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1  |  INTRODUC TION

The coronavirus disease 2019 (COVID- 19) pandemic, caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2), has 
caused high morbidity and mortality globally.1 Efficacious vaccines 
have been available since the end of 2020, profoundly changing the 
course of the pandemic in many parts of the world. However, large 

populations that are still unvaccinated and the rapid emergence of 
new variants with reduced sensitivity to vaccine- elicited neutralizing 
antibodies demonstrate a clear need for continued global vaccina-
tion efforts.2

The Ad26.COV2.S vaccine is a recombinant, replication- 
incompetent human adenovirus type 26 (Ad26) vector encoding 
a full- length, membrane- bound SARS- CoV- 2 spike protein in a 
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Abstract
Since its emergence in late 2019, the coronavirus disease 2019 (COVID- 19) pandemic 
has caused substantial morbidity and mortality. Despite the availability of effica-
cious vaccines, new variants with reduced sensitivity to vaccine- induced protection 
are a troubling new reality. The Ad26.COV2.S vaccine is a recombinant, replication- 
incompetent human adenovirus type 26 vector encoding a full- length, membrane- 
bound severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) spike protein 
in a prefusion-stabilized conformation. This review discusses the immunogenicity and 
efficacy of Ad26.COV2.S as a single- dose primary vaccination and as a homologous or 
heterologous booster vaccination. Ad26.COV2.S elicits broad humoral and cellular im-
mune responses, which are associated with protective efficacy/effectiveness against 
SARS- CoV- 2 infection, moderate to severe/critical COVID- 19, and COVID- 19– related 
hospitalization and death, including against emerging SARS- CoV- 2 variants. The hu-
moral immune responses elicited by Ad26.COV2.S vaccination are durable, continue 
to increase for at least 2- 3 months postvaccination, and involve a range of functional 
antibodies. Ad26.COV2.S given as a heterologous booster to mRNA vaccine– primed 
individuals markedly increases humoral and cellular immune responses. The use of 
Ad26.COV2.S as primary vaccination and as part of booster regimens is supporting 
the ongoing efforts to control and mitigate the COVID- 19 pandemic.
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prefusion-stabilized conformation, based on the original Wuhan 
strain of SARS- CoV- 2,2– 4 that has been authorized for emergency 
use worldwide. Ad26.COV2.S as both a single- dose primary vacci-
nation and a homologous booster dose was shown to be safe and 
immunogenic, eliciting humoral and cellular immune responses that 
are associated with protective efficacy against SARS- CoV- 2 origi-
nal strain and variant infection, moderate to severe COVID- 19, and 
COVID- 19– related hospitalization and death.4– 7 Here, we present an 
overview of the immunogenicity of Ad26.COV2.S as a single- dose 
primary vaccination and as a homologous or heterologous booster. 
In addition, we discuss the association of Ad26.COV2.S- elicited im-
mune responses with efficacy or effectiveness against COVID- 19, 
including in the context of emerging SARS- CoV- 2 variants.

2  |  IMMUNOGENICIT Y AND PROTEC TIVE 
EFFIC ACY OF A SINGLE DOSE OF 
AD26.COV2 . S

The quantity and quality of humoral and cellular immune responses 
elicited by Ad26.COV2.S were important parameters in the devel-
opment of this vaccine. In multiple phase 1, 2, and 3 clinical trials, 
we have shown that Ad26.COV2.S elicits durable, broad, and func-
tional humoral and cellular immune responses in adults ≥18 years of 
age.4,8– 11

2.1  |  Ad26.COV2.S- elicited humoral immune 
responses against the SARS- CoV- 2 reference strain

Humoral immune responses elicited by Ad26.COV2.S are charac-
terized by the presence of SARS- CoV- 2 spike– specific neutralizing 

antibodies.4,8,10,11 Other nonneutralizing antibodies that bind the 
spike protein and may have fragment crystallizable (Fc)– mediated 
antiviral activity are also present.4,8,10,11 Within 2 weeks after pri-
mary single- dose vaccination with Ad26.COV2.S, response rates for 
neutralizing antibodies against the reference strain of SARS- CoV- 2 
ranged from 67% to 100%, with higher response rates in younger 
adults compared with older adults.9 Overall geometric mean titers 
(GMTs) assessed by wild- type virus neutralization assay (wtVNA) 
against the reference strain ranged from 224- 277 half- maximal in-
hibitory concentrations (IC50). The kinetics with which these neutral-
izing antibodies developed after vaccination were somewhat slower 
in older adults but were in the same range as those of younger adults 
by Week 4. These data imply that, overall, younger and older adults 
responded equally well to vaccination. In both age groups, levels of 
neutralizing antibodies continued to increase and peaked by Day 57 
(2 months) postvaccination (Figure 1).

Similar observations were made for the spike-  and receptor- 
binding domain (RBD)– specific antibodies, as measured by enzyme- 
linked immunosorbent assay against the SARS- CoV- 2 spike protein 
(S- ELISA) or by MesoScale Discovery (MSD) assay.4,9,10 For S- ELISA, 
as an example, by 2 weeks after primary single- dose vaccination, re-
sponse rates for spike- specific binding antibodies to the reference 
strain of SARS- CoV- 2 ranged from 48% to 88%. Although response 
rates at 2 weeks postvaccination were higher in younger as com-
pared with older adults, response rates were again comparable in 
both age groups by 4 weeks postvaccination. Similarly, the kinetics 
of the binding antibody response after vaccination were slower in 
older adults compared with younger adults but were similar across 
age groups by Week 4 (geometric mean concentrations in the trial 
for the total group ranged from 265- 423 EU/mL).

