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Abstract: The persistent expansion of the coronavirus disease 2019 (COVID-19) global pandemic
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) requires the rapid de-
velopment of safe and effective countermeasures to reduce transmission, morbidity, and mortality.
Several highly efficacious vaccines are actively being deployed around the globe to expedite mass
vaccination and control of COVID-19. Notably, viral vectored vaccines (VVVs) are among the first
to be approved for global distribution and use. In this review, we examine the humoral, cellular,
and innate immune responses elicited by viral vectors, and the immune correlates of protection
against COVID-19 in preclinical and clinical studies. We also discuss the durability and breadth of
immune response induced by VVVs and boosters. Finally, we present challenges associated with
VVVs and offer solutions for overcoming certain limitations of current vaccine regimens. Collectively,
this review provides the rationale for expanding the portfolio of VVVs against SARS-CoV-2.
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1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic represents one of the most dev-
astating global health challenges in human history. As of January 2022, SARS-CoV-2
had caused more than 350 million infections and 5.6 million deaths, straining health care
systems and undermining social and economic domains [1]. At an unprecedented pace,
academic laboratories, biotechnology companies, and regulatory agencies have developed
and deployed several effective vaccines that have significantly curtailed morbidity and
mortality in the global landscape. Vaccines based on viral vectors, which are genetically
modified wild-type viruses, have been at the forefront of these collective efforts. These vac-
cines have demonstrated adequate safety profiles, strong immunogenicity characteristics,
and most importantly, high levels of protection from severe COVID-19 disease.

Viruses are intrinsically very efficient at entering target cells, delivering genetic instruc-
tions to key intracellular compartments, and driving protein expression [2]. Generally, the
development of viral vectored vaccines (VVVs) entails the insertion of genes that encode
heterologous antigens (e.g., spike proteins of coronaviruses) with or without modifications
(Figure 1). The recombinant viral expression vector can then be evaluated in animal models
to assess immune responses and protective effects against challenges with etiologic agents.
Viral vectors display a number of key immunological features which make them promising
vaccine platforms. They can efficiently transduce genes of interest into specific target cells
and can elicit exceptionally potent antigen-specific antibody and, most importantly, T-cell
responses without the need for an adjuvant (Figure 1) [3]. To date, numerous viral vectors
have been exploited to combat widespread infectious diseases caused by clinically impor-
tant viruses, including Ebola, HIV, influenza, Zika, and now SARS-CoV-2 [4]. Twenty-one
percent of the 334 COVID-19 vaccines currently under preclinical and clinical development
constitute viral vectors [5]. Most aim to mount a protective immune response against the
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SARS-CoV-2 spike (S) protein that mediates viral entry into host cells. Here, we present
some prominent examples, with a summary provided in Table 1.
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tissues. Following intramuscular administration, viral particles transduce muscle cells and sentinel 
cells, leading to high levels of protein production (i.e., spike protein of SARS-CoV-2). DCs are 
present in various tissues and can capture, phagocytose, and digest antigen. As DCs upregulate 
pro-inflammatory cytokines, costimulatory molecules, chemokine receptors, and antigen presen-
tation, they can traffic to the draining lymph node and prime naïve T cells by presenting them with 
specific antigen and costimulatory ligand. The activated T cells can proliferate and differentiate 
into effector or memory cells. A CD4+ T cell could differentiate into a helper T cell, such as a Th1 
cell, but could also differentiate into a T follicular helper cell that assists B cells to produce anti-
gen-specific antibodies. A CD8+ T cell could differentiate into a cytotoxic T cell that eradicates vi-
rally infected cells. While some memory T cells will persist, most effector T cells die over time. 
Abbreviations: GOI: gene of interest; DC: dendritic cell; pDC: plasmacytoid dendritic cell; Mφ: 
macrophage; Ag: antigen. 

This review aims to illuminate the unique immunological features of viral vectors 
that have contributed to their burgeoning eminence as a vaccine platform. Specifically, 
we discuss adaptive and innate immunity afforded by VVVs and their correlations with 
disease protection from animal models and human clinical trials. We also discuss the 
challenges that VVVs pose for achieving optimal immunogenicity and strategies that 
have been pursued to overcome them. We will not address the virology of VVVs, which 
has been covered in detail in other reviews [6,7]. 
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Humoral immunity to SARS-CoV-2 is achieved through vaccination or natural in-
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Figure 1. Viral vectored vaccines (VVVs) elicit innate and adaptive immune responses. Dendritic
cells (DCs), macrophages, and plasmacytoid dendritic cells (pDCs) are sentinel cells that reside in
tissues. Following intramuscular administration, viral particles transduce muscle cells and sentinel
cells, leading to high levels of protein production (i.e., spike protein of SARS-CoV-2). DCs are
present in various tissues and can capture, phagocytose, and digest antigen. As DCs upregulate
pro-inflammatory cytokines, costimulatory molecules, chemokine receptors, and antigen presentation,
they can traffic to the draining lymph node and prime naïve T cells by presenting them with specific
antigen and costimulatory ligand. The activated T cells can proliferate and differentiate into effector
or memory cells. A CD4+ T cell could differentiate into a helper T cell, such as a Th1 cell, but could
also differentiate into a T follicular helper cell that assists B cells to produce antigen-specific antibodies.
A CD8+ T cell could differentiate into a cytotoxic T cell that eradicates virally infected cells. While
some memory T cells will persist, most effector T cells die over time. Abbreviations: GOI: gene of
interest; DC: dendritic cell; pDC: plasmacytoid dendritic cell; Mϕ: macrophage; Ag: antigen.

This review aims to illuminate the unique immunological features of viral vectors
that have contributed to their burgeoning eminence as a vaccine platform. Specifically,
we discuss adaptive and innate immunity afforded by VVVs and their correlations with
disease protection from animal models and human clinical trials. We also discuss the
challenges that VVVs pose for achieving optimal immunogenicity and strategies that have
been pursued to overcome them. We will not address the virology of VVVs, which has
been covered in detail in other reviews [6,7].
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2. Immunogenicity
2.1. Humoral Immunity

Humoral immunity to SARS-CoV-2 is achieved through vaccination or natural infec-
tion. Neutralizing antibodies, which are a key component of humoral immunity, stand as
one of the most important predictors of immune protection from SARS-CoV-2 infection.
Viral vectors differ in their entry kinetics, replication capacity, and protein expression
profiles, and thus the level of immune response and protection provided by VVVs can
dramatically vary.

2.1.1. Adenoviral Vector

Adenoviruses (Ads) are double-stranded, non-enveloped DNA viruses with more
than 300 serologically distinct serotypes [8]. By using their viral receptors, Ads can target
a broad range of host tissues for cellular infection, a key attribute that has opened up
important avenues to design novel vaccine concepts and approaches against SARS-CoV-2
and other etiologic microbes [9].

In collaboration with the healthcare company Johnson and Johnson (J & J), researchers
at Beth Israel Deaconess Medical Center developed a replication-defective adenovirus
serotype 26 (Ad26)-based COVID-19 vaccine (Ad26.COV2.S, immunogen: S.PP), and in-
vestigated its immunogenicity in animal models [10,11]. In line with other Ad26-vectored
vaccines [12–15], Ad26.COV2.S induced strong humoral and cellular immune responses.
In golden Syrian hamsters, a single immunization of high dose (1010 viral particles (vp))
or low dose (109 vp) of Ad26.COV2.S via the intramuscular route (IM) led to strong re-
ceptor binding domain (RBD)-specific binding antibody and neutralizing antibody (NAb)
responses, and protected against SARS-CoV-2-induced weight loss, pneumonia, and mor-
tality [10]. As early as 2 weeks after immunization, all vaccinated hamsters seroconverted
and showed a substantial increase (by approximately 20-fold) in median NAb titers com-
pared with sham control hamsters [10]. Additionally, a dose-escalation study in hamsters
demonstrated that binding and neutralizing antibodies were induced in a dose-dependent
fashion, as immunizations with 109 or 1010 vp resulted in a 6-fold or a 10-fold increase
in NAb titers compared to control hamsters, respectively [16,17]. In rhesus macaques, a
single IM immunization of 1 × 1011 vp induced pseudo-virus and live virus NAb titers that
were 20-fold greater than those of sham macaques at week 4 post-vaccination [11]. Of note,
Ad26.COV2.S-vaccinated macaques exhibited immensely higher (>4 fold) median NAb
titers than those found in the sera of convalescent humans and macaques [18]. A dose-
titration study in macaques further revealed that a single low dose (2 × 109 vp) was able to
elicit binding and neutralizing antibodies 6 weeks post vaccination, contrasting with the
higher dose regimens that produced antibodies as early as week 2 [19].

