. A susceptible
cellis shown with blue cytoplasm, black nucleus, and red cell membrane. PVs carry
a signal gene but cannot form infectious progeny, whereas RVs cause cytopathicity
(51,52). Virus particles are shown as blue circles with triangular spikes, the latter
representing the S protein as in the ELISA. The internal viral core is purple. Antibodies
in green bind to the S protein on virions in suspension. Some extracellular virions
are prevented from receptor binding and cellular uptake by antibody binding to
the S protein. Two virions are shown in endosomes. One has antibodies bound to
the S protein, which prevents fusion of the viral and endosomal membranes, thereby
preventing entry of the viral core into the cytoplasm.

clinical candidate) in mice highlights how important inducing and
characterizing mucosal immune responses might turn out to be (50).

Briefly, it is often difficult to inspect two different papers on vac-
cines A and B and conclude with certainty that one induces the su-
perior immune response. Knowledge of how vaccines of different
designs generally perform can help form judgments, but there must
always be caveats.

ASSESSING T CELL RESPONSES TO VACCINE CANDIDATES
T cell responses to vaccine immunogens are generally measured by
quantifying the amount of cytokine expressed by a T cell after spe-
cific antigenic stimulation from a peptide, protein, or vector-delivered
antigen. The enzyme-linked immune absorbent spot (ELISpot) as-
say is most often used, or variants thereof, peripheral blood
mononuclear cells (PBMCs) being the commonest source for T cells.
Interferon-y (IFN-y) secretion is the most commonly chosen cyto-
kine output, but other cytokines are sometimes also measured, as is
the production of granzyme B. Cytokine flow cytometry (CFC) is
often used as a readout, and there is generally a good correlation
between ELISpot and CFC assay results. An advantage of the CFC
assay is that it can directly identify the phenotype of responding
T cells, which requires depletions of cellular subsets in ELISpot as-
says. Assays for antigen-specific CD4" T cells sometimes measure
the up-regulation of activation-induced surface markers. However,
these methods do not measure T cell avidity or test the potency of
cells in viral inhibition assays (57). Here, we confine our discussion
to ELISpot assays, with some exceptions.

Depending on the vaccine candidate antigen, a T cell assay can
use individual peptides, mostly derived from the S protein, pooled

Klasse et al., Sci. Adv. 2021; 7 : eabe8065 19 March 2021
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Fig. 2. Different kinds of binding titers. End-point titers and EDsq values are mea-
sured in ELISAs. Binding curves with different maxima, midpoints (or half-maximal
values), and slopes (Hill coefficients, h) are depicted. Brown stippled lines show the
derivation of EDsg at half the plateau values on the y-axis values; gray stippled lines show
the derivation of the end-point titers, where the curve crosses a stipulated common
cutoff value; all of these titer values are read on the x axis. The EDs values are products
of antibody concentration and affinity, the maxima reflect the number of antigenic
epitopes, and the slopes indicate antibody heterogeneity or binding cooperativity.

or matrix-pooled peptides, or protein or vector-expressed antigen
as a source of peptides to bind to the major histocompatibility com-
plex molecules that are expressed on the cell surface and recognized
by a specific T cell receptor. As cross-reactive T cells are known to
occur, most assays will not specifically identify a response that was
elicited by prior exposure to a cross-reactive pathogen (or a differ-
ent vaccine). For example, an earlier infection with one of the common
cold coronaviruses might lead to a secondary memory response that
could skew the outcome of the SARS-CoV-2 vaccine trial analysis,
unless prior infection by those other coronaviruses is an exclusion
criterion (which is rarely if ever the case).

ELISpot results are usually expressed as spot-forming cells (SFCs)
per 10° input PBMCs, but this is not a uniform practice. For exam-
ple, some investigators use SFCs per 10° cells as their read out; we
multiply their values by 10 and report them as SECs per 10° cells. We
also use the abbreviation SFC rather than SFU (spot-forming units)
when the latter is used in the original paper. There are also variations
in methodologies, including the length of time between blood draw
and cryopreservation, the method used for thawing, the peptide
concentration used, the duration of peptide incubation with the cells,
the time taken to complete the assay, and whether responding T cells
are separated. All of these factors can affect an ELISpot result and need
to be considered when comparing different studies. A general feature
of the papers we have summarized is a lack of detail on how the assays
were performed. It would also be useful if images of key ELISpot
plates were provided as raw data, to allow the spots to be recounted.
The timing of when cell samples are collected after a vaccine prime or
boost is also relevant. Thus, the time-dependent decay of circulating
T cells affects the magnitude of the responses measured in vitro, to a
greater extent than applies to the more stable antibody responses.

Concerns have been expressed that SARS-CoV-2 vaccines may
exacerbate disease in infected animals, based on data arising in ear-
lier animal model experiments with vaccines against other corona-
viruses (34, 35, 45, 58-60). One particular potential problem is
referred to as vaccine-associated enhanced respiratory disease (VAERD)
(59). While it is not possible to determine whether VAERD will be
a problem with SARS-CoV-2 vaccines before the outcome of effica-
cy trials and after licensure safety assessments, the pulmonary dys-
functions are associated with increased production of interleukin-4
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Fig. 3. The quantification of neutralization. (A) Different degrees of inhibitory reciprocal dilutions are recorded for neutralization assays (purple, IDsg; green, IDgo;
blue, IDg; red, IDgo). (B) Neutralization curves differ not only in midpoints (IDsq) but also in plateau of maximum neutralization (max %) and slope (Hill coefficient, h)
(51,52, 56). Token values for these three quantities are given for the black curve; one quantity at the time is varied for the other curves as indicated by the color code.
Markedly different curves can therefore generate similar AUC values. The relationship between antibody binding to surface viral proteins and neutralization depends on
binding strength (affinity), concentration, and the occupancy of NAb on the virion that is required for neutralization (52). What neutralizing titers are sufficient for protect-
ing organisms from infection depends on viral dose and other factors and tends to fall in the range IDsq 100 to 1000 (34,57, 52, 56). When h =1, the IDgg value is ~100 IDs.
Vaccine-mediated protection in vivo not only is dominated by neutralization for many viruses but also can be influenced by non-NAb antiviral effects and cytotoxic T cell

responses, as well as by innate immunity and other host factors.

Table 5. Comparisons of vaccine-induced antibody responses across
different studies.

Antibody binding assays (usually ELISAs) are performed as serum
titrations or at only a single dilution.

End-point titers or 50% binding titers (EDs, effective serum dilution
factor giving 50% of maximum binding) or units relative to standard
curves or arbitrary units are reported.

NAbs are measured against either replicating viruses (RV assays) or S
protein—pseudo-typed viruses, which do not complete an infection
cycle (PV assays).

Usually, PV assays are a few-fold more sensitive than RV assays and
therefore generate higher titer values.

NADb data are reported as 50% neutralizing titers (IDsg, inhibitory serum
dilution factor giving 50% infectivity) or the more stringent
neutralization IDgg or IDsgg values (see Fig. 3).

In some primary papers, titers are listed in tables, figures, or the text as
multidigit values. We repeat those numbers in this review, although
using more than two significant figures is rarely justified.

When we have had to make estimates, the values we list in the text and
tables are preceded by an ~ symbol.

We differentiate median and GM or AM values as was done in the
primary papers.

(IL-4), IL-5, and IL-13, eosinophil recruitment, and impeded CD8"
T cell responses (59-61). This pattern of immune responses is in-
dicative of T helper 2 (Ty2) polarization. Accordingly, some of the
NHP and human experiments include analyses of in vitro cytokine
release profiles, to seek signs of unwanted, Ty2-biased responses.
To date, Ty2 responses have rarely been seen. We briefly note the
outcomes of these analyses when they were performed.

IMMUNOGENICITY OF VACCINE CANDIDATES IN NHPs

Immunogenicity studies have been performed in rhesus or cyno-
molgus macaques or, in one case, baboons (I1-13). The immuno-
gens were generally tested beforehand in small animals, often but
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not always mice, to provide initial assessments of their performance
and to provide some indication of the dose or dose range to then
evaluate in NHPs. Here, we focus only on the NHP studies them-
selves; the primary papers should be consulted for the small-animal
data. In general, the NHP experiments also involved safety assess-
ments. The outcomes were unexceptional in that no significant
problems were reported in the primary papers, which should, again,
be consulted for details. Key serum antibody titer values recorded in
this section are summarized in Table 2 and, for data obtained at the
time closest to challenge, also in Table 3. T cell response data are
similarly summarized and tabulated, although these assays were not
performed in several of the studies. In all cases, the vaccines were
administered intramuscularly, which also applies to the human
clinical studies (see below). However, small-animal studies of a chimp
adenovirus vaccine and an Ad5 vaccine (not the AstraZeneca/Oxford
and CanSinoBIO clinical candidates, respectively) suggest that viral
vectors might be very fruitfully delivered by the intranasal route in-
stead (50, 62).

Usually, one or more subgroups of macaques were rolled over
into a SARS-CoV-2 challenge study, or the optimal regimen was
tested in a de novo experiment. Some details and the outcomes of
the virus challenges are summarized separately below and in Table 3.

The first macaque immunogenicity paper to appear described
PiCoVacc, the Sinovac B-propiolactone-inactivated, Vero cell-produced
virus vaccine (I). Note that this vaccine was renamed CoronaVac
for human clinical trials (Table 1) (14). Two vaccine doses (3 and
6 ug of viral protein) with an Alum adjuvant were tested on groups of
four rhesus macaques by three immunizations on days 0, 7, and 14.
The 6-pug dose elicited slightly the stronger antibody responses on
day 21, when the anti-S protein geometric mean (GM) ELISA end-
point titers were ~12,800 and NAb GM median inhibitory dilution
(IDsg) values were ~50 in an RV assay (Table 2). Antibodies specific
for the RBD dominated the antibody response to the inactivated
virus vaccine, which is relevant to understanding the outcome of
the challenge experiment (see below).

The Sinopharm/Beijing Institute of Biological Products (BIBP)
inactivated virus vaccine, BBIBP-CorV, was also produced in Vero
cells and inactivated with B-propiolactone. Mixed with Alum ad-
juvant, three different doses (2, 4, and 8 ug of viral protein) were
administered to groups of 10 cynomolgus macaques on days 0, 7,
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and 14 (2). The resulting NAD titers, measured in an RV assay, were
dose dependent, with a GM IDs; value of ~210 reported for the
highest-dose group on day 21 (Table 2).