Spike-  and RBD- specific antibodies can be of various immu-
noglobulin isotypes and subclasses, such as IgA, IgG1, IgG2, IgG3, 

F I G U R E  1  Representative kinetics of neutralizing antibody titers in participants aged 18- 55 and ≥65 years who received a single dose 
of Ad26.COV2.S 5 × 1010 vp. Participants in a phase 2 study aged 18- 55 and ≥65 years were administered a single dose of Ad26.COV2.S 
(5 × 1010 vp) at Day 1, as primary vaccination. Serum neutralizing antibody responses against SARS- CoV- 2 were evaluated by wtVNA, up to 
8 months post primary vaccination in a subset of participants aged 18- 55 (N = 25) and ≥65 (N = 22) years, respectively. Participants 18- 55 
and ≥65 years of age are represented with blue and black lines, respectively. IC50, half- maximal inhibitory concentration; SARS- CoV- 2, severe 
acute respiratory coronavirus 2; vp, viral particles; wtVNA, wild- type virus neutralization assay
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IgG4, and IgM, and can have neutralizing as well as nonneutralizing 
Fc- mediated antiviral functions.10– 13 The Fc portion of the antibod-
ies can bind to Fc receptors, which are present on innate immune 
cells and can trigger different immune effector functions leading 
to the clearance of virus and virus- infected cells.10,11,14 Important 
Fc effector functions mediated by these antigen- specific antibodies 
include antibody- dependent cellular phagocytosis (ADCP), antibody- 
dependent neutrophil phagocytosis (ADNP), antibody- dependent 
complement deposition (ADCD), and antibody- dependent nat-
ural killer cell activation (ADNKA). Following immunization with 
Ad26.COV2.S, spike-  and RBD- specific immunoglobulins, including 
IgA1, IgA2, IgG1, IgG2, IgG3, IgG4, and IgM, could be detected.10 
These different subclasses of antibodies can bind to diverse 
Fc receptors and trigger ADCP, ADNP, ADCD, and ADNKA.10,15,16

In conclusion, Ad26.COV2.S elicits high- quality humoral immune 
responses with a range of functional antibodies that may contrib-
ute to protection against SARS- CoV- 2 infection and COVID- 19. 
Moreover, a high correlation (Spearman correlation >0.7) was ob-
served between the neutralizing, binding, and Fc- mediated func-
tional antibody levels at these early time points postvaccination, and 
the ratio of neutralizing to binding antibody remained stable over 
time, indicating that these are coordinated responses of highly func-
tional antibodies.

2.2  |  Breadth of Ad26.COV2.S- elicited humoral 
immunity: activity against SARS- CoV- 2 variants

All first- generation COVID- 19 vaccines currently available, includ-
ing Ad26.COV2.S, are based on the spike protein sequence of the 
original Wuhan strain of SARS- CoV- 2.2 However, new variants of 
SARS- CoV- 2 have emerged over time, some with significant se-
quence variation in the N- terminal domain (NTD) and RBD of the 
spike protein.17 These new strains have received considerable atten-
tion, as spike protein sequence variation may affect the sensitivity 
of SARS- CoV- 2 variants to vaccine- mediated immunity and impact 
vaccine efficacy against these variants. In a small cohort of adults 
18- 55 years of age who received a single dose of Ad26.COV.S, sera 
obtained at Day 29 postvaccination showed lower neutralizing anti-
body titers (pseudovirion neutralization assay [psVNA]) against the 
Beta, Delta, Gamma, and Omicron variants of concern18 as com-
pared with the SARS- CoV- 2 WA1/2020 strain (expressing a spike 
protein identical to the Wuhan- Hu- 1 strain). The Omicron and Beta 
variants were the most resistant to neutralization, with an approxi-
mately 14- fold decreased sensitivity as compared with the reference 
strain, while the Delta variant demonstrated a 7- fold reduction.

The Omicron variant lineage of SARS- CoV- 2 has, to date, demon-
strated the largest number of substitutions in the spike protein.19 
Sera obtained 1 month after single- dose primary vaccination with 
Ad26.COV2.S demonstrated very low to undetectable neutralizing 
activity against this variant; however, a higher proportion of sera 
obtained 8 months after primary vaccination demonstrated neu-
tralizing activity, confirming an earlier observation of maturation 

and increasing breadth of the humoral immune response elicited by 
Ad26.COV2.S over time.20 Indeed, in another cohort of the phase 
1/2a study, Day 29 sera demonstrated lower neutralizing activity 
(wtVNA) against the Alpha, Beta, and Delta variants as compared 
with the reference strain (Figure 2, unpublished data). Notably, the 
neutralizing activity against variants increased with time since vac-
cination, thereby reducing the difference in neutralizing activity 
against the reference and variant strains. These findings suggest 
affinity maturation of neutralizing antibody– producing B cells over 
time, resulting in increased breadth and coverage of variants.