A phase 1/2a trial conducted in Belgium and the USA showed a single immunization
of low dose (5 × 1010 vp) or high dose (1 × 1011 vp) of Ad26.COV2.S elicited increasing
levels of antibody response during the 71 days of follow-up after immunization in the
majority of vaccinees [20]. NAb titers against the ancestral strain WA2020 were detected in
90% or more of participants by day 29 after the first immunization, irrespective of dose or
age, and reached 96% by day 57 with a further titer increase in young adults. Overall, a
single immunization of Ad26.COV2.S elicited NAb titers that were similar to those found in
convalescent sera by day 57 post-vaccination, and a homologous booster two months later
further augmented titers by 2–3-fold [20]. In a smaller cohort involving 25 participants,
the kinetics and magnitude of antibody responses were determined [21]. Binding and
neutralizing antibodies were observed as early as 8 days after immunization, peaked
on day 29, and maintained steady at least until day 71. Altogether, the Ad26.COV2.S
vaccine is highly immunogenic in the young and the elderly. While lower doses may give a
slower response, they have shown the capacity to generate antibody responses of sufficient
magnitude. Hence, low-dose vaccination strategies may be favorable to ensure safety
without sacrificing immunological potency.
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Replication-defective adenovirus serotype 5 (Ad5) is another adenoviral-vectored vac-
cine that has been leveraged in response to COVID-19. In BALB/c mice, a single mucosal
immunization of Ad5 encoding the full-length S protein (Ad5-nCoV) induced robust bind-
ing and neutralizing antibody responses and protected the lungs of mice from SARS-CoV-2
infection [22]. In C57BL/6 mice, a low-dose prime (LD, 1 × 106 vp) with a standard dose
boost (SD, 1 × 109 vp) of an Ad5-based vaccine encoding S led to a 72-fold increase in
NAbs and superior CD8+ T cell responses compared with the SD/SD regimen [23]. Indeed,
this observation aligns with a recent ChAdOx1 nCoV-19 (AZD1222) clinical trial, in which
a half-dose prime conferred greater protective efficacy than a standard-dose prime [24].
In addition, Ad26.COV2.S elicited similar levels of antibody responses, irrespective of
high- (1 × 1011 vp) or low-dose (5 × 1010 vp) vaccination [20]. Therefore, there may exist
a threshold for the induction of optimal protection, above which vaccinating with higher
doses leads to immune exhaustion, and below which vaccinating with lower doses fails to
generate sufficient immunity against pathogens. Further, Sanchez et al. mechanistically
found that lowering the priming dose generated higher central memory CD8+ T cells
and fewer exhausted T cells, which underpin dose-sparing as a strategy to improve recall
response and vaccine accessibility [23]. In CD-1 mice, a prime-boost immunization of a
dual antigen vaccine expressing modified SARS-CoV-2 S and nucleocapsid (N) proteins
(hAd5 S-Fusion + N-ETSD) by the subcutaneous route (SC) elicited stronger anti-S IgG2a,
IgG2b, and NAb responses compared with hAd5 S-WT; the researchers ascribed the im-
provement in antibody response to enhanced cell surface expression of S-Fusion [25]. In
rhesus macaques, a 1 × 1011 vp SC prime immunization with two 1 × 1010 IU oral boosters
elicited potent anti-S NAbs and protected animals from high titer SARS-CoV-2 infection [26].
In human adults, a single shot of Ad5-nCoV induced binding and neutralizing antibodies
that peaked on day 28 post-vaccination [27,28]. Among the vaccinees, the seroconversion
rates of binding and neutralizing antibodies were 90% and 50%, respectively (seroconver-
sion was defined as a 4-fold increase in post-vaccination titer compared with baseline). In
children and adolescents aged 6–17 years, a single injection of Ad5-nCoV was able to induce
strong antibody responses without adverse reactions [29]. At present, Pfizer-BioNTech’s
BNT162b2 mRNA vaccine is the only COVID-19 vaccine authorized for emergency use in
children 5 through 11 years of age. Therefore, additional safe and effective vaccines are
urgently needed to protect vulnerable populations (i.e., children, elderly, pregnant women,
immunocompromised patients) and communities where the virus continues to circulate.

Since SARS-CoV-2 transmits efficiently via respiratory droplets and tends to gain entry
at the respiratory mucosa, some speculate that administration through the respiratory tract
(i.e., intranasal vaccination) is more likely to prevent infection at the portal of viral entry.
For hAd5 S-Fusion + N-ETSD, IN prime + IN boost induces stronger humoral immunity
than SC prime + IN or SC boost [25]. In BALB/c mice, a single SC or IN immunization
of 1.5 × 1010 vp of Ad5.S1 elicited comparable, potent IgG and NAb responses [30]. In
BALB/c mice, a single IN or IM immunization of 5 × 109 vp of a rAd5 vaccine carrying
a codon-optimized gene encoding S (Ad5-S-nb2) induced similar titers of serum IgG by
day 28, and IN led to stronger IgA responses than IM [31]. A phase 1 trial conducted in
China showed that two doses of aerosolized Ad5-nCoV induced NAb responses in the
majority of vaccinees [32]. Out of all regimens, a prime IM immunization of 5 × 1010 vp
with an aerosolized booster of 2 × 1010 vp induced the strongest NAb and RBD-binding
IgG responses; IM immunization also turned out to induce stronger IgA responses than
aerosolized immunization. On the whole, these data suggest that immunization routes can
affect antibody production, and aerosolized vaccines serve as an appealing alternative to
IM immunizations for the induction of potent humoral immunity.

The Sputnik V (Gam-COVID-Vac) COVID-19 vaccine, which was developed in Russia,
uses rAd26 and rAd5 vectors in a heterologous prime-boost format [33]. In addition to ex-
ploiting the robust immunogenicity of both Ad vectors, this approach strives to circumvent
pre-existing Ad immunity which may impede the induction of potent humoral immu-
nity. A phase 1/2 trial conducted in Russia evaluated the immunogenicity of “Sputnik
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light”, a single-dose vaccine based on rAd26 [34]. Unlike Ad26.COV2.S, which encodes
prefusion-stabilized S, rAd26 carries the gene for native SARS-CoV-2′s S protein (rAd26-S).
For seropositive individuals, a single 1 × 1011 vp immunization of rAd26 elicited higher
NAbs than those from convalescent plasma; for seronegative individuals, rAd26 elicited
lower NAbs than those from convalescent plasma [34]. Additional studies showed that a
single 1 × 1011 vp immunization of rAd26 or rAd5 elicited NAb titers that were 2–4 fold
lower than those from convalescent plasma, and immunizations of the heterologous vaccine
based on rAd26 and rAd5 induced higher NAb titers compared with those in convales-
cent plasma [35]. Similarly, a homologous boost immunization of Ad26.COV2.S further
amplified antibody titers, in which the two doses were administered two months apart [20].
Together, it is imperative to refine heterologous prime-boost regimens to potentiate humoral
response and improve the immunogenicity of Ad-vectored vaccines.