The ChAdOx1 nCoV-19 recombinant virus vector expresses a
nonstabilized form of the SARS-CoV-2 S protein (3). Groups of six
rhesus macaques received this vaccine (2.5 x 10" particles) either
once (day 0) or twice (days 0 and 28) in a prime-boost protocol. In
the single-dose group, the anti-S protein median end-point titer on
day 14 was ~600, and the median NAb IDs; value was ~20 in an RV
assay. The second dose boosted these responses to ~28,000 and ~280,
respectively, on day 42 (Table 2). The animals were challenged with
SARS-CoV-2 on day 28 (one-dose group) and day 56 (prime-boost
group), as summarized below (Table 3).

Rhesus macaques were used to identify and evaluate the optimal
design of the Janssen Ad26.COV2.S vaccine candidate (4). First, an-
tibody responses to seven different S protein variants were compared
using a range of assays, leading to the selection of the optimal Ad26 S.PP
design. After a single dose of this immunogen, median RBD-ELISA
end-point titers at week 4 were ~4000, while the pseudo-virus (PV)
and RV NAb median IDs values were 408 and 113, respectively
(Table 2). In an IFN-y ELISpot, at week 4, the median response elic-
ited by the S.PP vaccine was only ~80 SFCs per 10° cells. The data
were insufficient to confidently assess the Tyl versus Ty2 bias, as
only IFN-y and IL-4 responses were measured. T cell response data
were presumably not factored into the decision to choose the S.PP
construct as the clinical candidate, as this virus was the least immu-
nogenic of the seven variants from the perspective of inducing
CD4" and CD8" T cell immunity. The antibody responses were pri-
oritized (4). In a larger and more complex study, various Ad26.
COV2.S vaccine-dosing parameters were evaluated in adult macaques,
including the number of virus particles administered (5 x 10" ver-
sus 1 x 10'), the benefits of one dose versus two doses, and the in-
terval between the first and second dose in a two-dose regimen
(4 weeks versus 8 weeks) (5). Antibody and T cell responses were
assessed using similar assays to the initial study (Table 2). The vari-
ous intergroup comparisons showed that two doses of 5 x 10" virus
particles given at weeks 0 and 8 were the superior regimen for hu-
man studies (5). These findings presumably influenced the decision
to begin a phase 3 trial of the two-dose regimen, to supplement the
ongoing one-dose trial (see below). An additional aspect of the
macaque experiment was testing in aged macaques, defined as ani-
mals 14 to 22 years old. Here, the immunogenicity of the preferred
two-dose, 0- and 8-week regimen was found to be comparable to
what was seen in the younger adult animals (5). One final element
of the overall experiment was the use of an Alum-adjuvanted re-
combinant, stabilized S protein, principally for assessing T1 versus
T2 bias compared to the Ad26 vector regimens. As expected, the
responses to the Ad26 virus vectors were more Tyl polarized than
those to the Alum-adjuvanted S protein (5). No virus challenges
were conducted.

DNA vaccines expressing six different SARS-CoV-2 § protein
variants, including the full-length S protein and the RBD, were tested,
without adjuvant, in rhesus macaques (6). Median end-point anti-S
protein titers at week 5 varied moderately with the immunogen but
were 140 to 180 for the full-length S protein and RBD immunogen
groups. Midpoint NAD titers at week 5 also varied by immunogen,
with median IDs values of ~50 to 200 and ~30 to 40 in PV and RV
assays, respectively (Table 2). The full-length S protein construct
elicited somewhat stronger NAD responses than its RBD counterpart.

Klasse et al., Sci. Adv. 2021; 7 : eabe8065 19 March 2021

At week 5, T cell responses were detectable in ELISpot assays with
pooled S peptides (~80 SFCs per 10° cells in the S group; Table 2).
Intracellular staining showed IFN-y responses both in CD4" and
CD8" subpopulations; the responses to full-length S were stronger
than to S1 and RBD. Last, IL-4 responses were barely detectable,
which is compatible with a Tyl bias of the cellular immune re-
sponses (6).

INOVIO’s INO-4800 S protein-based DNA vaccine was given
to five rhesus macaques in 1 mg of doses at weeks 0 and 4 by an in-
tramuscular electroporation device that provides a mild electric
shock to open membrane channels in muscle cells (7). The peak
anti-S protein GM end-point titer (week 6) was ~130,000 but it
dropped ~40-fold by the time of challenge at week 17. The binding
antibody end-point titers against the RBD were ~5-fold lower than
against the S protein at week 6. In the PV NAb assay, the peak GM
IDs titers were ~1000 but had declined to ~250 by week 12 (i.e., a
four- or fivefold titer decrease over 6 weeks against the two PVs
tested). Low titers of anti S protein IgG (~10) were also detected in
bronchoalveaolar lavage (BAL) samples from vaccinated animals.
An IFN-y ELISpot was used to measure T cell responses triggered
by five peptide pools at week 6. Signals were seen with PBMCs from
four of the five animals, with a range of 0 to 518 SFCs per 10° cells
and an arithmetic mean (AM) value of ~140. By week 12, the mean
value had declined to only ~30 (7).

The Moderna S protein-based vaccine candidate, designated
mRNA-1273, was also tested in rhesus macaques (8) The lipid-
encapsulated mRNA formulation was given intramuscularly at doses
of 10 or 100 g to each of two groups of eight animals, and at weeks
0 and 4, anti-S protein ELISA data were presented only in the form
of area under the curve (AUC) values, precluding direct compari-
son with other studies. For the high-dose group at 4 weeks after the
second dose, the NAb GM IDs values in PV and RV assays were
1862 and 3481, respectively. In a CFC assay, Tyl responses were
dose-dependent, while T2 and CD8" T cell responses were at most
minimal. Although all animals responded according to prespecified
criteria, the T cell assay signals were generally weak, even at the
highest vaccine dose. There were no differences in Tyl- or Ty2-
associated cytokines or chemokines in BAL samples from the vac-
cine and control animals (8).

A paper describing the immunogenicity of the Pfizer/BioNTech
BNT162b2 S protein-expressing mRNA vaccine in mice and rhesus
macaques appeared several weeks after one that reported on the
performance of the same vaccine in humans (Tables 2 to 4) (11, 25).
Either 30- or 100-ug doses of the mRNA were given intramuscularly
to the macaques on days 0 and 21. Serum anti-S1 antibodies were
quantified by ELISA on days 21, 28, 35, 42, and 56 and presented as
ELISA units per milliliter (derived from comparison with a stan-
dard curve). On day 28, these values were 30,339 and 34,668 for the
30- and 100-pg groups, respectively, but had declined ~5- to 7-fold
to 4236 and 6317 by day 56. The pattern of NAb data, assessed by an
RV assay, was similar; the peak NAb GM IDs, values were 962 on
day 35 and 1689 on day 28 for the two dosing groups, but by day 56,
they had dropped 3- to 5-fold to 285 and 310, respectively. The in-
ferred half-life for the early-phase decline is approximately 1 week
for the binding antibodies (ELISA) and 2 weeks for NAbs, although
the latter titers declined more rapidly at the later time points. Anti-
body decay rates this high are a potential concern for the longevity
of any protection seen in humans, particularly if they are also seen
in trials of the other vaccines. T cell responses, measured by IFN-y
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ELISpot on days 28 and 42, were ~750 SFCs per 10° PBMCs for
both dosing groups, with IL-4 responses below 250 SFCs per 10°
PBMCs (11).

A third S protein-based mRNA vaccine has now been described,
MRT5500 from Sanofi Pasteur (13). Initial studies in mice led to the
choice of a full-length S protein construct, 2P/GSAS, that contains
the commonly used two proline mutations (2P) and a furin cleavage
site knockout mutation (GSAS). The 2P/GSAS mRNA, formulated
as lipid nanoparticles, was tested in a cynomolgus macaque dose-
ranging study. Thus, 15, 45, or 135 ug of the mRNA were given on
days 0 and 28, leading to NAb responses on day 35 that trended
upward in a dose-dependent manner. For the 135-ug dose group,
the NAb GM IDs; titers were 2871 (PV assay) and 1877 (RV assay).
PBMC T cell responses, assessed using a cytokine release (ELISpot)
assay, were Tyl-biased (IFN-y release but not IL-13). The magni-
tude of the macaque IFN-y response was very low, around 30 to
40 SFCs per 10° PBMCs (Table 2). No virus challenge was per-
formed (13).

The Novavax NVX-CoV3273 vaccine is an insect cell-derived S
protein that is mixed with detergent to form what are described as
nanoparticles (9, 10, 21, 63). That formulation is combined with the
Matrix-M adjuvant. The immunogenicity study in baboons com-
pared 1-, 5-, and 25-ug doses of the S protein in a two-dose (days 0
and 21) regimen, while a fourth group received 25 ug with no adju-
vant. Antibody assays on days 21, 28, and 35 showed that the opti-
mal dose was 5 ug with adjuvant, with the peak response reached by
day 28. The highest GM anti-S protein GM median effective dilu-
tion (ECsp) and NAb ID. g9 values were 174,000 and 17,000, respec-
tively (9). The same protein/adjuvant combination was then tested
in cynomolgus macaques (10). The animals were immunized on
days 0 and 21 at different doses, with both the protein and adjuvant
amount varying (protein at 2.5-, 5-, and 25-ug doses). At the highest
dose (25 ug of S protein, 50 ug of adjuvant, mirroring one of the
human study groups; see below), the anti-S protein GM EDs, value
on day 35 was 469,739. Note that binding antibody data were pre-
sented as EDsq values, not the more usual end-point titers, which
would be substantially higher (perhaps 10- to 100-fold). In the RV
NAD assay, the CPE, o (inhibition of ~100% of the cytopathic effect,
approximately equivalent to ID.g9) was measured, with GM values
ranging from 17,920 to 23,040 in the different dosing groups. It
should be noted that the neutralization titers for near complete effi-
cacy of neutralization measured in these studies (CPE;qp or ID,g9)
will be substantially lower than the more conventional IDs values,
although we cannot estimate by how much. In summary, the NAb
titers in these papers are based on highly stringent assessments
of virus neutralization, which should be borne in mind to avoid
underestimating the strong antibody immunogenicity of NVX-
CoV3273 (9, 10).