Interestingly, the time from vaccination had no discernible im-
pact on overall spike- specific antibody levels (S- ELISA) across vari-
ants. Neutralizing antibodies that bind to the RBD, the region that 
contains most of the sequence variation in SARS- CoV- 2 variants, 
likely represent only a small proportion of the overall antibody re-
sponse elicited by the Ad26.COV2.S vaccine, which expresses the 
total spike protein. Nonneutralizing antibodies can also bind outside 
the highly variable regions of the spike and can have Fc- mediated 
nonneutralizing antiviral activity. This concept is supported by the 
observation that Ad26.COV2.S- elicited antibodies with Fc- mediated 
functions, such as ADCP, ADNP, or ADNKA, are largely maintained 
against variants, with only a slight reduction in activity for the Alpha 
and Beta variants.11

2.3  |  Cell- mediated immune responses against 
SARS- CoV- 2 reference strain

Cell- mediated immune responses are crucial for the prevention and 
clearance of viral infections, such as those caused by SARS- CoV- 2. 
CD4+ T helper cells may support B cells to produce SARS- CoV- 2 
spike– specific antibodies, either through direct cell- to- cell inter-
action or through secretion of B- cell– stimulating cytokines. CD8+ 
cytotoxic T cells can directly interact with SARS- CoV- 2– infected 
cells and destroy them through the secretion of cytokines and cyto-
toxic molecules, such as granzyme B and perforin.21

By 2 weeks postvaccination with Ad26.COV2.S, cell- mediated 
immune responses were detectable in a large proportion of indi-
viduals who were naïve for SARS- CoV- 2 spike– specific immunity 
prior to vaccination (Figure 3).4 CD4+ T- cell responses, as measured 
by the percentage of interferon gamma (IFNγ)–  and/or interleukin 
(IL)-2– producing cells, were observed in 74% to 77% of vaccinated 
individuals by 14 days postvaccination, and rates were similar at 
28 days. These response rates are considered to be high, as the re-
sponder definition is based on the very stringent Fisher’s exact test 
with Bonferroni adjustment, which compared nonstimulated condi-
tions with spike peptide stimulation.22 Similar response rates were 
observed between younger and older adults.4

Unlike CD4+ T- cell responses, antibody and CD8+ T- cell 
responses displayed similar kinetics early after vaccination. 
Response rates for CD8+ T cells ranged from 46% to 54% by 
2 weeks postvaccination, as measured by the percentage of cells 
positive for IFNγ and/or IL- 2 (unpublished data). In contrast with 
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the kinetics of CD4+ T- cell responses, CD8+ T- cell responses con-
tinued to increase, reaching a response rate of 74% to 82% by 2 
months (Day 57) postvaccination, with increasing magnitude of 
IFNγ and/or IL- 2– positive CD8+ T cells, whereas CD4+ T- cell re-
sponses peaked by 14 days postvaccination and thereafter slightly 
declined (unpublished data; Figure 3).4 These data show different 
kinetics between CD4+ and CD8+ T- cell responses, with a faster 
response for the CD4+ T cells, likely needed for interaction with 
B cells to support the generation of spike- specific antibodies. The 
CD8+ T- cell response in viral infection appears to be of greater 
magnitude and generally faster than the CD4+ T- cell response,23,24 
whereas the CD4+ T- cell response predominates in natural SARS- 
CoV- 2 infection,25,26 although the CD8+ T- cell response can ap-
pear earlier.27 Of note, Ad26.COV2.S- elicited spike- specific CD4+ 

and CD8+ T cells are polyfunctional, defined by their ability to 
produce multiple cytokines as determined by IFNγ, IL- 2, and/or 
tumor necrosis factor α (TNFα) production.10,18 This is an import-
ant characteristic of immune responses elicited by Ad26- based 
vaccines, as these different cytokines play key roles by inhibiting 
viral replication and viral- infected cell cycles as well as promoting 
clearance.28 Several studies point to the potential role of T cells 
in protection against severe COVID- 19,21,26,29– 31 and these cyto-
kines could be part of the mechanism conferring protection.

A theoretical risk of vaccine- associated enhanced respiratory 
disease (VAERD)32– 34 has been associated with poorly neutralizing 
humoral immunity and T helper- 2 (Th2)– dominant cellular immune 
responses against SARS- CoV- 2. All Ad26.COV2.S- elicited CD4+ 
T- cell responses were Th1 dominant.4,10 CD4+ T cells were shown 

F I G U R E  2  Neutralization of Alpha, Beta, and Delta variants in serum samples from individuals immunized with a single dose of 
Ad26.COV2.S. After vaccination with a single dose of Ad26.COV2.S, N = 6 samples at Day 29 and N = 14 samples at Day 71 were analyzed 
in wtVNA against the SARS- CoV- 2 Victoria strain (D614, black dots), the B.1.1.7 (Alpha, green dots), the B.1.351 (Beta, blue dots), or 
the B.1.617.2 (Delta, purple dots) lineages. Dots represent IC50 titers per participant. GMTs are depicted below each figure, and the fold 
decrease in neutralizing activity between the Victoria strain and each lineage is shown below each arrow. GMT, geometric mean titer; 
IC50, half- maximal inhibitory concentration; SARS- CoV- 2, severe acute respiratory coronavirus 2; wtVNA, wild- type virus neutralization assay

Neutralization of Alpha, Beta, and Delta variants in serum samples from individuals immunized with a single dose of Ad26.COV2.S