Besides human Ad26 and Ad5 vectors, AstraZeneca/Oxford developed a chimpanzee
adenoviral-vectored vaccine, ChAdOx1 nCoV-19 (AZD1222), which encodes the SARS-
CoV-2 S protein [36]. In mice and pigs, a single immunization of 108 IU of ChAdOx1
nCoV-19 elicited binding and neutralizing antibody responses; in particular, a homologous
boost increased NAbs by about 1-log in pigs [37]. In rhesus macaques, a prime-boost IM
immunization of 2.5 × 1010 vp of ChAdOx1 nCoV-19 led to 1-log higher IgG and NAb
titers compared to a prime-only regimen, and protected animals from SARS-CoV-2-induced
pneumonia [38]. In ferrets, a prime-boost regimen of 2.5 × 1010 vp of ChAdOx1 nCoV-19
elicited 1-log higher NAb titers than a prime-only regimen, and IM yielded higher NAb
titers than IN [39]. In a phase 1/2 trial conducted in the UK, a single immunization of
5 × 1010 vp of ChAdOx1 nCoV-19 induced antibody responses that peaked on week 4 and
persisted at least until week 8 [36,40]. A boost immunization further enhanced NAbs by
4-fold, which was similar to the level of those obtained in convalescent plasma [36].

In addition to the adenoviral-vectored vaccines that have advanced into the clinic, the
use of simian adenoviruses as a platform for vaccine development has gained steady
momentum. In mice and hamsters, a single dose of a chimpanzee Ad-vectored vac-
cine (ChAd-SARS-CoV-2) induced a robust and durable S-specific antibody response
capable of neutralizing SARS-CoV-2 [41–43]. IN delivery induced approximately 6-fold
higher antibody titers than IM delivery, in contrast to the ChAdOx1 nCoV-19 vaccine
that elicited higher antibodies through the IM route in ferrets [41–43]. In BALB/c mice,
a prime-boost IM administration of a novel Ad-vectored vaccine (Sad23L-nCoV-S) and
its self-biomineralized form (Sad23L-nCoV-S-CaP) elicited potent humoral responses [44].
In cynomolgus macaques, a single IM immunization of 5 × 1010 vp of a gorilla adenoviral-
vectored vaccine (GRAd-COV2) encoding a prefusion-stabilized S induced potent IgG and
NAb responses [45]. Importantly, NAbs 10 weeks post-vaccination were higher than those
found in convalescent sera of recovered COVID-19 patients [45]. A prime immunization of
5 × 109 PFU of Sad23L-nCoV-S together with a boost immunization of 5 × 109 PFU of a
human Ad49-based vaccine encoding the full-length gene of S (Ad49L-nCoV-S) induced
potent and durable NAb, anti-RBD, and anti-S responses in rhesus macaques [46].

2.1.2. Alternative Viral Vectors

A broad spectrum of alternative viral vectors has also undergone extensive preclinical
evaluation, including in vesicular stomatitis virus (VSV)-based vaccines. In hamsters,
IM immunization of 2 × 107 PFU of ConVac, a VSV-based vaccine expressing the S1
subunit of S, induced NAb titers that were 100-fold higher than those of sham control
animals, and protected animals from SARS-CoV-2 replication in the lung [47]. Of note,
similar levels of SARS-CoV-2-specific antibodies were observed in ConVac-vaccinated
hamsters and a recovered COVID-19 patient [47]. Another study of a recombinant VSV-
G-spike SARS-CoV-2 vaccine assessed how dosage (ranging from 104 to 108 pfu) affected
antibody production [48]. While 108 pfu possessed the strongest immunogenicity, a single-
dose IM injection of 106 pfu was able to induce robust NAbs and protect against high-
dose SARS-CoV-2 challenge in hamsters [48]. A methyltransferase-defective rVSV-based
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vaccine expressing the full-length S induced higher SARS-CoV-2-specific NAbs in serum of
hamsters than in plasma of convalescent COVID-19 patients [49]. In BALB/c mice, a single
immunization of 106 PFU of a replication-competent VSV-vectored vaccine expressing
a modified form of the spike gene (VSV-eGFP-SARS-CoV-2) induced 3-fold higher NAb
titers compared to sham control animals; a homologous boost resulted in a greater-than-88-
fold increase in neutralizing activity [50]. Live attenuated measles virus-based vaccines
expressing prefusion-stabilized S induced higher NAb titers in cotton rats, mice, and
hamsters than those found in sera from convalescent COVID-19 patients [51,52]. Despite the
strong immunogenicity observed in animal models, a phase I study that examined “V590”,
an rVSV-vectored COVID-19 vaccine candidate developed by Merck, terminated due to
low immunogenicity [53]. Likewise, the development of a measles virus-based COVID-19
vaccine by Merck named “V591” was discontinued due to a lack of immunogenicity [54].

A live-attenuated yellow fever 17D vaccine encoding a non-cleavable prefusion form
of SARS-CoV-2 S (YF-S0) induced robust NAb responses in macaques, hamsters, and
mice [55]; YF-S0 was also shown to protect hamsters from SARS-CoV-2 challenge. A single
IN immunization of CVXGA1, a parainfluenza virus type 5-based vaccine that expresses
S, elicited NAbs and RBD-binding antibodies in a dose-dependent fashion in mice [56].
In hamsters, a prime-boost immunization of CORAVAX, an inactivated rabies-vectored
vaccine encoding S1, together with a TLR4 agonist, generated potent NAb responses
and protected animals from SARS-CoV-2 challenge [57]. In BALB/c mice, a prime-boost
regimen in a 3-week interval of a Newcastle disease viral-vectored vaccine that expresses
wild type S or membrane-anchored S without the polybasic cleavage site elicited robust
NAb responses [58].

Further, DNA viruses such as oncolytic herpes simplex virus-1 (HSV-1) and modified
vaccinia virus Ankara (MVA) were utilized to develop COVID-19 vaccines. Intriguingly, the
HSV-1-based vaccine, termed OV-spike, is not only immunogenic but was also shown to
prevent SARS-CoV-2 infection in mice and inhibit tumor growth in tumor-bearing mice [59].
In BALB/c mice, one or two immunizations of an MVA-vectored vaccine expressing
modified versions of S elicited potent antibody responses and protected animals from
intranasal SARS-CoV-2 challenge [60]. Another MVA-based vaccine, MVA-SARS-2-S, was
evaluated in BALB/c mice and was shown to inhibit SARS-CoV-2 replication, irrespective
of whether high-dose or low-dose immunization was employed [61].

Collectively, these findings and observations suggest that immunogen design, modality,
dosing, route of immunization, homologous or heterologous prime-boost approaches, and in-
dividual variations among vaccinees can all affect vaccine-mediated humoral immunogenicity.
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Table 1. Clinical and preclinical studies of viral vectored vaccines against COVID-19.