Another recombinant S protein vaccine has been tested in rhesus
macaques, in this case, from the company, Clover Biopharmaceuticals
(12). The S protein contains a C-terminal “TRIMER-Tag,” to promote
trimer formation and stability, and was produced in a high-yielding,
stable Chinese hamster ovary cell line. After pilot experiments in
mice, rhesus macaques were given 30 ug of the S protein on days 0
and 21 in either AS03 or CpG/Alum adjuvant, or vehicle as a con-
trol (Table 2). On day 35, the strongest anti-S protein antibody re-
sponses were in the AS03 group (GM end-oint titers of ~17,497
versus ~3157 in the CpG/Alum group). At the same time, the GM
NAD IDs, titers in the AS03 group were 5227 and 20,234 in a PV
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and an RV assay, respectively. The D614G mutation in the recom-
binant trimer did not affect ACE2 binding or the competition
therewith by murine immune sera. The partial protection observed
in a virus challenge experiment is summarized below (Table 3). A
phase 1 clinical trial of the S protein with either AS03 or CpG/Alum
adjuvant is now in progress in China (12).

OUTCOME AND INTERPRETATION OF MACAQUE

CHALLENGE EXPERIMENTS

When interpreting the outcome of macaque challenge experiments,
it should be borne in mind that SARS-CoV-2 does not cause a lethal
COVID-19-like disease in these animals. The macaques do become
ill, rhesus perhaps more so than cynomolgus, but the disease course
is generally mild, self-limiting, and overcome within ~2 weeks
(51, 64-66). In general, the various vaccines reduce the severity of
this mild disease, including by reducing or even preventing the
transient lung damage that can be seen in postmortem samples tak-
en from control animals. No signs of vaccine-mediated enhance-
ment of infection, including VAERD, were reported. The most
common way in which vaccine efficacy is assessed is by determining
the viral load (VL) in samples from various locales and tissues at
short intervals during the week after challenge. In some experi-
ments, both viral RNA copies per milliliter and subgenomic RNA
copies per milliliter are determined, the latter avoiding problems
associated with the presence of residual challenge virus and more
unambiguously demonstrating viral replication in the infected ani-
mal (Table 3) (6, 51, 67). Lung pathology was also generally as-
sessed, although the criteria chosen tend to vary among the different
experiments. For a particularly detailed discussion of the variables
associated with challenge experiments in macaques and how they
are best interpreted, see (51).

Antibody titers in the animals on or very close to the day of chal-
lenge were reported in some of the papers and are summarized
below and also in Table 3. In the other papers, the antibody data
were derived at an earlier time point (Table 3). The inconsisten-
cies in how the different studies were conducted and/or reported
are another factor that blurs attempts to compare and interpret
the performances of the different vaccines. Only four of the re-
ports include data on T cell responses at any time point before
challenge, which limits understanding of any role they may play
(Table 2) (4-7). In a separate section, we discuss what, if any, cor-
relates of protection (CoPs) can be inferred from some of the chal-
lenge experiments.

Most of the experiments involved SARS-CoV-2 challenges with-
in a few weeks of the final (or only) vaccine dose, i.e., at a time when
the immune response is likely to be close to its peak. The exception
is the INOVIO DNA vaccine study in which the challenge was de-
layed by 13 weeks (7). The next longest delays are 55 days after the
second dose of the BNT162b2 mRNA vaccine and 42 days after the
delivery of a single dose of the Ad26.COV2.S vaccine (Table 3)
(4, 11). Thus, it is not yet known whether these various vaccines
would be as effective against challenges conducted many months
after the immunization protocol was completed. Extrapolating to
what might happen when vaccinated humans become exposed to
SARS-CoV-2 over the subsequent months or years is not possible.

Another issue when considering these macaque experiments
concerns the SARS-CoV-2 challenge itself. There is no generally ac-
cepted standard, and various different challenge virus stocks (in
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several cases, of unspecified origin) were used. The challenge dose
also varies 100-fold, and the route of challenge is another variable
(Table 3). In one experiment, the virus was even administered by
four different routes (3). All of these protocol variations constitute
yet another factor hindering cross-study comparisons (34, 51). As a
general principle, it will be easier to protect against a low dose of a
challenge virus than a higher one, all other things being equal. Thus,
would a vaccine that protected against a relatively low challenge
dose be as protective against the 100-fold higher dose used in other
experiments (34, 51)? Or would its protection break down under
those conditions? We return to this point at the end of this section.
Challenge doses for vaccine experiments are traditionally predeter-
mined in naive animals, to identify an inoculum size that is neither
too low to be consistently infectious nor too high to protect against.
It is rarely clear from the papers whether these titrations were per-
formed. In one report, nasal swab VL samples taken from SARS-
CoV-2-infected humans and from the virus-challenged macaques
soon after infection were said to be comparable (~1 x 10° RNA cop-
ies per milliliter) (8). However, the initial infection and subsequent
replication efficiencies are likely to differ substantially between the
two species so it is not clear that this comparison is meaningful.

In the Sinovac PiCoVacc study, groups of four rhesus macaques
were immunized with either 3 or 5 ug of the inactivated virus vac-
cine on days 0, 7, and 14 and challenged intratracheally with the
CN1 strain of SARS-CoV-2 on day 22 (I). At this time, the anti-S
protein GM end-point titer was ~12,800, while the NAb GM IDs
titer was ~50 when measured 7 days earlier. All the vaccinated ani-
mals became infected after challenge, but disease severity was re-
duced compared to the control group (adjuvant only) as judged by
lung pathology assessments. VLs (i.e., viral RNA) were frequently
detected at high levels in lung samples from control animals but in
none of the high-dose vaccine recipients and only sporadically at
significantly lower levels in the low-dose group. Viral RNA levels in
throat swabs were also lower and declined more rapidly, particularly
in the higher vaccine-dose group (Table 3). The observed increases in
NAb titers day 7 after infection may be consistent with an anamnestic
antibody response (1).

The Sinopharm/BIBP inactivated virus vaccine experiment in-
volved two groups of four cynomolgus macaques that were immu-
nized with different doses (2 or 8 ug of viral protein) on days 0 and
14 (2). Binding antibodies were not measured. The NAb GM IDs
values in an RV assay were ~200 and ~230 in the low- and high-dose
groups when the animals were challenged on day 24 with a SARS-
CoV-2 isolate from the Chinese Center for Disease Control and
Prevention, by the tracheal route (Table 3). There were no changes
in body temperature in either the vaccine or placebo groups over
the next 7 days, which is indicative of a mild disease course. Viral
RNA in all lung lobes was analyzed postmortem, but none was de-
tected in any lobe taken from vaccine recipients (in either dosing
group). In contrast, the RNA copy number per milliliter ranged
from ~30,000 to 3,000,000 in the lower lobes of the control animals.
Lung pathology was also prevented or reduced in the vaccine
groups. Although viral RNA in throat swabs became undetectable
7 days after challenge in the high-dose group, other evidence sug-
gests that these animals did become infected, albeit to a much lesser
extent than the control and low-dose vaccine groups. Thus, gastro-
intestinal virus (detected in anal swabs) remained stable in the high
dose at ~100 RNA copies per milliliter from days 3 to 7, whereas
the corresponding values in the two other groups fluctuated around
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100,000. While this study only analyzed viral, not subgenomic, RNA,
it seems highly unlikely that gastrointestinal viral RNA could sim-
ply represent residual challenge virus. Thus, the higher-dose ani-
mals were at least strongly, but apparently not completely, protected
from infection, and in both dosing groups, the vaccine reduced the
extent of virus replication after infection (2).

All 12 of the ChAdOx1-vaccinated macaques became infected
when they were challenged 28 days after their final immunization
(they received either one or two vaccine doses; see above) (3). The
SARS-CoV-2 challenge strain was WA1-2020 (MN985325.1). At
the time of challenge, the median binding antibody end-point titers
were ~6300 and median NAb IDs, values ~60 in an RV assay
(Table 3). The vaccinated animals had fewer symptoms than the
control group, less lung damage, and lower VLs (measurements in-
cluded subgenomic RNA) in BAL and lung samples. No virus was
detected in BAL samples from the vaccinated animals on day 5, but
subgenomic RNA could be detected in lung samples from some an-
imals in both groups. No antibody or T cell data after challenge
were reported, so it is unknown whether there were anamnestic re-
sponses to the infecting virus (3).

Seven different Ad26-based vectors were given once to groups of
four to six rhesus macaques before challenge 6 weeks later with an
unspecified isolate of SARS-CoV-2 (4). Compared to a control
group of 20 animals, VLs in BAL and nasal swabs were significantly
reduced in each of the seven Ad26 vector groups, by >5 logs in the
case of BAL samples. The best performing vector, from this per-
spective, was the one designated S.PP; it was chosen to become the
Ad26.COV2.S clinical vaccine candidate. Overall, the authors as-
sessed that 17 of the 32 vaccinated macaques were protected from
infection, judged by the VL data. There was no evidence for anamnestic
B and T cell responses in the protected Ad26.COV2.S-vaccinated
animals, although NAb titer increases were seen in other vaccine
groups. The strongest, and perhaps complete, protection was seen
in the S.PP group. Thus, virus (subgenomic RNA) could not be de-
tected in BAL from 6/6 and in IN swabs (INSs) from 5/6 animals (4).
More recently, hamsters immunized once with the S.PP-expressing
Ad26 clinical vaccine candidate were protected from severe disease
when challenged with SARS-CoV-2 nasally 4 weeks later (49).

In another study, rhesus macaques were immunized intramus-
cularly with S protein—expressing DNA plasmids at weeks 0 and 3
and challenged at week 6 with an unspecified SARS-CoV-2 isolate
(6). All of the 10 control animals became infected, acquiring BAL and
nasal swab peak subgenomic RNA copy levels in the range 10* to
107 per milliliter. However, 8 of the 25 vaccine recipients were RNA
negative in BAL and nasal swab samples, while median subgenomic RNA
levels in the other 17 macaques were 3 to 4 logs lower than the median
values from the 10 control animals. Even when subgenomic RNA was
undetectable in vaccinated animals, the observation of anamnestic
antibody and T cell responses does imply that the animals were not
completely protected from infection. Instead, initially replicating virus
may have been suppressed by vaccine-mediated immunity (6).