F I G U R E  3  Representative kinetics of IFNγ and/or IL- 2 expressing CD4+ and CD8+ T- cell responses after a single dose of Ad26.COV2.S 
5 × 1010 vp. Participants aged 18- 55 years (N = ~40) and ≥65 years (N = ~40) in a phase 1/2a trial were given a single dose of Ad26.COV2.S 
(5 × 1010 vp) at Day 1, as primary vaccination. S- specific T- cell responses were measured at baseline and on Day 15 by intracellular cytokine 
staining in a subset of participants. In CD4+ and CD8+ T cells, a response was characterized by the expression of IFNγ or IL- 2 (or both). 
CD4+ and CD8+ T- cell responses are indicated by blue and green lines, respectively. CD, cluster of differentiation; IFNγ, interferon gamma; 
IL, interleukin; vp, viral particles
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to produce Th1 cytokines, such IFNγ, IL- 2, and/or TNFα, but not 
Th2 cytokines, such as IL- 4, IL- 5, or IL- 13, following Ad26.COV2.S 
vaccination. These results are in line with previous experience 
with the Ad26- based vaccine platform.34– 36 The belief that the 
theoretical risk of VAERD is minimal is further supported by ac-
companying data showing that the ratio of neutralizing antibody 
titers to binding antibody titers remains very similar over time. 
Moreover, in efficacy studies of Ad26.COV2.S, no evidence of 
VAERD was detected, and Ad26.COV2.S vaccination reduced the 
severity of COVID- 19 based on a comparison of symptom scoring 
between vaccine and placebo recipients with breakthrough SARS- 
CoV- 2 infection.6,7

3  |  DUR ABILIT Y OF IMMUNE RESPONSES 
AF TER SINGLE-  DOSE PRIMARY 
VACCINATION WITH AD26.COV2 . S

Overall, the efficacy and durability of protection of a vaccine are 
related to the quality and magnitude of the immune response. 
Durability of efficacy depends not only on the longevity of protec-
tive levels of antibodies and cell- mediated immunity, but also on the 
vaccine’s ability to elicit high- quality immune memory that will sup-
port an anamnestic or recall response in the event of future patho-
gen exposure. The ability of Ad26.COV2.S to elicit durable humoral 
and cellular immunity to SARS- CoV- 2, as well as immune memory, 
were assessed in several phase 1 and 2 studies.

3.1  |  Durability of Ad26.COV2.S- elicited humoral 
immune responses

As described above, the Ad26.COV2.S- elicited humoral immune 
response continued to increase for at least 2- 3 months postvac-
cination. Antibody titers and response rates were stable until Day 
183 (approximately 6 months) and were only slightly lower at Day 
190 and Day 211 versus responses at Day 29,9,37 thus confirming 
the durable humoral responses elicited by a single dose of Ad26.
COV2.S.8 In individuals aged 18- 55 years, a slight decline of approxi-
mately 1.5- fold in neutralizing antibody levels (wtVNA and psVNA) 
was observed by 8 months after single- dose vaccination as com-
pared with the titers at 2- 3 months after vaccination.9 Importantly, 
at 8 months postvaccination, neutralizing antibody titers were still 
detectable in 95% of participants 18- 55 years of age. In participants 
≥65 years of age, the decline in antibody titers by 9 months post-
vaccination with Ad26.COV2.S was approximately 2- fold compared 
with 1 month postvaccination, coinciding with a lower proportion 
of participants with detectable neutralizing antibody levels (68%), 
reflective of a steeper decline in neutralizing antibody levels in the 
older population.9 Together, these observations confirm the over-
all durability of the antibody response, even if a slight decline is 
observed in the elderly population, after single- dose primary vac-
cination with Ad26.COV2.S. Without more detailed knowledge 

regarding seroprotective levels, the clinical relevance of the slight 
decline by Months 8 and 9 remains to be established. The kinetics 
and durability of Ad26.COV2.S- elicited humoral immune responses 
are in line with the immunogenicity of other Ad26 vector– based 
vaccines, such as Ad26.ZIKV.001.38 Consistent durability of the 
antibody responses elicited by a single dose of Ad26.COV2.S was 
observed across different studies.8,9

3.2  |  Durability of cell- mediated immune responses

The durability of vaccine- elicited cell- mediated immune re-
sponses is an important factor in the immunogenicity of vaccines. 
As mentioned above, both CD4+ and CD8+ T- cell responses fill 
critical functions in vaccine- induced protection, through CD4+ T 
helper cell– mediated production of virus- neutralizing antibodies 
and CD8+ T cell– mediated viral clearance by eliminating infected 
cells.

After primary vaccination with single- dose Ad26.COV2.S, CD4+ 
and CD8+ T- cell responses, as measured by intracellular cytokine 
staining (ICS) and IFNγ enzyme- linked immune absorbent spot 
(ELISPOT)4,8,18 were elicited. CD4+ T- cell responses against vaccine- 
matched SARS- CoV- 2 spike protein as measured at 4 weeks after 
vaccination declined slightly by 8 months. A different kinetic was 
observed for CD8+ T- cell responses, as spike- specific CD8+ T cells 
expressing IFNγ and/or IL- 2 continued to increase between 1 and 
8 months postvaccination.

In addition, IFNγ+ spike- specific CD4+ and CD8+ central mem-
ory (CD45RA−CD27+) and effector memory (CD45RA−CD27−) T- cell 
subpopulations elicited by Ad26.COV2.S were durable through at 
least 8 months after a single dose of Ad26.COV2.S in the vast major-
ity of vaccinated participants.