Vaccine Model Regimen Route of
Administration Humoral Immune Response Cellular Immune

Response Reference

Ad26.COV2.S

Hamster Single dose of
1 × 1010 vp IM

Median ELISA titer: 4470 (week 4)
Median NAb titer: 359 (week 4)

RBD-binding Ab and neutralizing
Ab titer > sham

N/A [10]

Mouse Single dose of
1 × 1010 vp IM Binding Ab and neutralizing Ab

titer: S.PP > S > sham
Th1-biased
response [17]

Rhesus macaques Single dose of
1 × 1011 vp IM

Median NAb titer: 408 (week 4)
Median NAb titers 4-fold higher

than convalescent titers of macaques
and humans

Th1-biased
response [11]

Human

High dose:
1 × 1011 vp
Low dose:

5 × 1010 vp
Cohort 1a: 18–55 years

of age
Group 1:

placebo/placebo
Group 2: low
dose/placebo
Group 3: low

dose/low dose
Group 4: high
dose/placebo
Group 5: high

dose/high dose
Cohort 3: ≥65 years

of age
Group 1: placebo

Group 2: low dose
Group 3: high dose

IM

Binding Ab (ELISA
units/ml) (GMC):

Cohort 1a
Baseline: all below LOQ (<53)

Day 29:
<53 (Group 1)
478 (Group 2)
586 (Group 3)
625 (Group 4)
788 (Group 5)

Day 57:
<53 (Group 1)
660 (Group 2)
754 (Group 3)
873 (Group 4)

1100 (Group 5)
Day 71:

<53 (Group 1)
600 (Group 2)

1677 (Group 3)
951 (Group 4)
2292 (Group 5)

Cohort 3
Baseline: all below LOQ (<53)

Day 15:
<53 (Group 1)
122 (Group 2)
141 (Group 3)

Day 29:
<53 (Group 1)
312 (Group 2)
350 (Group 3)

Neutralizing Ab (IC50) (GMT):
Cohort 1a

Baseline: all below LOQ (<58)
Day 29:

<58 (Group 1)
224 (Group 2)
224 (Group 3)
215 (Group 4)
354 (Group 5)

Day 57:
<58 (Group 1)
310 (Group 2)
288 (Group 3)
370 (Group 4)
488 (Group 5)

Day 71:
<58 (Group 1)
321 (Group 2)
827 (Group 3)
388 (Group 4)

1266 (Group 5)
Cohort 3

Baseline: all below LOQ (<58)
Day 15:

<58 (Group 1)
212 (Group 2)
172 (Group 3)

Day 29:
<58 (Group 1)
277 (Group 2)
212 (Group 3)

CD4+ Th1 cells

Cohort 1a
Day 15:

0% (Placebo)
76% (low dose)
83% (high dose)

Cohort 3
Day 15:

0% (Placebo)
60% (low dose)
67% (high dose)

CD8+ T cells

Cohort 1a
Day 15:

0% (placebo)
51% (low dose)
64% (high dose)

Cohort 3
0% (placebo)

36% (low dose)
24% (high dose)

[20]
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Table 1. Cont.

Vaccine Model Regimen Route of
Administration Humoral Immune Response Cellular Immune

Response Reference

Ad5-nCoV

Mouse

High dose:
5 × 109 vp

Middle dose:
5 × 108 vp
Low dose:
5 × 107 vp

IM or IN

IM animals:
IgG peaked at day 28

NAb titers peaked at week 8
IN animals:

IgG peaked week 4 to week 8
NAb titers peaked at week 6

High-dose IN produced higher IgG
titers compared to high-dose IM at

week 6 and week 8
IM led to a higher ratio of IgG2a to

IgG1 compared to IN
High-dose IN produced significantly

higher NAb titers compared to
high-dose IM from week 4 to week 8
Both IM and IN induced S-specific
IgG in the trachea-lung but only IN

induced S-specific IgA

Middle-dose IM
and IN animals
showed IFN-γ,

TNF-α, and IL-2
responses in splenic

CD4+ or CD8+ T
cells at week 2

(IM > IN)
At week 10,
IM induced

dose-dependent
cellular immunity
while IN did not

[22]

Human

For AI:
High dose:
2 × 1010 vp
Low dose:

1 × 1010 vp
(day 0 prime + day

28 boost)
For IM+AI:

5 × 1010 vp IM on day
0 + 2 × 1010 vp AI on

day 28
For IM:

5 × 1010 vp
(one dose) or

10 × 1010 vp (two
doses) on day 0

AI, IM, or both

At day 28 after the last vaccination
Neutralizing Ab (GMT):

AI high dose: 107
AI low dose: 105

IM+AI: 396
IM one dose: 95

IM two dose: 180
RBD-binding IgG (GMC):

AI high dose: 261
AI low dose: 289

IM+AI: 2013
IM one dose: 915

IM two dose: 1190

IFN-γ responses
peaked by day 14

after initial
immunization for

IM and AI vaccinees
Aerosol immuniza-
tion with 1/5 of the

IM dose
engendered similar
IFN-γ responses to

that of IM
immunizations

A boost
immunization at

day 28 significantly
augmented IFN-γ

response in the
IM+AI group and

AI (low dose) group
S-specific IFN-γ,
IL-2, and TNF-α

(but no IL-4) were
detected in

supernatants of
PBMCs 14 days

after the first
immunization (Th1-

biased response)

[32]

hAd5 S-Fusion
+ N-ETSD Mouse 1 × 1010 vp (SC)

1 × 109 vp (IN)

Combinations of
prime and boost

through SC
and IN

Stronger IgG2a, IgG2b, NAb, and
N-specific antibody responses

compared to hAd5-S-WT
IN prime + IN boost produced

similar or better humoral immunity
compared to SC prime + SC or

IN boost
IN + SC prime-only immunization
induced similar or better humoral
immunity compared to those with

a boost

SC prime + SC or
IN boost

induced stronger T
cell responses

compared to IN
prime + IN boost

[25]

Ad5-S-nb2 Mouse and
rhesus macaques

For mouse:
1 × 109 vp IM
5 × 109 vp IM
1 × 109 vp IN
5 × 109 vp IN
For macaque:

1 × 1011 vp IM
5 × 1010 vp IN
1 × 1010 vp IM

IM or IN

In mice:
5 × 109 vp IM induced IgGs by day
6 (continued to increase until day
28); 1 × 109 vp IM yielded a lower

magnitude of IgG response
IN induced weaker IgG responses

by day 11 but increased to a similar
level by day 28 compared with IM

IN induced stronger S-specific IgAs
in bronchoalveolar lavage fluids

compared to IM
In macaques:

1 × 1011 vp IM elicited S-specific IgG
by day 12

Higher-dose immunizations led to
higher IgG titers by day 24

After day 18: IgG continued to
increase in IM animals but remained

stable in IN animals
IM induced 1–2 logs higher serum

IgG titers than IN

In both mice
and macaques:

IM induced
stronger systemic
cellular immunity

than IN

[31]
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Table 1. Cont.

Vaccine Model Regimen Route of
Administration Humoral Immune Response Cellular Immune

Response Reference

rAd5 Based
(CoroVaxG.3) Mouse Single dose of 109 or

1010 vp IM

Induction of S-specific IgG 2 weeks
after the single immunization

A single immunization of either 109
or 1010 vp induced durable antibody

responses for at least 140 days
Mouse sera could neutralize

pseudo-viruses that expressed
D614G, B.1.117, P.1, B.1.617.2 Spikes

Potent IFN-γ-T cell
response as early as

2 weeks post-
vaccination

Durable IFN-γ-T
cell response that

sustained at a stable
level for at least

140 days
By day 140,

vaccinated animals
had central-

memory T cells in
splenocytes

[62]

Ad5-SARS-
CoV-2
spike

Mouse

Prime:
106 PFU (LD)
109 PFU (SD)

Boost:
109 PFU

IM

Antibody responses:
LD/SD > SD/SD

More protracted prime-boost
intervals led to better
antibody responses

CD8+ T cell
response:

LD/SD > SD/SD
CD4+ T cell

response:
LD/SD > SD/SD

[23]

ChAdOx1
nCoV-19

(AZD1222)

Human

Prime:
5 × 1010 vp (SD)

Boost:
SD or 2.5 × 1010 vp

IM

S-specific IgG (GMT):
Day 28: 35,990

Day 56: 25,667 (SD/LD)
Day 56: 44,485 (SD/SD)

Median NAb titers:
Day 28: 451

Day 56: 253 (SD/LD)
Day 56: 424 (SD/SD)

IFN-γ-T cell
response peaked by

day 14 after
the initial

immunization
A boost

immunization did
not enhance T cell

immunity

[63]