The INOVIO INO-4800 DNA vaccine was given to five rhesus
macaques at weeks 0 and 4 (7). The SARS-CoV-2 challenge (USA-
WA1/2020 strain) was then delayed until week 17 (i.e., 13 weeks
after the second immunization), a substantially longer period than
applies in the other studies summarized here. Upon challenge, all
the macaques became infected, judged by VLs in various samples.
However, VLs in the vaccinated group were lower and declined
more quickly than in five control animals, the reduction in medians
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being in the 10- to 300-fold range depending on the sample site
and the time point assayed; the difference was significant for BAL
but not INS samples. Antibody and T cell recall responses were
quantified in the animals after virus challenge. Thus, by 14 days af-
ter challenge, anti-S protein antibody and NAb measurements were
higher (~10- to 30-fold) in the vaccinated than control animals,
while there was an ~2-fold increase in IFN-y signals. Overall, the
vaccine-mediated reduction in viremia after challenge was attributed
to recall responses (i.e., T and B cell memory) (7).

Two dosing groups of eight rhesus macaques were immunized
with the Moderna mRNA-1273 vaccine at weeks 0 and 4 and then
challenged with the USA-WA1/2020 strain of SARS-CoV-2 at week
8 (8). Judged by VLs, most (~7 of 8) of the animals in the higher-
dose group were protected, but most (~5 of 8) of the lower-dose
group became infected (the exact numbers vary per time point and
depend on the VL sample site). There were indications of anamnes-
tic responses in some animals, including in BAL. Postmortem anal-
yses of the lungs found little or no signs of inflammation in the
higher-dose group, but some indications of pathology in the lower-dose
animals that became infected. Neutralization titers in both PV and
RV assays correlated inversely with INS VLs; virus-specific IgG and
IgA levels in BAL were elevated in the high-dose group on days 2 to
7 after challenge, an anamnestic response that may perhaps have
contributed to VL reduction. In the high-dose, high-protection
group, the GM IDsq values from PV or RV NAb assays were >900 in
7/8 animals, whereas the corresponding values were <900 for 7/8
animals in the low-dose, low-protection group. The data pattern
implied that NAbs were protective in the high-dose group (8).

In the BNT162b2 vaccine study, six rhesus macaques immu-
nized on days 0 and 21 with 100 pg of the mRNA and three naive
controls were challenged on day 76 overall with 1.05 x 10° plaque-
forming units (PFU) of the USA-WA1/2020 strain of SARS-CoV-2
by the intranasal (IN)-intratracheal (IT) routes (11). Antibody ti-
ters on the day of challenge were not reported, but measurements
made on day 56 are summarized above and in Tables 2 and 3. Infec-
tion was monitored by viral RNA copies in BAL, nasal swabs, and
oropharyngeal swab on days 3, 6, and 10. No viral RNA was detected
at any time in the BAL samples from the immunized macaques but
was present in control samples. A similar data pattern, after day 1,
was seen when the nasal swabs were analyzed, and in the oropha-
ryngeal swabs, 2/6 were positive on day 3. The GM reductions in VL
measured as viral RNA copies were ~3.0 log for BAL, 1.5 log for
INSs, and 2.5 log for oropharyngeal swabs (the first and last of which
were statistically significant). One unusual aspect of the experiment
was that the complete absence of disease symptoms in the control
animals (and, of course, also in the vaccine recipients). As noted
above, SARS-CoV-2 infection generally causes moderate disease in
rhesus macaques, including in other vaccine experiments. Why no
such symptoms were seen in the present study was not explained
but could perhaps be rooted in the challenge virus stock or the ori-
gins of the macaques (11).

The adjuvanted Novavax NVX-CoV2373 recombinant protein
vaccine was given to cynomolgus macaques on days 0 and 21 before
the animals were challenged with the WA1 strain of SARS-CoV-2
via the nasal and tracheal routes on day 35 (10). Judged by VLs
(subgenomic RNA) in BAL and nasal swabs, performed 2 and 4 days
later, every animal was virus-negative except for one in the lowest-
dose group that had a weakly positive BAL sample. Postmortem lung
samples in the vaccine groups showed no sign of the pathologies
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that were visible in the control animals. To the extent that can be
judged, most vaccinated animals may have been completely protected
from infection. This outcome may reflect the very high GM antibody
titers on the day of challenge (anti-S protein EDs, of 469,739 and
NAb CPE; of 23,040) (10).

Clover Biopharmaceuticals tested their recombinant TRIMER-Tag
S protein and AS03 or CpG/Alum adjuvants in rhesus macaques
(12). After two vaccine doses on days 0 and 21, the animals were
challenged on day 35 with 2.6 x 10° median tissue culture infectious
dose (TCIDsg) of SARS-CoV-2 by the IN and IT routes (Table 3).
Both of the trimer/adjuvant groups of animals were partly protected
as measured by body mass and temperature and VL in anal, throat,
and tracheal samples but less so in nasal swab samples. However,
VLs in the lungs indicated complete protection in both of the trimer
groups, compared with the vehicle controls. Serum Ab responses
dropped a little in the week after challenge, which the authors sug-
gested reflected the formation of immune complexes with the in-
coming virus and hence Ab-mediated virus clearance (12). Whether
this explanation is correct remains to be determined.

In summary, all of the vaccines tested to date have conferred a
substantial degree of protection to the immunized macaques. In
some macaques, there is reasonable evidence for complete protec-
tion (i.e., “sterilizing immunity”), but the more common outcome
is a reduction in the severity of the already mild disease course seen
in control animals. We discuss in the next section what immune
factors and other variables may have influenced the outcomes of the
different experiments. In respect of what the outcomes may mean
for vaccine efficacy in humans, we note that it is generally easier to
protect animals against mild infections than severe ones. Hence, it
is hard to assess whether and how any of the present findings in
macaques might translate to the subset of humans who need protec-
tion from severe and lethal COVID-19. Moreover, as noted above,
it is not known whether the various vaccines would still protect
macaques, and by extrapolation humans, after a substantial period
(multiple months) has elapsed.

TOWARD CORRELATES AND MECHANISMS OF PROTECTION
It is notable that in the various macaque immunization studies,
similar outcomes of virus challenges were associated with substan-
tial (~2000-fold) differences in serum antibody titers to the S protein,
the recombinant protein vaccines being the strongest immunogen
for inducing binding antibodies (9, 10) or NAbs (9, 10, 12) (Table 2).
It can also reasonably be concluded that the ChAdOx1 vaccine is
not a strong inducer of antibody responses to the S protein, partic-
ularly when given only once (Table 2) (3). The same conclusion can
be made about the DNA plasmid vaccines (Table 2) (6, 7). Are the
serum antibody responses induced by the weaker vaccines solely
responsible for any protection that was conferred? Perhaps, cellular
immune responses or some other unmeasured factor, such as mu-
cosal IgA, were contributory? The potential protective role of mu-
cosal immunity is highlighted by the outcomes of experiments
involving a ChAd virus vector in mice (50). These observations are
similar to those in studies of other vaccines, such as HIV-1 Env,
where only protein-based immunogens induce very strong anti-
body titers (68).

What protected the vaccinated animals from SARS-CoV-2 in-
fection and/or disease? CoPs (correlates of protection) are important
in vaccine development, because they can serve as robust predictors of
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future vaccine efficacy whether they are derived from animal exper-
iments or clinical trials and whether the end points involve protection
from infection or a reduction in disease severity. There are nuances
to the identification of CoPs in population-wide studies that we can-
not address here (69, 70). The present macaque challenge studies are
not sufficiently powered and are not wide-ranging enough in scope
to allow the identification of CoPs with high confidence. The few
attempts to identify CoPs have pointed toward a predominant role
for NAbs, which is not unexpected, but it is premature to conclude
that NADb titers at the time of challenge (i.e., in humans, virus exposure)
tell the entire story. The possible role of recall responses (i.e., T and
B cell memory) in clearing a transient infection has only been addressed
in the INOVIO DNA vaccine study, which involved the longest delay
between immunization and challenge (Table 3). Even in that exper-
iment, the amount of information available is quite limited (7).

Despite the limitations of the available data, we sought hints of
CoPs. Thus, we analyzed the relationships between, on the one hand,
binding antibody and NAD titers at the prechallenge peak or within
2 weeks before challenge and, on the other hand, VL reductions in
vaccinated animals compared with controls (summed for two lo-
cales of sampling and based only on subgenomic RNA; Tables 2 and 3).
We found no tangible nonparametric (Spearman) positive correla-
tions of any significance between VL reduction and any antibody
parameters, which is not unexpected given the number of variables
between the different experiments. We were also unable to identify
any consistent relationship between the challenge virus dose or de-
livery route and the degree of protection. The challenge dose was
not a consistent predictor of the magnitude or duration of high VLs
in the control animals, but we should bear in mind that the chal-
lenge virus stocks represent another variable, as does the subspecies
(and sources) of the animals involved. Nonetheless, the wide varia-
tion in challenge dose between experiments should not be ignored.
Would a vaccine that protected against a relatively low challenge
dose be as protective against the 100-fold higher dose used in other
experiments? Or would its protective capabilities degrade under
those conditions? Experimental conditions yielding high VLs in
control animals may impede complete protection while giving the
potential for greater VL reductions. The smallest VL decrease in the
vaccine group compared to control was seen in the INOVIO DNA
vaccine experiment that involved one of the lowest challenge doses
(Table 3) (7). In the report on the Ad26.COV2 vaccine, there were
indications of sterilizing immunity against an intermediate chal-
lenge dose (4).