3.3  |  Breadth of Ad26.COV2.S- elicited 
cell- mediated immune responses

Analysis of the amino acid sequences of SARS- CoV- 2 variants 
of concern in comparison to the SARS- CoV- 2 reference strain 
(Wuhan- Hu- 1) has demonstrated that the majority of spike- 
specific T- cell epitopes are conserved in these newly emerging 
variants.39,40 Likewise, Ad26.COV2.S- elicited IFNγ+ spike- specific 
CD4+ and CD8+ T- cell responses, as assessed by ICS, were similar 
against the reference strain (WA1/2020), Delta, and Omicron.18 
These responses were durable through at least 8 months. Similar 
results were observed using IFNγ ELISPOT on the overall T- cell re-
sponses. IL- 2–  and TNFα–producing CD4+ and CD8+ T cells, with 
reactivity against Delta and Omicron variants, were similarly du-
rable. IFNγ+ spike- specific CD8+ and CD4+ T- cell central memory 
(CD45RA−CD27+) and effector memory (CD45RA−CD27−) subpopu-
lations elicited by Ad26.COV2.S exhibited cross- reactivity to Delta 
and Omicron, with a similar level of memory T cells observed com-
pared to 1 month postvaccination.18
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3.4  |  Anamnestic responses

Following vaccination or infection, immunity to SARS- CoV- 2 infec-
tion or COVID- 19 may be explained by the presence of effective 
cellular immunity in combination with seroprotective levels of neu-
tralizing and nonneutralizing Fc- mediated functional antibodies in 
the upper and lower respiratory tracts, which are needed for viral 
clearance. In addition, primary vaccination or infection can imprint 
immune memory by inducing SARS- CoV- 2– specific memory cells in 
both the B-  and T- cell compartments.41– 43 The presence of SARS- 
CoV- 2– specific memory B cells after vaccination is indirectly shown 
by measuring the early kinetics of antibody responses to SARS- CoV- 2 
spike antigen exposure, irrespective of time since primary vaccina-
tion, which can be weeks, months, or even years. As compared with 
response kinetics after primary vaccination, an immediate immune 
response that displays faster kinetics upon re- exposure to the same 
antigen provides evidence of immune memory established by pri-
mary vaccination. These so- called anamnestic or recall responses 
play an important role in prolonged vaccine effectiveness, especially 
in protection against severe COVID- 19, as there is a period between 
the moment of infection and the development of symptoms.

To study the establishment of immune memory by Ad26.
COV2.S, participants who had received a single- dose primary vacci-
nation with a full dose (5 × 1010 viral particles [vp]) of Ad26.COV2.S 
were given a low- dose (1.25 × 1010 vp) Ad26.COV2.S vaccination 
as a mimic to SARS- CoV- 2 spike antigen exposure in case of SARS- 
CoV- 2 exposure or infection. By 7 days after administration of the 
low- dose Ad26.COV2.S, a steep and robust increase in anti– SARS- 
CoV- 2 antibodies was observed, as measured by wtVNA and ELISA.9 
Antibody levels further increased by 28 days postadministration of 
the low dose of Ad26.COV2.S, with 99% of participants having de-
tectable titers, compared with 90% prior to administration of the 
low dose. The kinetics of the anamnestic response in older adults 
(aged ≥65 years) were somewhat slower compared with younger 
individuals. However, even in older adults with undetectable levels 
of antibody prior to re- exposure to antigen (86% positivity rate), 
antibody titers by Day 29 after administration of low- dose Ad26.
COV2.S were similar to those in younger adults, with 97% of older 
adults having detectable titers. The slower kinetics of the anamnes-
tic response in the elderly could be due to a reduced size and func-
tion of the germinal center response or due to an impaired innate 
immune response.44 However, the similar titers by Day 29 may imply 
that the quality of immune memory established by Ad26.COV2.S 
primary vaccination is sufficient for protection, even in the elderly.

These data show that single- dose primary vaccination with 
Ad26.COV2.S elicits durable antibody responses that mature over 
time, thereby increasing affinity and breadth and resulting in im-
proved coverage of emerging variants of SARS- CoV- 2. A single dose 
of Ad26.COV2.S also establishes long- term B- cell memory that sup-
ports rapid and robust production of spike- specific antibodies upon 
re- exposure to antigen. The durable humoral and cell- mediated im-
mune responses seen after primary vaccination with Ad26.COV2.S 
allow for flexible timing of subsequent booster vaccination; this 

flexibility opens opportunities to optimize immunogenicity/protec-
tion and strategic considerations of vaccine deployment.

4  |  EFFIC ACY OF AD26.COV2 . S

In the phase 3 ENSEMBLE study conducted in the United States, 
South Africa, and 6 countries in Latin America, vaccine efficacy against 
COVID- 19 was evaluated following single- dose primary vaccina-
tion with Ad26.COV2.S or placebo in 43 783 participants, of whom 
38 295 were seronegative for SARS- CoV- 2 at baseline, 34% were aged 
≥60 years, and 41% had comorbidities.6 Steps were taken to ensure a 
representative sample population, and study subjects were racially and 
ethnically diverse. Enrollment began September 21, 2020, and the data 
cutoff for final analysis of the double- blind phase was July 9, 2021, 
with a median follow- up of 121 days and 8940 participants followed 
for at least 6 months. Vaccine efficacy against the primary endpoint of 
moderate to severe/critical COVID- 19 from 28 days following vaccine 
administration was 52.9% (95% confidence interval [CI], 47.1- 58.1), 
an efficacy nearly identical to that observed against all symptomatic 
COVID- 19 (52.4%; 95% CI, 46.6- 57.6).