Ferret Prime or prime boost:
2.5 × 1010 vp per dose IM or IN

Prime-only:
IM elicited higher NAbs than IN

Prime boost:
Both IM and IN induced

significantly higher NAb titers
7 days after boost

5 days after
SARS-CoV-2
challenge, IM
prime-boost

animals displayed
significantly higher

levels of
IFN-γ-secreting

cells relative to IM
prime-only animals

[39]

Mouse and pig

For mouse:
prime or prime boost:

108 IU
For pig:

prime or prime boost:
109 IU

IM

Mice:
Prime-boost animals had stronger
binding antibody responses than

prime-only animals
Pigs:

Prime-boost animals had
significantly stronger NAb response

than prime-only animals (>1-log
increase in titer)

Mice:
CD4+ and CD8+ T
cell responses were
similar, irrespective

of regimen
Pigs:

Prime-boost
animals exhibited

stronger IFN-γ
responses relative to
prime-only animals
2 weeks post-boost

[37]

Rhesus macaque Prime or prime boost:
2.5 × 1010 vp IM

S-specific antibodies significantly
increased after boost

All prime-boost animals exhibited
IgM antibodies

Endpoint IgG titers
Prime: 400-6400

Prime boost: 400-19,200
NAb titers

Prime: 5–40
Prime boost: 10–160

Prime boost elicited
similar levels of

IFN-γ-T response
compared with

prime-only

[38]

ChAd-SARS-
CoV-2-S Hamster Single dose of 1010 vp IM or IN

A single immunization elicited
robust S-specific and RBD-specific

SARS-CoV-2-
neutral izing antibodies

IN induced significantly higher
antibody levels compared to IM

N/A [41]
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Table 1. Cont.

Vaccine Model Regimen Route of
Administration Humoral Immune Response Cellular Immune

Response Reference

ChAd-SARS-
CoV-2-S Rhesus macaque Single dose of 1011 vp IN

Day 21: induction of S-specific and
RBD-specific binding antibodies
Day 21: low levels of IgA present

All vaccinated animals
developed NAbs

NAb titers increased by 10-fold
7 days after challenge compared to

7 days before challenge

All vaccinated
animals developed

T cell immunity
toward the S protein

of SARS-CoV-2

[64]

Methyltransferase-
defective

VSV-based
SARS-CoV-2

vaccine
(rVSV-D1762A-S)

Mouse and
hamster

Mice:
106 PFU

Hamsters:
106 PFU

IM

IFNAR1-/-mice
(immunocompromised):

Developed RBD-specific antibodies
that continued to increase from

week 2 to week 10
BALB/c mice (immunocompetent):
Developed strong NAb responses

Hamsters
Developed higher levels of NAbs at

weeks 4 and 6 compared to
convalescent plasma from 10
recovered COVID-19 patients

Th1-biased
response [49]

VSV-based
SARS-CoV-2

vaccine
(VSV-SARS2-

EBOV)

Rhesus macaque Single dose of
1 × 107 PFU IM or IN IM and IN both elicited robust

NAb responses

IM elicited stronger
cellular immunity
compared to IN

[65]

Sputnik V
(rAd26-S +

rAd5-S)
Human

Prime:
rAd26-S:

Boost:
rAd5-S

Formulations:
frozen or lyophilized

IM

RBD-specific IgG titers
Day 42: 14,703 (frozen)

Day 42: l1,143 (lyophilized)
NAbs (100% seroconversion)

Day 42: 4925 (frozen)
Day 42: 4595 (lyophilized)

Cellular response
Day 28: 2.5% CD4+

(frozen)
Day 28: 1.3% CD8+

(frozen)
Day 28: 1.3% CD4+

(lyophilized)
Day 28: 1.1% CD8+

(lyophilized)

[35]

Sad23L-nCoV-
S-CaP Mouse Prime or prime boost:

107 PFU IM

Elicited strong S-specific
antibody responses

The boost immunization induced
titers of:

105.01 anti-S1 binding Ab
104.77 anti-S2 binding Ab
103.04 pseudo-virus NAb

1466.16 SFCs/106

cells (IFN-γ T cell
response to
S peptides)

[44,46]

GRAd-COV2 Mouse and
macaque

Mice:
Single dose of

1 × 109 vp
Macaques:

Single dose of
5 × 1010 vp

IM

Mice:
S- and RBD-specific antibodies

rapidly rose post-vaccination and
increased over time

Induction of functional antibodies
capable of inhibiting
pseudo-type virus

Macaques:
RBD- and S-specific antibodies

peaked between week 2 and week 4
and persisted until at least week 10

Peak NAb titers:
1580–4635 (IC50)

NAb titers at week 10 were similar
or higher than convalescent titers

from recovered COVID-19 patients

Mice:
Th1-biased response

Macaques:
Potent IFN-γ T cell
response by week 2
(700–3500 SFC/106

PBMCs) and by
week 8 (400–2500
SFC/106 PBMCs)

Induction of both
CD4+ and CD8+

T cells

[45]

Oncolytic virus
(OV-spike) Mouse

Prime boost (IV):
1 × 106 PFU or

5 × 105 PFU
Prime boost (IP):
1 × 106 PFU or

2 × 105 PFU

IV or IP

BALB/c mice:
Peak antibody production on day 28

50% of vaccinated mice showed
high levels of antibody on day 70

C57BL/6 mice:
Peak antibody production on day 21

S-specific antibodies detected as
early as day 7 after the first

immunization

Induction of CD4+
and CD8+ T cell

immunity

(ELISPOT:
approximately 100

IFNγ+ SFC/
3 × 105 splenocytes)

[59].
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Table 1. Cont.

Vaccine Model Regimen Route of
Administration Humoral Immune Response Cellular Immune

Response Reference

rMeV-preS Rat, mouse, and
hamster

Rats:
Day 0: 4 × 105 PFU

(SC)
Day 28: 2 × 106 PFU

Mice:
Prime or prime boost
Day 0: 8 × 105 PFU

(half SC and half IN)
Week 4: 8 × 105 PFU

Hamsters:
Day 0: 8 × 105 PFU

(SC and IN)
Week 3: 8 × 105 PFU

IN and/or SC

Rats:
All vaccinated animals developed

S-specific antibodies by week 4
Mice:

Prime-boost significantly
augmented S-specific antibodies by

week 7 compared to prime-only
Hamsters:

Vaccinated animals developed
higher NAb titers at weeks 4 and 6

than those found in sera of 6
convalescent COVID-19 patients

Mice:
Th1-biased response [51]

YF-S0 Hamster, mouse,
and macaque

Hamsters:
Day 0: 103 PFU (IP)

Day 7: boost
Mice:

Day 0: 400 PFU (IP)
Day 7: boost
Macaques:

Day 0: 105 PFU (SC)
Day 7: boost

IP or SC

Hamsters
Log-transformed GMT:

IgG: 3.5
NAb: 2.2

Mice
Log-transformed GMT:

IgG: 4.0
NAb: 3.0
Macaques

Log-transformed GMT:
NAb: 2.6 (day 14)
NAb: 2.5 (day 21)

In Mice:
Th1-biassed

response (ELISPOT:
<500 SFC/106

splenocytes)

[55]

Abs: antibodies; AI: aerosol inhalation; GMT: geometric mean titer; GMC: geometric mean concentration;
IM: intramuscular route; IN: intranasal route; IP: intraperitoneal route; IU: infectious units; IV: intravenous
administration; LOQ: limit of quantitation; LD: low dose; MD: middle dose; HD: high dose; NAb: neutralizing
antibody; PFU: plaque forming units; SC: subcutaneous route; SD: standard dose; SFC: spot-forming cell;
vp: viral particles.

2.2. Cellular Immunity

In addition to their ability to promote antibody production, viral vectors are highly
capable of inducing a strong, durable cellular response involving cytotoxic T lymphocytes,
which eradicate virally infected cells.