In four studies, some groups of vaccine recipients seem to be
completely protected, or nearly so (4, 6, 10, 11). In one experiment,
no anamnestic antibody or cellular immune responses were detected
in the protected animals, which suggested that immunity was steril-
izing (4). However, in another study, there were anamnestic im-
mune responses in animals with undetectable VLs, which is more
indicative of incomplete but aborted infection (6). Anamnestic re-
sponses were not analyzed in the other reports (10). In two other
cases, lung lobes in the vaccine groups where protection was stron-
gest were free of viral RNA 7 days after infection, which contrasted
with the high levels found in the lower lobes of control animals (1, 2).
The criteria for sterilizing immunity, or at least complete protection
against persistent infection, are neither defined nor standardized in
the SARS-CoV-2 animal model field, which also extends into other
protection challenge systems involving small animals and both vac-
cines and antiviral antibodies (34, 51, 64-66).
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Within individual studies there are fewer confounding factors
than in a cross-study meta-analysis. Some evidence was presented
that antibodies were the CoP in the Moderna mRNA vaccine study
(8). In the report on the Janssen Ad26.COV2 vector vaccine, com-
paring various antibody and T cell responses with infection outcomes
(as judged by VLs) identified NAbs as the strongest CoP, with some
possible contribution from Ab effector functions such as antibody-
dependent cellular phagocytosis and antibody-dependent activation
of natural killer cells. In contrast, T cell responses [measured by
ELISpot or intracellular cytokine staining (ICS)] did not correlate
with protection (4). Similar inferences about an antibody but not a
T-cell-associated CoP emerged from the experiments involving DNA-
plasmid immunizations (6). However, even when significant differ-
ences were identified, the ranges of the various measurements were
generally overlapping between completely and partially protected
animals (4, 6). This degree of variation compromises attempts to
identify the threshold response required for protection, particularly
in the study of the Ad26 vector vaccine (4). Overall, the available
evidence from macaque challenge experiments does point toward a
protective role for antibody-based immunity (probably NAbs), but
not to the extent that a protective titer can be inferred and then ex-
trapolated to the outcome of human efficacy trials.

IMMUNOGENICITY OF VACCINE CANDIDATES INHUMANS

Key antibody and T-cell response data summarized below for indi-
vidual trials are presented in Table 4. As with the NHP studies, the
primary papers and reviews should be consulted for additional de-
tails of the human trials, which are variously described as phase 1,
phase 2, or combined phase 1/2a trials (14-32). Vaccine safety as-
sessments were a key component of these trials; in all cases, reported
side effects and adverse events were considered to be minor or mod-
erate; the primary papers contain the details, which we have not at-
tempted to summarize. A grade 3 serious adverse event (SAE) in the
form of a neurological complication happened in the AstraZeneca/Oxford
vaccine phase 3 trial in the United Kingdom, leading to a now-concluded
pause while the case was investigated. A placebo recipient in the
Brazilian arm of the phase 3 trial of this vaccine reportedly died of
COVID-19. An SAE, also triggering a temporary clinical hold, occurred
in the Janssen phase 3 trial, although no details have been reported.

Details of the phase 2b/3 efficacy trials for vaccines reaching that stage
can be found at https://clinicaltrials.gov/ct2/results?recrs=&cond=-
Covid19&term=vaccine&entry=&state=&city=&dist=. The preliminary
outcomes of the Pfizer/BioNTech, Moderna, Gamalaya Center, and
AstraZeneca phase 3 trials, as judged by information in press releases,
are summarized in a separate section later here.

The initial human trials have predominantly involved young or
middle-aged, healthy adults (see primary papers for details). Some
information is becoming available on age-dependent decreases in
immunogenicity. In the CanSinoBIO Ad5-nCoV vaccine, participants
aged older than 55 responded with weaker antibody responses than
their younger counterparts. However, that outcome could reflect
either the aging process or time-dependent increases in exposure to
other Ad5 viruses that compromise expression of the immunogen
from by the vector (24). An ~2- to 3-fold reduction in antibody re-
sponses was seen in older adults (aged 65 to 85) compared to younger
ones (aged 18 to 55) in a Pfizer/BioNTech mRNA vaccine trial (27).
Moderna has now reported similar findings for their mRNA vac-
cine; in a small-scale (40 volunteers) extension to their original
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phase 1 trial, binding-antibody and NAb responses were comparable
in volunteers aged 56 to 60 and over 71 and similar to what was re-
ported for those in the 18 to 55 age range (19, 20). NAb responses
were slightly lower in volunteers aged over 60 than in ones in the 18
to 59 range, during the BBIBP-CorV-inactivated phase 1 trial. The
ratio was ~2-fold but varied with the time point and vaccine dose,
and group sizes were small (15). The Sinovac inactivated virus vac-
cine trial only involved volunteers under 60, but an analysis of the
18 to 29 versus 50 to 59 age groups suggested that NAb responses
were ~2-fold higher in the younger people. Overall, there was a
modest trend toward weaker immunogenicity with age (14). A limited
amount of preliminary data on the Janssen Ad26.COV2 vaccine
also indicates that immunogenicity in volunteers aged over 65 is
only modestly reduced (18). When the ChAdOx1 nCoV-19 vaccine
two-dose regimen was tested in volunteers aged 18 to 55, 56 to 69,
or over 70, there was little or no age-dependent reduction in
immunogenicity, judged by the same suite of antibody and T cell
assays as in the earlier trial (16, 17). In a macaque study, the immuno-
genicity of the Janssen Ad26.COV?2 vaccine was comparable in
adult and aged animals (5).

Together, the studies summarized above encourage the belief
that the efficacy of the various vaccines in older adults are com-
parable to what is seen in the phase 3 trials that are being mostly
conducted in younger people. There has also been an underrepre-
sentation of minority groups in the U.S. and European trials; thus,
again, information about how immunogenicity might vary in dif-
ferent populations is lacking. These various lacunae will need to be
filled in phase 3 trials, given that COVID-19 is more severe in older
people and in African-American and Latinx populations.

Inactivated virus vaccines
The Sinopharm/Wuhan Institute of Biological Products (WIBP) in-
activated virus vaccine was delivered in Alum adjuvant. It was first
tested in 96 volunteers in a phase 1 trial and then in 224 more peo-
ple in a phase 2 study (22). The study cohorts were based on healthy
individuals aged from 18 to 59. The phase 1 trial was dose-ranging
(2.5, 5, and 10 pg of viral protein) and involved intramuscularly in-
jections on days 0, 28, and 56, while in phase 2, only the 5-ug dose
was tested in two substudies that involved immunizations on days 0
and 14 or on days 0 and 21. Immune responses were measured by
ELISA using inactivated virus as the detecting antigen, which does
not allow a comparison with other vaccines, and by an RV neutral-
ization assay. For sera collected 14 days after the final dose, the NAb
titers (GM IDs values) in the phase 1 trial were 316, 206, and 297 in
the low-, medium-, and high-dose groups respectively. Allowing for
the titer ranges among participants, the three doses induced similar
antibody responses. In the phase 2 trial, the corresponding NAb ti-
ter values were 121 and 247 for the 0- and 14-day groups and the
0- and 21-day groups, respectively. Antivirus ELISA end-point GM
titers were also similar among the different test groups in the two
trials and were 200 to 300 in phase 1 and 90 to 200 in phase 2
(Table 4). There were no T-cell data in the paper. Phase 3 trials are
now in progress in South America, although the vaccine dose and
delivery regimen (i.e., the number and spacing of doses) were not
specified in the report on the phase 1 and phase 2 trials (22).
Sinovac’s PiCoVacc-inactivated vaccine was renamed CoronaVac
before phase 1 and phase 2 human trials (Tables 1 and 4) (1, 14).
The production process used to make the vaccine was stated to be
changed between the phase 1 and phase 2 trials to yield a product
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with an ~2-fold higher S protein content, which the authors suggest
improved its immunogenicity (14). However, only data from the
phase 1 trial have been reported to date, and the phase 2 results are
still pending. For phase 1, the Alum-adjuvanted vaccine (or a placebo)
was given to 600 adults aged 18 to 59 years in a two-dose regimen
on days 0 and 14 or days 0 and 28. For each of the two regimens, two
vaccine doses, 3 and 6 ug, were tested in 120 volunteers, compared
to a placebo group of 60. The safety profile was unexceptional. An-
tibody responses were measured on days 28 and 42 in an anti-RBD
ELISA and NAbs in an RV assay with a CPE readout (the cutoff for
neither assay was reported). Anti-RBD GM titers were ~1000 in all
the four vaccine groups on day 28. The NAb GM titer values for all
the groups at all the time points were generally in the 32 to 64 range
(Table 4). The age dependency of the antibody responses was noted
above. No T-cell data were reported (14).

The BBIBP-CorV Alum-adjuvanted inactivated virus vaccine
also advanced from macaque studies into phase 1 and phase 2 human
trials (15). The phase 1 trial involved 192 volunteers aged 18 to
59 and 60 or older, who received vaccine doses of 2, 4, and 8 ug on
days 0 and 28. Only volunteers in the younger age-range participated
in the phase 2 trial, in which 448 people received a single vaccine
dose of 8 ug or two 4-ug doses given first on day 0 and then on day
14,21, or 28. Together, the trials involved multiple small subgroups,
which limit the statistical power of any comparisons. The paper
should be consulted for details of how the different dosing regimens
performed. The vaccine was generally safe, with only minor adverse
events reported. Immunogenicity was assessed only in an RV NAb
assay. The resulting NAb titers were modestly dose-dependent, were
much stronger after two doses than one, and were slightly lower in
the younger than older age groups. In phase 1, the 8 g on day 0 and
day 28 regimen gave a GM titer of 228.7; in phase 2, the highest
NAD titers were seen in the group given an 8-ug dose on days 0 and
21, for which the GM titer was 282.7 (Table 4). No data on ELISA
antivirus or anti-S protein titers, or on T-cell responses, were re-
ported. Phase 3 trials are underway, using a two-dose regimen, but
no details of the doses and scheduling chosen were provided (15).

A fourth Alum-adjuvanted, inactivated virus vaccine, from Institute
of Medical Biology (IMB)/Chinese Academy of Medical Sciences
(CAMS)/Peking Union Medical College (PUMC), has also entered
human trials, although no preclinical data were reported (29). This vaccine
virus, KMS-1, was also produced in Vero cells, but unlike the other three,
it was inactivated first with formaldehyde before B-propiolactone
treatment. In the phase 1 trial, the IMB/CAMS/PUMC vaccine was given
twice to 192 people aged 18 to 59 on days 0 and either 14 or 28, at
doses of 50, 100, or 150 EU (the stated unit of immunogen content).
There were no significant adverse events, and sera from selected
volunteers did not trigger antibody-dependent enhancement in vitro.
Immunogenicity was assessed at several time points by an RV
NAD assay, various ELISAs including anti-S protein and antivirion,
and IFN-y ELISpot. The paper should be consulted for data on the
nine individual subgroups in the trial, but in general, the GM NAb
titers (CPE with unspecified cutoff) were all <100 and often <50.
Anti-S protein GM titers (with no cutoff specified) were 2000 to
4000 for the two highest doses of immunogen (Table 4). Only limit-
ed data were presented for the day 0 and 28 group after the second
dose. Thus, on day 90, the GM NAb titer was <10, and the anti-S
protein titer was ~500, which indicates a time-dependent reduction
in the initial antibody levels. IFN-y ELISpot assays using S peptides
gave AM values of 30 to 250 per 10° cells for the two vaccine doses,
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indicative of a generally weak T-cell response (29). In a phase 2
study, 742 adults (aged 18 to 59) were given the higher dose of the
inactivated vaccine on days 0 and 14 (30). The binding Ab and NAb
titers reported were similar to those seen in the phase 1 trial, but
T-cell responses were not analyzed (Table 4).