Based on Kaplan– Meier analysis, vaccine efficacy against mod-
erate to severe/critical COVID- 19 persisted for approximately 
6 to 7 months or longer; a modest decline in efficacy late in the trial 
was likely related to the emergence of neutralization- resistant vari-
ants at that time. Consistent with this hypothesis, vaccine efficacy 
was stable through 195 days, with no evidence of waning against 
moderate to severe/critical COVID- 19 caused by the reference 
strain (Wuhan- Hu- 1 sequence with the D614G mutation) and other 
strains with mutations not significant enough to warrant designation 
as a variant of interest or concern. This is consistent with the demon-
strated persistence of Ad26.COV2.S- elicited binding and neutraliz-
ing antibody titers and of cellular immunity for >7- 8 months.4,8,9,18

Approximately 2 months after the completion of vaccination in 
ENSEMBLE, a new variant (Alpha) began circulating in the United 
States, and protection against moderate to severe/critical COVID- 19 
was immediate after its emergence. In contrast, protection against 
the reference strain and the Beta variant that were circulating when 
vaccination in the study was ongoing began on Days 14 and 25, re-
spectively. This finding suggests that existing levels of antibody and 
cellular immunity, potentially in combination with an anamnestic re-
sponse, were adequate to control infection by the newly emerged 
Alpha variant. However, the later onset of protection against the 
Beta variant suggests that higher levels may be required for this vari-
ant. The involvement of different arms of the immune response may 
explain this difference in onset of protection.

Vaccine efficacy against symptomatic disease is impacted by the 
neutralization resistance of variant strains.45 In the final analysis of the 
double- blind phase of ENSEMBLE, vaccine efficacy against moderate 
to severe/critical COVID- 19 was 70.2% (95% CI, 35.3- 87.6) against 
the B.1.1.7 (Alpha) variant, which is relatively neutralization- sensitive 
compared with the reference strain.6 Efficacy was lower against the 
B.1.351 (Beta) variant (51.9%; 19.1- 72.2), the P.1 (Gamma) variant 
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(36.5%; 14.1- 53.3), the C.37 (Lambda) variant (10.0%; −39.2- 42.1), the 
B.1.621 (Mu) variant (35.9%; 1.7- 58.7), and the B.1.617.2 (Delta) vari-
ant (−5.7%; −177.7- 59.2), although CIs were wide due to the limited 
number of observations for some strains. All of these variants exhib-
ited a high relative resistance to serum neutralizing activity elicited by 
Wuhan- Hu- 1 spike– based COVID- 19 vaccines.

Real- world data for the relatively neutralization- resistant Delta 
variant, which was predominant primarily outside the double- blind 
efficacy portion of the ENSEMBLE trial, compared with Alpha and the 
reference strain, also indicates the impact of neutralization resistance 
on vaccine effectiveness against symptomatic infection.46– 49 Such 
data, due to the nature of the collection system upon which it is based, 
tend to measure effectiveness against more serious symptomatic 
manifestations across the spectrum of COVID- 19. Even with this ca-
veat, estimates of the effectiveness of Ad26.COV2.S- induced immune 
responses against symptomatic disease caused by the Delta variant 
ranged from 14% to 85%, indeed reflecting the impact of neutraliza-
tion resistance on protection against symptomatic disease.46,49– 51

Overall vaccine efficacy against severe/critical COVID- 19 was 
74.6% (95% CI, 64.7- 82.1), with Kaplan– Meier curves showing that this 
protection began approximately 7 days after vaccination, a time when 
antibodies can be detected, but only at very low levels.6 This finding 
suggests that only minimal amounts of circulating antibody may be re-
quired to protect against lower respiratory tract and systemic infection 
and/or that cellular immunity and Fc- mediated humoral immunity may 
play a larger role against more severe disease. Because the moment of 
infection is separated by an incubation period from the onset of clinical 
disease, the anamnestic response, which rapidly induces high levels of 
antibodies and cell- mediated immunity upon repeated exposure to an 
antigen (e.g., after primary vaccination or prior infection), likely plays a 
central role in protection against severe COVID- 19. In addition, for this 
more severe clinical endpoint, there was no evidence of waning effi-
cacy for at least 6- 7 months following vaccination, a result that reflects 
the durability of neutralizing antibody titers, Fc- functional antibody 
titers, and cellular immunity as seen in the longer- term immunologic 
measurements. There was evidence, however, that variant- associated 
neutralization resistance also impacts vaccine efficacy against se-
vere/critical COVID- 19, which was 93.1% (95% CI, 54.4- 99.8) for the 
reference strain; 71.8% (56.3- 82.3) for non– reference strain SARS- 
CoV- 2 lineages, including those sequences with the E484K mutation; 
78.4% (34.5- 94.7) for the Beta variant; 63.6% (18.8- 85.1) for the 
Gamma variant; 67.6% (−29.8- 94.4) for the Lambda variant; and 79.5% 
(38.5- 94.9) for the Mu variant.6 These findings suggest that Ad26.
COV2.S vaccination induces variant- dependent seroprotective levels 
for more severe disease, and this protection is less impacted by neu-
tralization resistance than is symptomatic COVID- 19. It seems most 
likely that incoming virus is contained in the upper respiratory tract 
by neutralizing antibodies; however, neutralization- resistant variants 
may overcome this protection and reach the lower respiratory tract, 
where broad cellular immunity and Fc- mediated antibody functions 
act as a second line of defense, still preventing more severe COVID- 19 
in most, but not all, cases.