In rhesus macaques, 1 × 1011 vp of Ad26.COV2.S elicited strong S-specific T helper 1
(TH1)-oriented responses detected by IFN-γ ELISPOT and multiparameter ICS assays
4 weeks post-vaccination [11,19,66]. TH1 response was also observed in Ad26.COV2.S-
vaccinated mice [17]. Likewise, in a phase 1–2a trial, Ad26.COV2.S induced S-specific
TH1-oriented CD4+ and CD8+ T cell responses 15 days post-vaccination [20,21]. In a
smaller study involving 25 participants, Ad26.COV2.S elicited IFN-γ CD4+ and CD8+ T cell
responses that were comparable to those to several SARS-CoV-2 variants (100–200 SFC per
106 PBMC) on day 57 and day 85 post-vaccination [67]. Eight months after a single dose
or two doses of Ad26.COV2.S, this same cohort displayed stable CD8+ T cell responses
(0.0545% on day 57 vs. 0.0734% on day 239) and slightly dampened CD4+ T cell responses
(0.0435% on day 57 vs. 0.0176% on day 239) [68].

For Ad5-nCoV, a single IM immunization in mice prompted IFN-γ, IL-2, and TNFα
responses by splenic CD4+ and CD8+ T cells 2 weeks post-vaccination [22]. In a dose-
escalation phase 1 trial, Ad5-nCoV was shown to induce T cells as early as 2 weeks
after immunization, with a high dose (1.5 × 1011 vp) generating higher proportions of
polyfunctional T cells than middle (1 × 1011 vp) or low (5 × 1010 vp) doses [28]. That
said, dosage did not significantly affect IFN-γ-ELISPOT responses [27,29]. Intriguingly,
aerosolized immunization with one-fifth of the IM dose of Ad5-nCoV induced a similar
IFN-γ response to that of IM administrations [32]. While there was a 3–8-fold decrease
in T cells from day 14 to day 28, the magnitude of Ad5-nCoV-elicited T cell response on
day 28 and day 42 is comparable to that to Ad26.COV2.S on day 57 [27]. Like Ad26.COV2.S,
Ad5-nCoV induced a robust TH1 response, which was characterized by the secretion of
IFN-γ and IL-2 (signature TH1 cytokines) [29,32]. Related studies have pinpointed factors
such as vaccine formulation and route of immunization that can affect the outcome of T cell
response. For example, Rice et al. found that hAd5 S-Fusion + N-ETSD, a dual antigen
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vaccine comprising the SARS-CoV-2 N and S protein, not only triggered TH1 response in
mice but also galvanized multifunctional CD4+ and CD8+ T cell responses, which have
been shown to correlate with vaccine efficacy [25]. In addition, SC immunization resulted
in higher levels of T cell response than IN immunization [25]. As another example, a
single immunization of CoroVaxG.3, a chimeric human Ad5-based COVID-19 vaccine,
induced robust and durable cellular immunity in mice, which had CD44high CD62Lhigh

central-memory T cells in splenocytes 140 days post-vaccination [62].
In a “Sputnik light” study, 96% of volunteers showed IFN-γ T cell responses just

10 days after a single shot of rAd26. The median SFC per 106 PBMCs was 554.3 spots, which
is 3-fold higher than that of Ad26.COV2.S [34]. Interestingly, “Sputnik light”, which relies
on a prime-only regimen of rAd26, induced similar levels of T cell response in comparison
with “Sputnik V”, which utilizes both rAd26 and rAd5 in a heterologous prime-boost
approach. [35].

ChAdOx1 nCoV-19 was shown to elicit strong TH1-biased responses in mice, pigs,
ferrets, and rhesus macaques [37,39]. In macaques, there was no statistically significant
difference in the magnitude of response between the prime-only and the prime-boost
groups [38]. A similar phenomenon was also observed in humans in which the vaccine
regimen did not significantly affect the intensity of response [36,69]. In a phase 1/2 clinical
trial, ChAdOx1 nCoV-19 induced polyfunctional cytotoxic CD8+ T cells, IFN-γ- and TNF-
α-secreting CD4+ T cells, as well as NK cells [36,40]. IFN-γ responses peaked 14 days
after the first shot, and the magnitude of response was similar, irrespective of age and
dose [69]. Silva-Cayetano et al. found that a single immunization of ChAdOx1 nCoV-19
elicited S-specific TH1 cells, TH1-like Foxp3+ regulatory T cells, polyfunctional S-specific
CD8+ T cells, and granzyme-B-producing CD8+ T cells in aged and adult mice [70]. This
study also showed that a boost immunization in aged mice improved immunogenicity by
enhancing the formation of germinal centers and the production of CD8+ effectors [70].
Therefore, compared to prime-only vaccinations, prime-boost vaccination strategies may
turn out to produce better immune responses and provide stronger protection for older
adults whose immune system function declines with age.

In addition to the VVVs described above, VSV-, measles virus-, and yellow fever virus-
based vaccines have also demonstrated the ability to induce TH1-oriented responses in
various preclinical studies [47–49,51,52,55]. Last but not least, the aforementioned OV-spike
vaccine was also shown to induce SARS-CoV-2-specific T cell responses in tumor-free and
tumor-bearing mice [59].

2.3. Innate Immunity

Innate immunity is pivotal in activating adaptive immunity and promoting durable
immunological memory. It is well known that the innate immune system, upon exposure
to invading microbes, can generate an immediate host defense, featuring the production of
inflammatory cytokines and interferons (IFNs), which plays a vital role in the activation,
differentiation, and proliferation of T and B cells, effectors of adaptive immunity [71].
Compared with traditional vaccines that require adjuvants to activate innate immunity,
many VVVs have “self-adjuvant” properties, as they can spur innate immune signaling
cascades through their pathogen-associated molecular patterns (PAMPs), which bind to
pattern recognition receptors (PRRs) of host cells [3].

While there have been limited studies investigating the mechanisms of innate immune
activation by currently approved COVID-19 vaccines, the overall scheme is as follows,
using Ad26.COV2.S as an example (Figure 1). The innate immune system initially interacts
with the vaccine at the site of administration. Ad viral particles that encase the double-
stranded DNA (dsDNA) genome bump into sentinel cells such as plasmacytoid dendritic
cells (pDCs), conventional dendritic cells (DCs), and macrophages, resulting in the intracel-
lular production of high levels of the SARS-CoV-2 S protein [72–74]. The adenovirus-cell
interaction triggers a series of signaling cascades that galvanizes the production of type I
IFNs and various pro-inflammatory cytokines and chemokines, which orchestrate adaptive
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immune responses. While pDCs stimulate the production of type I IFNs in a toll-like
receptor-dependent (TLR-dependent) manner, namely by the TLR9-MyD88 signaling path-
way, conventional DCs and macrophages achieve that very objective in a TLR-independent
fashion, namely by the cytosolic sensing of adenoviral DNA. At the site of administration,
antigen-presenting cells such as DCs can undergo maturation, carry antigen via afferent
lymphatic vessels to draining lymph nodes, and prime naïve T cells by presenting them
with antigen and co-stimulatory molecules [72]. When these T cells become activated and
begin to proliferate, they have the potential to differentiate into memory cells or effectors
that comprise cytotoxic CD8+ T cells and helper CD4+ T cells.

There are multiple lines of evidence suggesting that vaccine-induced innate immu-
nity is important for rapidly controlling SARS-CoV-2 infection and shaping downstream
adaptive immunity. First, non-specific vaccines such as BCG vaccines and influenza vac-
cines have been illustrated to reduce COVID-19 disease severity through “innate immune
memory” (i.e., trained immunity) [75–78]. Second, BNT162b2 and mRNA-1273 COVID-19
vaccines were shown to generate a partially protective immune response against symp-
tomatic SARS-CoV-2 infection just days after immunization [79,80]. Third, autoantibodies
against type I IFNs have been associated with severe COVID-19 disease, highlighting the
vital role of cytokines and innate immune cells in the protection against SARS-CoV-2 [81,82].