Adenovirus vector vaccines

In a phase 1 trial, the immunogenicity of the CanSinoBIO Ad5-nCoV
vaccine candidate was found to be dose-dependent (23). Doses of
5% 10" 1 x 10", or 1.5 x 10" virus particles were given once to
three different subgroups. In the highest-dose group, the anti-S
protein and anti-RBD GM titers on day 28 were 596.4 and 1445.8,
respectively [in (12, 13), the cutoffs for titer determinations are not
specified; we refer to the values as “titers”]. The GM NAb titers were
34.0 and 45.6 in RV and PV assays, respectively, and were strongly
correlated with anti-S and anti-RBD titers. A phase 2 trial was then
conducted on 508 participants, of whom 126 received a placebo
(24). The protocol again involved a single administration of the Ad5
virus, which was tested at doses of 1 x 10" or 1.5 x 10'* in sub-
groups. The anti-RBD GM titers on day 28 were 656.5, which is
~2-fold lower than in the phase 1 trial. NAD titers in the RV and
PV assays were 19.5 and 61.4, respectively, and hence similar to the
phase 1 trial data. T-cell responses were measured by ELISpot on
samples taken before vaccination and then on days 14 and 28.
Freshly drawn PBMCs were incubated with S protein peptide pools
for >12 hours, the data expressed as SFCs per 10° cells after subtrac-
tion of background values derived from unstimulated control cells.
(Note that the data in Table 4 have been adjusted to SFCs per 10°
cells to facilitate comparison to other datasets). There was no men-
tion of a positive control method nor of the number of replicates.
An ELISpot result was stated to be positive if the number of IFN-y-
secreting T cells responding to the S protein peptides was increased
two times above baseline after vaccination. Tumor necrosis factor-a,
IL-2, and IFN-y responses to the vaccine were also assessed by CFC. T
cell responses peaked at day 14 after vaccine and ranged from 200
SFCs per 10° cells in the low-dose group to 580 SECs per 10° cells in
the high-dose group. In CFC assays, both CD4" and CD8" T cells
were found to be responsive (24).

AstraZeneca’s ChAdOx1 nCoV-19 recombinant virus vaccine
(also known as AZD1222) was tested in a randomized phase 1/2
trial involving 543 people; another 544 participants were given a
meningococcal control vaccine (16). The original protocol involved a
single dose of 5 x 10'® virus particles, which is twice the amount per dose
given to macaques (Tables 2 and 4). However, a decision was taken
during the trial to give 10 participants a second dose of ChAdOx1
on day 28 in a nonrandomized boosting protocol. It is assumed that
the decision was taken because of the limited immunogenicity of
the single-dose regimen (a modest boosting effect of a second dose
was seen in the NHP study; see above) (3). Anti-S protein binding
was measured at single dilutions and converted to “ELISA units,” an
approach that complicates comparisons with anti-S protein responses
to other vaccine candidates in humans and that represents an unex-
plained change from how the macaque sera were analyzed by titra-
tion in ELISA (3). By days 14 and 28, the responses in most of the
participants were in the 100 to 1000 unit range (medians, 102.7 and
157.1, respectively), with little change by day 56 in the subgroup
that was assayed at that time point (median, 119). After the second
vaccine dose in the prime-boost protocol, a ~5-fold increase in me-
dian anti-S protein ELISA units was measured 14 days later (median,
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997.5), and the levels were largely maintained by day 56 (median,
639.2). NAbs were measured 14 days after the booster immuniza-
tion using one PV and three different RV assays. NAb data from the
PV assay and from the only RV assay that reported IDs, values are
given in Table 4. The primary paper should be consulted for other
aspects of the neutralization data generated in various assays (16).
Opverall, the apparently modest NAb responses to the single-dose
vaccine were increased a few-fold by the day 28 boosting immuni-
zation, at least in the short term (until day 42). The median titers for
the prime-boost group on day 42 were 372 to 450.9 (Table 4). ELIS-
pot assays were performed on freshly isolated PBMCs at days 0, 7,
14, 28, and 56 and at day 35 for the participants who received two
doses. Pooled peptides were used as antigens, and data were excluded
if the assay background response rate was deemed to be too high.
The measured responses peaked at day 14 at a value of 856 SFCs per
10° PBMCs in the prime group and 1642.3 SFCs per 10° PBMCs in
the prime-boost group (i.e., after one dose in either group). The re-
sults for other time points are given in Table 4. Notably, ~10% of
recipients of this vaccine appear to generate no measurable T-cell
response after the first dose. Furthermore, the booster dose given to
10 trial participants did not further increase their T-cell responses
(16). The initial U.K.-based phase 1/2 clinical trial was extended to
encompass 20 different subgroups with variables that included the
number of vaccine doses (one or two) given to volunteers in three
different age groups: 18 to 55 (n = 100), 56 to 69 (n = 120), and 70+
(n =200) (17). Control group members were given a Meningitis
vaccine. Because there were 560 volunteers in total, the number of
people in each individual subgroup was necessarily small, which
limits the statistical power of any comparisons between the sub-
groups. Nonetheless, the data pattern supported the use of two doses
in the subsequent phase 3 trial. The immunogenicity of the two-
dose regimen was comparable among the different age groups,
judged by the same suite of antibody and T-cell assays as in the
earlier trial (16, 17). However, the confidence intervals on the various
datasets are quite wide, which may have prevented the detection of
modest differences. It was also noted that reactogenicity diminished
with age (17). This vaccine has now advanced into phase 3 trials in
several international locations, including Brazil and South Africa.
These trials were initiated as a single-dose regimen but were later
changed to incorporate the second, boosting dose. A two-dose phase 3
trial started in the United States at the beginning of September 2020.

The initial phase 3 trial of the Janssen Ad26.COV?2 adenovirus vec-
tor involves a one-dose regimen. Some of the human immunogenicity
data on which this scheme was reportedly based have been de-
scribed in an “interim report” of a phase 1/2a trial (18). The vaccine
was tested at two doses (5 x 10'° and 1 x 10! viral particles) that
were given intramuscularly either once (day 0 only) or twice (days 0
and 56) to healthy adults aged 18 to 55 (n = 402) or >65 (n = 394).
Safety data were generally unexceptional, although two SAEs were
reported and deemed, after investigation, to be either not vaccine-
related or not problematic (a high fever that was resolved). Anti-
body immunogenicity was measured by S protein ELISA, with data
reported as units per milliliter and an RV NAb assay with an ICs
end-point. T-cell responses to the S protein were measured by ICS,
and cytokine release profiles were used to gauge Tyl versus Ty2
bias. The paper should be consulted for data on the multiple indi-
vidual subgroups. Here, we will summarize what was reported for
the initial phase 3 trial regimen, a single dose of 5 x 10'® virus particles
(Table 4). Moreover, although the two-dose groups are mentioned
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in the paper, no data were presented for the antibody and T-cell
responses to the second dose. In addition, only a small subset of
one-dose groups was included in several immunogenicity analy-
ses. For the phase 3 regimen, the GM anti-S protein ELISA values
on day 29 were 528 and 507 units for 15 of the younger and older
volunteers, respectively. The corresponding NAb GM IDs titers
were 214 and 196, although some of the samples were said to need
reassaying, and additional data from a PV NAb assay are reportedly
pending. The weak T-cell response data show the expected Ty1 bias.
The ICS percentages of CD4" and CD8" T-cells expressing IFN-y
and IL-2 at day 15 for the phase 3 regimen were 0.08 and 0.07% for
the younger adults, respectively, and 0.36 and 0.05% for the older
group, respectively (with large confidence intervals). The T cell re-
sponse rate varied depending on the subgroup and assay and ranged
from 33 to 100%, although, given the low number of samples in
many cases, the meaning of these data is not clear (18). Although
the phase 3 trial of the one-dose regimen is still ongoing, Janssen
has initiated a second efficacy trial, in this case involving two doses
of 5 x 10'° virus particles given at weeks 0 and 8. As noted above,
this regimen evoked stronger and more sustained antibody re-
sponses than a single dose when evaluated in rhesus macaques (5).
Several weeks after the Russian government approved the wide-
spread use an adenovirus vector-based vaccine, Gam-COVID-Vac,
a report appeared on how it had performed in phase 1/2 trials (28).
The vaccine involves the sequential delivery of rAd5 and rAd26 vec-
tors that each express a full-length S protein, which are given intra-
muscularly at 1 x 10'" particles per dose. Two subtrials, each
involving 38 volunteers aged 18 to 60, compared frozen/thawed (Gam-
COVID-Vac) or lyophilized/reconstituted (Gam-COVID-Vac-Lyo)
vaccine formulations, which performed similarly (Gam-COVID-Vac
was chosen for widespread use on convenience grounds). In the
combination trial (n = 20), the first dose was rAd26 on day 0 fol-
lowed by rAd5 on day 21. Smaller subgroups (n = 9) received only
rAd5 or only rAd26. Phase 2 trials began a mere 5 days after phase 1
ended, based on a successful interim safety assessment. Safety stud-
ies over 42 days (maximum) revealed nothing other than the generally
mild reactions reported in other Ad-vector studies. Immunogenicity
assessments involved determining end-point titers in anti-RBD and
anti-S1 IgG ELISAs and in an RV NAD assay, at weekly intervals.
T-cell response data were derived from an IFN-y ELISpot and CD4"
and CD8" T cell proliferation assays. Anti-rAd5 antibodies were
also measured to assess the possible influence of preexisting immu-
nity. Anti-RBD end-point titers peaked at ~2000 by day 21 in the
single-vaccine groups and were boosted to 10,000 to 15,000 in the
combination vaccine groups by day 42. On day 42, the anti-S1 GM
end-point titer in the phase 2 trial combination group was 53,006.
NAb GM CPEg; titers at on day 28 in the single vaccine groups were
in the range 5 to 10 but rose to values of 45.95 to 49.25 by day 42 in
the combination groups. The authors themselves note that these titers
are lower than those seen in the AstraZeneca/Oxford ChAdOx1
and mRNA vaccine trials, a difference to which the different mea-
surements of NAb titers (IDs, versus CPEq;) may contribute (see
Table 4). Cell-mediated immunity was measured in a T-cell prolif-
eration assay that is rarely used in the trials of the other vaccines
reviewed here. Proliferative responses were detected in all partici-
pants but seem weak in magnitude and were not boosted by the
second dose. On day 28, after the boosting immunization, median
T-cell proliferation values were 2.5% versus 1.3% for CD4" and
1.3% versus 1.1% for CD8" cells in the groups receiving the frozen
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and lyophilized formulations, respectively. IFN-y ELISpot data
were presented only as fold increase from baseline values, and
therefore cannot be compared with other studies. However, there
was again no boosting effect of the second immunization. A phase
3 trial of the Gam-COVID-Vac combination vaccine began on
26 August and is planned to involve 40,000 volunteers of various
ages and risk groups (28).