Vaccine efficacy against COVID- 19 resulting in medical interven-
tion, which included hospitalization, was 75.6% (adjusted 95% CI, 

54.3- 88.0) and remained stable for at least 6- 7 months. For COVID- 
19– related death, vaccine efficacy was 82.8% (95% CI, 40.5- 96.8), 
with protection lasting through at least 6 months postvaccination. 
Both findings illustrate the effect of persistent immune responses 
following a single dose of Ad26.COV2.S. Persistence of protection 
against hospitalization after single- dose Ad26.COV2.S is further il-
lustrated by real- world data, obtained outside of the double- blind 
period (during a time when the Delta variant was dominant), where 
effectiveness against hospitalization due to the Delta variant was es-
timated to range from 60% to 95%,46,50,52– 54 and from 52% to 83% 
against death after SARS- CoV- 2 infection.51,53 Because this protec-
tion against the Delta variant was seen 5- 10 months after primary 
single- dose immunization, these findings are consistent with the per-
sistence of neutralizing antibody, Fc functional antibody, and cellular 
responses as seen in immunologic studies. In addition, the range of 
effectiveness estimates against Delta- attributed hospitalization and 
death are in some cases below that seen against the reference strain 
in the double- blind ENSEMBLE trial, indicating that neutralization re-
sistance, as implied above, may impact protection against these more 
serious manifestations of COVID- 19 in addition to its more promi-
nent effect on protection against all symptomatic infection.

Prior infection with SARS- CoV- 2 is known to boost the magnitude 
and breadth of Ad26.COV2.S- induced neutralizing antibodies, binding 
antibodies, and Fc effector function in a variant- dependent manner.55 
Similarly, immunization of previously infected individuals can lead to 
very high levels of neutralizing antibody,56 a phenomenon observed in 
the few individuals who were nucleocapsid (N)- ELISA positive at base-
line in immunologic studies with the Ad26.COVS.2 vaccine.6 In the 
ENSEMBLE study, 2131 participants in the vaccine group who had no 
history of symptomatic infection but who were seropositive for SARS- 
CoV- 2 N protein at baseline (indicating a prior asymptomatic infection) 
were compared with 18 924 baseline- seronegative placebo group 
participants. This post hoc analysis indicated that having experienced 
asymptomatic infection could provide 90.4% (95% CI, 83.2- 95.1) pro-
tection against moderate to severe/critical COVID- 19 (comparing 
seropositive to seronegative placebo recipients). Protection further 
increased to 97.7% (93.3- 99.5) for seropositive individuals who were 
vaccinated. Furthermore, real- world data indicate that effectiveness 
after single- dose Ad26.COV2.S increases from 68% in those with-
out prior exposure to SARS- CoV- 2 to 95%- 100% in individuals with 
prior exposure.57 These data suggest a strong relationship between 
immune responses and protection against symptomatic infection and 
underscore the added protection afforded by vaccination, even in an 
individual with previous asymptomatic infection.

5  |  HOMOLOGOUS AND HETEROLOGOUS 
BOOSTER DOSE: IMMUNOGENICIT Y AND 
VACCINE EFFIC ACY

In the development of Ad26.COV2.S, a conscious decision was made 
to test the efficacy of single- dose primary vaccination, based on the 
target product profile published by the World Health Organization 
that listed a preference for single- dose vaccines with at least 
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70% efficacy against severe COVID- 19.58 Single- dose vaccines re-
lieve demands on production and logistics, reduce needs for vac-
cination capacity, and do not face the challenges of low compliance 
rates for additional doses of a multi- dose primary vaccination regi-
men. However, to mitigate the potentially low efficacy of a single- 
dose primary vaccination regimen, an Ad26.COV2.S booster given 
2 months after the first dose was also studied for its impact on im-
munogenicity and vaccine efficacy.7,37 Results from this study will be 
reviewed in this section.

During 2021, health authorities approved and recommended 
booster vaccinations to address declining antibody titers, decreas-
ing vaccine efficacy, and emerging SARS- CoV- 2 variants of con-
cern that demonstrated reduced sensitivity to vaccine- elicited 
humoral immunity. This recommendation for boosters was made 
for both single- dose and two- dose primary vaccination regimens 
according to different schedules. To support maximum flexibility 
in the use of vaccines as a booster, the impact of a single booster 
dose of Ad26.COV2.S is being investigated both as homologous 
(Ad26.COV2.S given to individuals who received single- dose pri-
mary vaccination with the same vaccine) and as heterologous (Ad26.
COV2.S given to individuals who received a 2- dose primary vaccina-
tion with a non- Ad26.COV2.S COVID- 19 vaccine) boosters, both for 
the impact on SARS- CoV- 2 immune responses and for the impact on 
efficacy/effectiveness against COVID- 19. It is important to assess 
the durability of humoral immune responses elicited by a booster 
dose in the context of emerging SARS- CoV- 2 variants, their resis-
tance to vaccine- elicited immunity, and the need for sustained pro-
tection against COVID- 19.

5.1  |  Impact of interval between primary 
vaccination and boosting on humoral immunity

To achieve optimal qualitative and quantitative increases in immune 
responses after homologous boosting with Ad26.COV2.S, we evalu-
ated changes in two key parameters: the interval between single- 
dose primary vaccination and booster administration, and the dose 
level of the booster. As noted above, the durability of humoral and 
cell- mediated immune responses after primary vaccination with 
Ad26.COV2.S allows for flexibility in optimal timing of the subse-
quent booster.