2.4. Immune Correlates of Protection

In the context of vaccinology, immune correlates of protection inform a statistical
relation between immune parameters and clinical outcomes, without necessarily defining
causal or mechanistic factor(s). A comprehensive evaluation of correlates of protection from
early small immunogenicity-based trials can unveil immune biomarkers that are predictive
of vaccine efficacy, from which the vaccine may be subjected to further assessment in large
efficacy trials [83].

Data accrued from early human coronavirus studies together with evidence obtained
from the COVID-19 outbreak underscore that humoral and cellular immunity are both
essential for SARS-CoV-2 clearance [84–87]. Naturally acquired SARS-CoV-2 immunity has
been shown to protect from viral rechallenge in non-human primates [88,89] or reinfection
in humans [90,91]. Progress in deciphering biomarker(s) that can be used for predicting
COVID-19 disease outcome has led to the finding that antibodies are a key immune
signature of protection. For example, the adoptive transfer of purified polyclonal IgG
from convalescent rhesus macaques protected naïve recipient macaques from SARS-CoV-2
infection in a dose-dependent manner [92]. To determine the antibody titer thresholds
required for protection against SARS-CoV-2 challenge, logistic regression models were
employed and revealed that NAb titers of 50, RBD-specific antibody titers of 100, and
S-specific antibody titers of 400 were indispensable [92]. In another study, logistic and
mechanistic modeling approaches were leveraged and showed that binding antibodies and
neutralizing antibodies were linked to increased protection against SARS-CoV-2 replication
in the nose and the lung of rhesus macaques, and were predictive of durable protection
against virus [93].

With regard to Moderna’s mRNA-1273 COVID-19 vaccine, a phase 3 trial conducted
in the US showed that binding and neutralizing antibodies were directly associated with
efficacy and inversely associated with disease risk [94]. For ChAdOx1, a phase 2/3 trial
conducted in the UK found that higher levels of NAb, anti-RBD IgG, and anti-S IgG were
linked to a decreased risk of symptomatic disease [95]. This study also found that 26 IU/ml
normalized pseudo-virus NAb titers and 247 normalized live-virus NAb titers were needed
to achieve 80% efficacy against symptomatic disease. A comprehensive analysis of the
correlation between neutralization level and clinical protection from SARS-CoV-2 using
data from convalescent cohorts and seven COVID-19 vaccines further emphasizes the
importance of neutralizing antibodies in predicting vaccine efficacy [96]. Nonetheless, it is
imperative to standardize neutralization assays and clinical trials in the future, considering
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that different assays may lead to divergent interpretations about the specific contribution
of NAbs to vaccine immunity against SARS-CoV-2.

The significance of T cell immunity in the control of SARS-CoV-2 infection was first
demonstrated in non-human primates. In convalescent rhesus macaques, depletion of
CD8+ T cells partially abrogated protection against SARS-CoV-2 rechallenge [92], suggest-
ing that T cells are key to combating the virus when antibody levels drop below suboptimal
concentrations. Nevertheless, the precise role of cellular immunity in protection against
SARS-CoV-2 remains unresolved in macaques vaccinated by a DNA-based vaccine or
Ad26.COV2.S [11,18]. Even though currently approved COVID-19 VVVs and mRNA vac-
cines induce robust T cell responses, the protective threshold of cellular immunity remains
to be determined. There is also a number of studies investigating B cell immunity following
VVV vaccination. For example, it was shown that rhesus macaques developed RBD-specific
IgG+ B cells 2 weeks after immunization with Ad26.COV2.S [19]; S- and RBD-specific mem-
ory B cells also correlated with protection against SARS-CoV-2. Additionally, a homologous
boost immunization of ChAdOx1 nCoV-19 significantly augmented S-specific memory
B cells relative to a prime-only immunization [97]. Moreover, there is evidence supporting
that Fc-mediated antibody effector functions can also contribute to protection [11]. Hence,
it is important to identify both correlates and mechanisms of protection to navigate the use
of different COVID-19 vaccines.

3. Durability and Breadth

Ad26.COV2.S is capable of generating potent and relatively durable antibody re-
sponses that are not always induced via other vaccine approaches. In rhesus macaques, a
single immunization of Ad26.COV2.S elicited robust binding and neutralizing antibody
responses that persisted for at least 14 weeks [66]. In humans, a single immunization
of Ad26.COV2.S elicited NAbs that maintained at stable levels for at least 8 months and
binding antibodies that maintained for at least 6 months [68,98], contrasting with other
vaccine modalities [99,100]. Additionally, a single immunization of 1012 vp of a thermo-
stable adeno-associated viral-based vaccine encoding S (AAVCOVID-1) elicited durable
NAb responses that sustained for at least 1 year and protected macaques from SARS-CoV-2
challenge [101].

A single immunization of Ad26.COV2.S increased the breadth of neutralizing an-
tibody coverage against SARS-CoV-2 variants over time [68], which was also observed
in convalescent COVID-19 patients [102]. While the mechanisms of durability following
Ad26.COV2.S vaccination are yet to be determined, accumulating evidence suggests that
prolonged expression of vaccine antigen can facilitate the differentiation of CD8+ T cells
into memory populations and stimulate the formation of germinal centers responsible
for antibody affinity maturation [103–105]. Consequently, memory B cells and long-lived
plasma cells are produced, and antibodies can augment their affinity for specific epitopes
and expand their breadth of antigen recognition over time.

4. Boosters

Waning immunity and emerging SARS-CoV-2 variants will jeopardize vaccine efficacy,
particularly in the elderly and in immunosuppressed individuals [106]. Therefore, boosters
are becoming more important for strengthening vaccine responses toward SARS-CoV-2.

ChAdOx1 nCoV-19 is one of the most widely employed VVVs for prime-boost vacci-
nations. In a cohort of 88 healthcare workers who received one shot of ChAdOx1 nCoV-19,
a homologous boost immunization 9 to 12 weeks later increased RBD-specific IgG titers
by 5-fold and NAb titers by 2-fold; a heterologous boost immunization with mRNA-1273
augmented IgG titers by 125-fold and NAb titers by 20-fold [107]. Importantly, NAbs gen-
erated through the heterologous prime-boost regimen were able to neutralize SARS-CoV-2
variants of concern [107].

By virtue of a similar approach, a phase 2 trial conducted in Spain found that a boost
immunization of BNT162b2 in company with a prime immunization of ChAdOx1 nCoV-
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19 increased the production of RBD-specific antibodies by more than 100-fold [108]. In
a cohort of 26 clinic employees, those who received heterologous prime-boost vaccina-
tions (ChAdOx1 nCoV-19/BNT162b2) during an 8-week interval exhibited significantly
higher levels of IgG, IgA, IgM, NAb, and T cells compared to those who received homol-
ogous prime-boost vaccinations (BNT162b2/BNT162b2) [109]. Liu et al. examined the
immunogenicity of 4 prime-boost approaches administered 28 days apart: ChAd/ChAd,
ChAd/BNT, BNT/BNT, or BNT /ChAd [110]. Compared to ChAd/ChAd, ChAd/BNT
resulted in a 9.3-fold and an 8.5-fold increase in S-specific IgGs and NAbs, respectively.
Compared to BNT/ChAd, BNT/BNT elicited up to a 2-fold increase in binding and neu-
tralizing antibodies 28 days post-boost vaccination. The strongest humoral immunity is
induced by BNT/BNT and ChAd/BNT, followed by BNT/ChAd and ChAd/ChAd. The
strongest T cell immunity is induced by ChAd/BNT, followed by BNT/BNT, BNT/ChAd,
and ChAd/ChAd [110].