mRNA vaccines

The phase 1 trial of the Moderna mRNA-1273 vaccine involved 45
volunteers in three dosing groups who were given 25, 100, or 250 pg
of the active vaccine by the intramuscular route on days 1 and 29 (19).
Antibody immunogenicity was dose-dependent and much stronger
after the second dose than the first. Anti-S protein GM end-point
titers in the 100-pg group on day 57 (28 days after the second dose)
were 782,000, while the corresponding anti-RBD end-point titers
were ~30,000. Most of the NAb data were derived from a PV assay;
on day 43, the GM IDsy titer for the 100-ug group was 344. An RV
assay was also used on a subset of day 43 samples. The resulting IDg
titers were 654 for the 100-ug group. Note that these are not IDs
values, which would be higher numbers. No detailed data on the
longevity of the antibody responses were reported, but inspection of
the graphs suggests that the antibody titers are on a downward trend
at the day 57 time point compared with days 36 and 43. T-cell responses
were measured only by CFC, and no data on their magnitude were
reported. For both vaccine dose groups, the peptide pools activated
specific Tyl responses from <0.3% of the CD4" T cells, and no T2
responses were detectable. CD8" T cell activity was, at most, mini-
mal (19). In an extension of the trial that involved older adults
(56 to 70 and over 71), the magnitudes of the anti-S protein, anti-RBD,
and NADb responses to the two-dose regimens (25 or 100 ug) were
similar to those reported for the 18 to 55 age groups (Table 4) (20).
The 100-pug, two-dose regimen was chosen for the phase 3 studies
that began in the United States during August 2020.

The Pfizer/BioNtech consortium has conducted three phase 1
trials of lipid nanoparticle-encapsulated mRNAs that eventually led
to the selection of the clinical candidate for now ongoing phase 2/3
studies (25-27). In the first trial, the BNT162b1 mRNA expressing
a soluble, trimerized version of the RBD was given at two doses
(10 and 30 pg) on days 1 and 21 to groups of 12 participants and,
once, at 100 pg on day 1 to a third group of 12. There were also nine
placebo recipients (25). Inmunogenicity was assessed by anti-RBD
(25, 26) or anti-S1 (27) binding antibodies on days 7, 21, 28, and
35, although the data were reported in a nontraditional format that
does not allow for cross-study comparison (25-27). All recipients in
the two lower-dose groups developed anti-RBD antibodies by day
21 that were boosted 10- to 20-fold by the second immunization
when measured on day 28 and unchanged by the end of the study
on day 35. The 30-ug group was more immunogenic than 10 ug by
~3-fold. The pattern of the NAb data was similar, although fewer
time points were studied. In all three groups, the NAD responses to
the initial immunization were low but were boosted by the second
dose. On day 28, the GM IDs, values in an RV assay for the 10- and
30-ug groups were 168 and 267, respectively (25).

A second phase 1 trial, conducted in Germany, also explored
dosing regimens (26). Multiple doses of BNT162b1 mRNA, in the
range 1 to 50 ug, were tested, as were single doses and a prime-boost
protocol involving two doses on days 0 and 21. Overall, and as ex-
pected, the immunogenicity data were comparable to what was seen
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in the first trial. Higher immunogen doses and the prime-boost for-
mat were associated with stronger responses, as expected. The
anti-RBD ELISA data were again presented in a nontraditional for-
mat. After the second dose, NAb IDsy GM titers in the higher-dose
groups were 578 in an RV assay and ~3100 in a PV assay. In an ad-
ditional analysis, selected sera were tested in the PV-NAb assay
against RBD and S protein sequence variants (including the D614G
change); no significant sensitivity differences were observed. T cell
responses were measured by a modified ELISpot, in which either
CD4" or CD8" T cells were depleted from the effector population, or
by CFC. An unpublished “normalization” method was applied to
enable direct comparison of spot counts/strength of response to
anti-CD3 stimulation between individuals. Because PBMCs were
separated into either CD4" or CD8" subpopulations in the ELISpot
assay, no direct comparison can be made with ELISpot data on the
other vaccines reviewed here because of differences in methodology.
CD4" and CD8" T-cell responses were analyzed immediately before
vaccination and then on day 29, i.e., 7 days after the booster im-
munization. The magnitudes of both T-cell responses were dose-
dependent. At the highest dose, most participants had T-cell
responses of >1500 SFCs per 10° cells. The magnitudes of the CD4*
and CD8" responses were comparable. Approximately equal pro-
portions of the CD4" responders fell into groups with <500, 501
to 1500, and >1500 SECs per 10° cells. Cytokine secretion profiles
showed that CD4" T cells producing only IL-2 were the most abundant
subset, while IL-4 release was minimal. This pattern is of potential
concern, as CD4" cells secreting IL-2 can polarize CD4" T cells to-
ward the Ty2 phenotype that may be associated with VAERD (60).
The responding CD8" T cells mostly produced IFN-y (26).

The third Pfizer/BioNTech phase 1 trial compared the BNT162b1
RBD-based construct with BNT162b2, an mRNA expressing a full-
length, membrane-anchored S protein (27). The two constructs
were comparably immunogenic, but BNT162b2 was associated
with lower reactogenicity levels. Accordingly, BNT162b2 at a 30-ug
dose was selected to progress into phase 2/3 trials. The phase 1 trial
had two principal subcomponents, involving adults aged 18 to 55
and 65 to 85. For each of the two mRNAs, three or four different
doses (10, 20, 30, and, in one case, 100 ug of mRNA, together with
placebo) were tested in a two-immunization protocol (days 0 and
21), so the 195 participants were split among 13 different groups in
all. Here, we list the immunogenicity data only for the clinical can-
didate (BNT162b2, 30 ug), on day 28. NAb GM IDs titers in an RV assay
were 361 and 149 for the age groups 18 to 55 and 65 to 85, respec-
tively, while the corresponding GM antibody end-point titers to the S1
protein in a Luminex assay were 9136 and 7985 (see also Table 4).
Thus, for the clinical candidate, the NAD titers for the older group
were 41% of those in their younger counterparts. Visual inspection
of other antibody datasets suggests that the age-related reduction
is generally 2- to 3-fold, a decline that is perhaps meaningful but
not catastrophic. No longer-term antibody data and no information
about T cell responses were presented (27). The BNT162b2 vaccine
candidate is now in phase 3 trials in the United States and Europe,
which involve a two-dose regimen.

The Curevac CVnCoV mRNA vaccine was tested in 231 German
adults aged 18 to 60, who were given different vaccine doses (2 to 12 ug)
twice, on days 0 and 28 (32). Moderate dose-dependent side effects
were reported. Anti-S protein and anti-RBD median end-point titers
on day 43 were moderately dose-dependent and highest for the 12-ug
group (5463 and 1007, respectively). The median CPEsy NAD titer
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measured in an RV assay at this time was 113. No T-cell response data
were presented. The 12-ug dose was chosen for a phase 2b/3 trial (32).

Recombinant protein vaccines

The first report on how a recombinant S protein performs in hu-
mans described the Novavax NVX-CoV2373 vaccine candidate (21).
The immunogen is an insect cell-derived soluble S protein. When
mixed with detergent, five or six S-protein molecules become attached
noncovalently via their bases to the resulting micelles (63). This
component of the immunogen was coadministered with Matrix-M
adjuvant. Two formulations (5 and 25 ug of S protein) were tested
in 106 people with or without adjuvant, in a two-dose regimen on
days 0 and 21. In the absence of adjuvant, antibody responses were,
as expected, very weak, while the 5- and 25-ug doses performed
comparably when the adjuvant was present. Anti-S protein ELISA
data were presented as EU, which again prevents cross-study com-
parison. The highest values recorded, on day 35, were 63,160.
NAbs were measured in an RV assay and reported as IDq9 values.
Here, the peak GM values were 3906 and 3305 for the 5- and 25-ug
groups, respectively, on day 35. As noted above when discussing the
corresponding macaque experiment, when NAb data are present-
ed as ID.g9 or CPE;( values, the reported numbers are likely to be
several-fold lower than the more commonly used IDs, values. CFC
was used to measure CD4" T cell responses at days 0 and 28, but in
only four participants per group. There were no responses in the
placebo or protein with no-adjuvant recipients, but CD4" T-cell
signals could be measured in the adjuvanted protein groups at day
28, with two protein doses inducing similar but moderate respons-
es. Both Tyl and T2 cytokines were released although the Tyl
signals were more consistent, particularly at the lower protein dose
(21). A phase 3 trial of the Novavax vaccine began in the United
Kingdom in September 2020, and its U.S. counterpart is scheduled
to commence in December 2020.