On the same spectrum, Hillus et al. found that heterologous prime-boost regimens
were more favorable than homologous prime-boost regimens by assessing the immuno-
genicity of ChAd/ChAd, ChAd/BNT, and BNT/BNT over a period of 10 to 12 weeks [111].
A phase 2 trial conducted in the UK evaluated the safety and immunogenicity of a third
immunization using one of 7 different COVID-19 vaccines after two doses of ChAdOx1
nCoV-19 or BNT162b2 [112]. ChAd/ChAd coupled with a third immunization of mRNA-
1273 or BNT162b2 enhanced antibody responses by 20-fold compared to the control, which
did not receive a third immunization. CVnCoV, the mRNA vaccine developed by CureVac,
in conjunction with Ad26.COV2.S and Novavax’s protein-based vaccine (NVX-CoV2373),
augmented antibody titers by 5-fold. ChAd/ChAd plus Valneva’s inactivated whole virus
vaccine (VLA2001) enhanced antibody titers by 2-fold. BNT/BNT in conjunction with a
third immunization of mRNA-1273 induced the strongest humoral immunity, followed by
BNT162b2, Ad26.COV2.S, ChAdOx1, NVX-CoV2373, CVnCoV, and VLA2001 [112].

When primed with Ad26.COV2.S, heterologous boosters with mRNA-1273 or BNT162b2
yielded stronger antibody and T cell responses than homologous boosters [113]. More con-
cretely, Huat et al. showed that in Ad26.COV2.S-vaccinated individuals, heterologous boosters
improved the magnitude and breadth of humoral and cellular immune responses [114]. In
line with this study, a third immunization of Ad26.COV2.S also improved immunogenicity in
7 individuals who were already vaccinated with two doses of BNT162b2 [115]. Based on the
available evidence, longer prime-boost intervals seem to improve vaccine immunogenicity, as
studies on Ad26.COV2.S have shown that a later booster (6 months post prime) generated
stronger immunity than an earlier booster (2 months post prime) [20,98]. Similar findings
were reported for ChAdOx1 nCoV-19 and BNT162b2 [116,117]. In addition, Ad26.COV2.S was
shown to be immunogenic in individuals who were immune compromised or did not respond
well to mRNA vaccines [118,119]. In all, boosting with VVVs represents a promising approach
to enhance immunogenicity, particularly when applied in a heterologous prime-boost regimen.

5. Challenges

Despite the clinical success of VVVs, major hurdles remain. For example, pre-existing
immunity to vector particles is a major impediment to attaining potent immunogenicity.
Since COVID-19 vaccines may become integrated into annual immunization schedules,
immunity to the vector could limit its repetitive use.

In a phase 1 trial study, following administration of a recombinant Ad5-vectored
COVID-19 vaccine, individuals who had high (>1:200) pre-existing Ad5 NAbs generated
lower antibody and T cell responses compared to those with minimal (<1:200) pre-existing
Ad5 immunity [28]. In two phase 1/2 trial studies, the magnitude of anti-RBD antibody
responses was not affected by the presence of anti-rAd5 and anti-rAd26 antibodies [35].
Additional studies with a larger sample size will be required to decode the impact that
pre-existing immunity has on immunogenicity.

Accordingly, massive efforts have been geared toward developing strategies to cir-
cumvent vector immunity. For instance, alternative Ad serotypes (human and non-human
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origin) such as human adenovirus serotype 26 (Ad26.COV2.S) and chimpanzee adenovirus
serotype Y25 (ChAdOx1 nCoV-19) have been leveraged to improve immunogenicity. In
addition, modifications of the capsid protein hexon, such as the removal of dominant
neutralizing antibody epitopes and the replacement of homologous proteins from alter-
native serotypes, have led to enhanced immunogenicity and vaccine performance [120].
Furthermore, approaches like chemical modifications of adenovirus vectors and complex-
ing Ads with bilamellar cationic liposomes have also shown promise [121,122]. While
these strategies could engender potential caveats such as inflammation-related adverse
reactions and drastically altered biodistribution profiles, the capacity for intricate molecular
manipulations provides exciting opportunities for adenoviral-vectored vaccines to realize
their full potential.

Notwithstanding the immunological benefits of VVVs, reports of rare adverse events
have begun to surface. One severe side effect following vaccination with adenoviral-
vectored vaccines is an extremely rare syndrome called “vaccine-induced immune throm-
botic thrombocytopenia” (VITT) [123]. Approximately 1:150,000 ChAdOx1 nCoV-19 recip-
ients and 1:470,000 Ad26.COV2.S recipients have suffered from VITT, which is linked to
a mortality rate of 20% to 30% [124]. Intestinal venous and arterial thromboses, cerebral
venous sinus thrombosis, as well as thrombocytopenia were observed 5 to 24 days after
ChAdOx1 vaccination [125,126]. The precise mechanism(s) underlying vaccine-associated
thrombosis and thrombocytopenia, at the time of writing, has not yet been fully elucidated.
COVID-19 vaccines that do not use adenovirus vectors were associated with less frequent
VITT, and thus some conjectured that VITT complications stemmed directly from the aden-
ovirus itself [127]. In this regard, mechanistic studies showed that the pathogenesis of VITT
resembles that of heparin-induced thrombocytopenia [128]. Greinacher et al. demonstrated
that the hexon protein could form antigenic complexes with platelet factor 4 (PF4), expos-
ing its neoantigens and provoking the binding of high-avidity anti-PF4 antibodies onto
platelet surfaces [128]. Additionally, the contaminants found in vaccines may exacerbate
side effects [128]. Moreover, neutrophil extracellular traps may enhance the function of
pathologic anti-PF4 antibodies and drive VITT if they form aggregates with PF4 [128].
Based on these findings, one may expect that intravenous (IV) injection has a higher chance
of inducing VITT than, say, IM injection. Previous studies in mice demonstrated that IV
injection of Ad5 vectors caused platelet activation and aggregation [129]. If VITT is caused
by vaccine leakage into blood, alternative approaches such as intranasal immunization or
oral vaccine delivery have the potential to bypass this obstacle. Notably, for people who
were vaccinated with ChAdOx1, the overall incidence of blood clots was 15.4 cases per
million after the first dose and 1.9 cases per million after the second dose. This decrease in
incidence hints that vector immunity may mitigate certain vaccine-induced adverse reac-
tions. Besides VITT, rare neurological disorders including acute transverse myelitis, acute
disseminated encephalomyelitis, and Guillain–Barré syndrome have also been associated
with the ChAdOx1 vaccine [130–133].

6. Conclusions and Future Outlook

As SARS-CoV-2 continues to spread, vaccines remain the most effective tool to save
lives until natural immunity or global vaccination is achieved. VVVs are easily stored and
administered. Above all, they are incredibly immunogenic, even without the presence of
adjuvants. Hence, VVVs hold a strong place in the battleground against COVID-19.

Global access to an array of safe, effective vaccines is crucial to quell the pandemic.
Since SARS-CoV-2 is predisposed to infect respiratory mucosa, it is critical to develop
vaccines that not only foster systemic immunity but also mucosal immunity to rapidly
control viral replication. It is also important to optimize vaccines for protection against
symptomatic and ideally asymptomatic infection to decrease the risk of transmission. As
the virus evolves and acquires new mutations, it is conceivable that vaccines capable of
eliciting antibodies with broad neutralization breadth and T cells that target conserved
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epitopes will be ideal. Moreover, individual differences in sociodemographic factors and
immunocompetence may influence which vaccine best protects a given person.

Achieving consistent safety and high-level immunogenicity requires long-term surveil-
lance of adverse events following vaccination as well as an increased understanding of
the immunology of viral vectors. Unfortunately, a lack of trust in vaccine safety and a
maelstrom of misinformation about the pandemic have stymied the administration of li-
censed COVID-19 vaccines worldwide. Therefore, it is paramount to disseminate accessible
research findings to the public to increase vaccine acceptance and extinguish the fire that
is COVID-19.
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