The CoVLP vaccine from Medicago Inc. and McGill University is
based on a stabilized S protein engrafted to an influenza hemagglutinin-
transmembrane-cytoplasmic-tail region. These constructs, expressed
in the plant cells, self-assemble into virus-like particles (VLPs) (31).
In a phase 1 study, the VLPs were administered without adjuvant
or in either AS03 (GSK) or CpG 1018 (Dynavax) adjuvants, on
days 0 and 21, at doses of 3.75, 7.5, or 15 pg. The safety profile was
unexceptional. Antibody responses were assessed by S protein ELISA
and in RV and PV NAD assays. The responses in the no-adjuvant
group were, as expected, weak. The three dosing groups behaved
fairly similarly; the lowest-dose responses were at least as high as
the others. The AS03 adjuvant consistently outperformed CpG
1018 10- to 50-fold in various groups at different times, which is a
useful result with more general implications. On day 42, GM EDs
anti-$ titers in the AS03 groups were ~300,000; NAb GM IDs, val-
ues were ~2200 in the PV assay and ~630 in the RV assay (responses
after the first dose only were very much weaker). T cell responses
were assessed by IFN-y and IL-4 ELISpot assays and were again
strongest in the AS03 groups (the differential versus CpG 1018 was
greater for IFN-y than IL-4). The highest IFN-y signal (AS03, day 42)
was ~500 SFU per million cells and ~400 for IL-4. The lowest-dose
(3.75 ug) group with AS03 will proceed into additional clinical trials
involving a two-immunizations regime (31).

Together, and with caveats about comparing data from different
studies, two features of the binding antibody and NAb data stand
out (Table 4). The seemingly strongest responses were induced by
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the NVX-CoV2373-adjuvanted recombinant S protein. This judg-
ment takes into account the presentation of 1D, g values, rather
than the more commonly used IDs; titers (21). The relationship be-
tween ID. g9 and IDs values depends on the shape of the titration
curve, but ID.gg values are by necessity lower, often >10-fold
(Fig. 3). The superior immunogenicity of the recombinant S protein
mirrors its performance in macaques (Table 2) (9, 10). The second
conclusion we can draw is that binding antibody and NAb respons-
es to the single-dose adenovirus vector vaccines are quite weak,
although a second dose does improve their performance, as judged
by the limited dataset available (Table 4) (16-18, 23, 24). The T cell
response data are too limited, and the protocols used are too vari-
able, for us to draw any conclusions about relative immunogenicity.

VACCINE EFFICACY, AS REPORTED IN PRESS RELEASES

The press releases referred to below are all archived on the websites
of the relevant institutions and should be consulted for additional
details or the precise language used. The first indications of vaccine
efficacy came from a Pfizer/BioNTech release issued on 9 November
2020. At that point, the companies had accumulated data from 94
COVID-19 cases during the BNT162b2 phase 3 trial in which
38,955 volunteers had been fully vaccinated (7 days after the second
dose). Although there was no breakdown of the 94 cases by vaccine
versus placebo, the efficacy level was stated to be “above 90%.” Two
linked releases from the same group on 18 and 20 November 2020
provided additional information based on over 41,135 fully vacci-
nated trial participants. By then, the number of cases had reached
170 that were now broken down into 162 placebo recipients versus
8 given the vaccine, leading to an efficacy estimate of 95%. High-level
efficacy was reported for all demographic groups, including adults
over 65. In addition, it was announced that 10 severe COVID-19
cases had been documented, of which 9 were in the placebo group,
an early although inconclusive indication that preventing severe
disease might be possible.

Within about a day of the initial Pfizer/BioNTech release, one
was issued by the Russian Direct Investment Fund and The Gamalaya
National Center concerning their Sputnik V vaccine (11 November
2020). It reported that 16,000 trial participants had received both
vaccine doses; with 20 confirmed symptomatic cases and a calculated
efficacy of 92%. No vaccine versus placebo breakdown was provided.
It was also stated that the number of COVID-19 cases identified in
10,000 more vaccine recipients who were not enrolled in clinical
trials confirmed that vaccine efficacy was over 90%. On 24 November
2020, a second press announcement on Sputnik V reported vaccine
efficacy of 91.4% based on 39 COVID-19 cases among 18,794 fully
vaccinated volunteers. Of these cases, 8 occurred in 14,095 vaccinat-
ed volunteers, while 31 were in 4699 placebo recipients. The press
release also mentioned that vaccine efficacy was over 95% when an
analysis was performed at a later time point (21 days after the sec-
ond dose, as opposed to 7 days), but no additional details were given.

Moderna issued its first press release on mRNA-1273 efficacy on
16 November 2020. In the COVE trial of over 30,000 volunteers, 95
symptomatic cases had been documented, of which 90 were in the
placebo group. Vaccine efficacy was reported to be 94.5%. An addi-
tional analysis showed that all 11 cases of severe COVID-19 were in
the placebo group. Consistent efficacy was seen in all demographic
and age groups, although no details were reported. A further an-
nouncement on 30 November 2020 reported that 196 symptomatic
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cases had now accrued in the trial, 185 of them being in the placebo
group. Vaccine efficacy was accordingly stated to be 94.1%. Further-
more, all 30 cases of severe COVID-19, including one death, were in
the placebo group, which strengthens the evidence that this vaccine
also prevents serious disease. This second press release again stated
that efficacy was consistent across age, race, ethnicity, and gender
demographics.

A press release was issued by AstraZeneca on 23 November 2020,
reporting on the company’s AZD1222 (ChAdOx1) vaccine. The in-
formation it contained was based on two trials in the United Kingdom
and Brazil and could be considered quite confusing (www.wired.
com/story/the-astrazeneca-covid-vaccine-data-isnt-up-to-snuff/).
Some clarifications emerged in subsequent media reporting and
oral statements. The summary below reflects what is known at the
time of writing. In total, 131 COVID-19 cases occurred in the trials,
but their distribution was not broken down either by trial or vaccine
versus placebo. One dosing regimen involving 2,741 U.K. volunteers
was stated to confer 90% efficacy. It involved a half dose of vaccine
followed by a full dose at least 1 month later, a regimen that was the
result of an apparent error in dose calculations. In contrast, the tri-
als involving the originally intended protocol of two full doses
yielded an efficacy of 62% from 8895 vaccinated volunteers. Com-
bining all the trials, which may or may not be appropriate for regu-
latory approval, led to a stated “average efficacy” of 70%. It was also
reported that no hospitalizations or severe cases of COVID-19
occurred among vaccine recipients, which is presumably a refer-
ence only to the unstated number who became infected. Additional
data from an ongoing phase 3 trial in the United States and from a
new one that may be initiated in the United Kingdom may eventu-
ally clarify where this vaccine stands on the efficacy spectrum.

Although the press releases summarized above are sometimes
confusing and generally contain less information than is desirable,
together they imply that high-level protection against symptomatic
SARS-CoV-2 infection can be achieved by vaccination. Moreover,
there are early indications that vaccines will also be able to protect
against severe COVID-19 disease.

Whether all the first-generation vaccines can protect at efficacy
levels of around 90% will require more data to answer, including
from phase 3 trials that are yet to report end points. It should also be
noted that differences in apparent efficacy may, at least in part, de-
pend on how symptomatic infections are documented in the differ-
ent trials, which seems to vary. In some trials (e.g., Pfizer/BioNTech
and Moderna), infected people are identified when they report to
trial sites with symptoms and are RNA-tested, and in another
(AstraZeneca), participants are RNA-tested weekly and asked about
symptoms. Whether these end points are equivalent is not yet clear.
It is also unknown whether the vaccine protects against asymptom-
atic infection, which is important if asymptomatic infected vaccine
recipients are still capable of transmitting virus to other people.
While this scenario cannot be dismissed, we think that it is perhaps
unlikely to be common. As we discussed above, several of the vac-
cines provide what seems to be sterilizing immunity to at least some
of the immunized macaques, which represents protection against
asymptomatic infection. While extrapolation from NHPs to hu-
mans is also fraught with uncertainties, we are now seeing solid
signs of protection in both species that increase the weight that can
be put on the monkey models.

We await information about CoPs for a human SARS-CoV-2
vaccine, although it does seem increasingly likely that they are
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antibody-associated. Although serum NAD titers may well be the prin-
cipal CoP, we do not yet know what a highly protective minimum
NAD titer will be. In an earlier review, we suggested that NAD titers
in the low hundreds might be sufficient for protection (34). In one
study, when 122 Seattle seamen sailed seaward, 104 of them had
become SARS-CoV-2 RNA-positive from a single source of virus
by the time their boat returned to port 18 days later. However, three
sailors who had NAD responses at the time of departure were not re-
infected while at sea. Their serum PV ID5y NAD titers were 174, 161,
and 3082 (71). Thus, while certainly far from definitive, this study
further suggests that a protective serum NADb titer may lie in the low
hundreds. The peak NAb responses to many, but not all, of the lead-
ing vaccines exceed that mark (Table 4). Once completed and fully
analyzed, the ongoing efficacy trials should yield information about
the threshold NAD titers giving certain percentages of protection
from infection or disease. Again, however, the use of NAb assays
with different properties and sensitivities is likely to blur compari-
sons of the datasets generated in the various trials (34, 51). Now that
robust, reliable, and potentially high-throughput assays are avail-
able, perhaps some of these uncertainties can be resolved in cen-
tralized testing programs under national or even international
coordination (72, 73).

One caveat about the press releases is that all the efficacy data so
far are derived from analyses conducted within the first few weeks
to months after completion of the vaccination protocol. The dura-
tion of vaccine-induced immunity is unknown. We also know little
about the role of T cells in protection, and almost no information is
available about mucosal immunity or immune memory. Memory B
and T cells will be relevant to sustained protection by the vaccines.
Significant and highly encouraging information is now emerging
on the extent of immunological memory and the maintenance of
NAD responses after ~6 months of SARS-CoV-2 infection (54, 55).
Similar studies will need to be performed on vaccine recipients after
sufficient time has elapsed. The magnitude of the initial NAb re-
sponses to the vaccines may be relevant in this context. Plasma an-
tibody titers can be expected to diminish over time, and, at some
point, they may drop below a protective threshold. The stronger the
initial peak response, the longer that process will take. Time will tell.
Nonetheless, it is hard to argue against the long-term benefits of a
strong initial NADb response when it comes to conferring protection
during the first year after vaccination, which may be particularly
critical in curtailing the COVID-19 pandemic.

Next-generation immunogens now at the preclinical stage of
development may play a role if some of the leading vaccines are less
effective than is hoped (34, 35, 45). Combining vaccines in prime-
boost formats may provide superior and longer lasting protection
than single agents (34). Nonetheless, there are now highly encour-
aging signs for the control of the pandemic if and when multiple
SARS-CoV-2 vaccines can be rolled out en masse during 2021.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/sciadv.abe8065/DC1
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