In a phase 1/2a study, participants aged 18-55 years who were 
boosted 2 months (Day 57) after primary vaccination with a single 
dose of Ad26.COV2.S4 showed an increase of approximately 3- fold 
in neutralizing antibody responses (wtVNA) by 28 days postboost 
(Day 85) compared with the immediate preboost time point.37 
All participants had detectable neutralizing antibody titers post-
boost and were considered responders to the booster vaccination. 
Results were consistent with those observed in a phase 1 study 
in Japan (adults aged 20- 55 and ≥65 years) and a phase 2 study in 
Europe (adults aged 18- 55 and ≥65 years).37 In both studies, a 2-  to 
3- fold increase in neutralizing antibodies was observed by 14 or 
28 days postboost compared with immediately preboost; overall 

neutralizing antibody titers were slightly lower in older versus 
younger age groups. In all three studies, spike- binding antibody 
responses also increased after boosting at 2 months. Furthermore, 
neutralizing and binding antibody responses after the booster vac-
cination were higher than responses in convalescent serum from 
individuals with prior infection seen in the phase 1/2a study.4

In the phase 3 ENSEMBLE2 study in adults aged ≥18 years with 
or without comorbidities, spike- binding antibody concentrations 
following the Ad26.COV2.S booster given 2 months after primary 
vaccination increased 4.7- fold by 14 days postboost (Day 71) com-
pared with immediately preboost (Day 57).37 Spike- binding anti-
body levels were similar across different regions, such as Europe 
and the United States. Consistent with other studies, binding 
antibody concentrations at Day 29 after Dose 1 were generally 
lower for participants aged ≥60 years compared with those aged 
≥18- 60 years. Antibody levels immediately preboost (Day 57) were 
generally comparable in participants ≥60 years of age and those 
18- 60 years of age with comorbidities. Responder rates reached 
100% by Day 71 (Day 14 postboost) in both age groups and comor-
bidity strata.37 Although otherwise healthy individuals can experi-
ence severe COVID- 19, illness is more likely to be severe (requiring 
hospitalization, intensive care unit admission, or death) in patients 
with numerous common underlying risk factors, such as older age, 
male sex, lower socioeconomic background, Black and South Asian 
race, and underlying comorbidities, including chronic lung disease, 
cardiovascular disease, obesity, immunodeficiency or immunosup-
pression, chronic liver disease, chronic kidney disease, neurolog-
ical conditions (dementia), pregnancy, and cancer.59– 67 Moreover, 
the risk of severe COVID- 19 illness increases with the number 
of underlying conditions affecting a patient in a dose- response 
relationship.62

Ad26.COV2.S given as a booster 3 months after primary vacci-
nation in our phase 2 study in adults aged 18- 55 years and ≥65 years 
elicited an increase in neutralizing antibody levels of approximately 
4- fold compared with the immediate preboost time point. A booster 
dose administered 3 months after a single dose of Ad26.COV2.S 
elicited higher antibody titers and similar response/seropositiv-
ity rates compared with a booster dose of Ad26.COV2.S given at 
2 months. Interestingly, participants ≥65 years of age seemed to 
have higher antibody titers compared with participants 18- 55 years 
of age,37 suggesting that a longer interval between prime and boost 
is more beneficial in the older population. A follow- up analysis 
1 year postboost will permit assessment of the durability of hu-
moral immune responses elicited by a booster dose administered at 
a 3- month interval.

A booster dose of Ad26.COV2.S administered at a 6- month 
interval after primary vaccination was also evaluated in a cohort 
aged 18-55 years in our phase 1/2a study. By 7 days postboost 
(Day 190), mean binding antibody concentrations demonstrated a 
rapid and substantial 4.2- fold increase from immediate preboost 
levels.37 Similarly, neutralizing antibodies (psVNA) increased 3.5- 
fold versus preboost levels. A further increase in binding antibody 
and neutralizing antibody concentrations was seen by 28 days 
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postboost, representing 5.4- fold and 5.0- fold increases, respec-
tively, from preboost levels.

Neutralizing antibody responses to the SARS- CoV- 2 reference 
strain as well as SARS- CoV- 2 variants (Beta, Delta, Gamma, and 
Lambda) were evaluated using an in- house psVNA following the 
6- month booster dose in the cohort aged 18- 55 years (n = 17).9 By 
7 days postboost, a similar increase in neutralizing antibody levels 
was observed against all these variants compared with preboost, 
ranging from 1.6-  to 2.2- fold (37 and unpublished data). By 28 days 
postboost, neutralizing antibody titers against these variants had 
further increased, representing increases of 1.8- , 3.0- , 2.1- , and 
2.9- fold from preboost for Beta, Delta, Gamma, and Lambda vari-
ants, respectively. Neutralizing antibody levels against all these vari-
ants were lower than for the reference strain by 28 days postboost 
(4.0- , 2.0- , 3.4- , and 2.0- fold lower for the Beta, Delta, Gamma, and 
Lambda variants, respectively (37 and unpublished data).

Spike- binding antibody responses were also measured against the 
reference strain and the Beta and Delta variants pre-  and postboosting 
at 6 months.9 Unlike with neutralizing antibodies, no marked differ-
ence was observed between spike- binding antibody levels to the ref-
erence strain and these 2 variants. This suggests that the differences 
in the spike protein between Beta and Delta variants and the reference 
strain did not impact the binding antibody levels, whereas RBD muta-
tions associated with Beta and Delta reduce the neutralization of these 
variants by Ad26.COV2.S- elicited antibodies (37 and unpublished data).

In summary, a booster dose of Ad26.COV2.S, administered 2 or 
3 months after primary vaccination with Ad26.COV2.S, induced a 
rapid and substantial increase in humoral immune responses.37 A 
6- month interval between primary vaccination and booster vaccina-
tion was associated with trends toward higher responses (Figure 4). 
Antibody responses to several variants of concern increased pro-
portionally following a booster dose of Ad26.COV2.S. Compared 
with the reference strain, neutralization of these variants seems to 
be impacted by RBD mutations, while spike- binding antibody levels 
are not affected. These results show the benefits of a homologous 
Ad26.COV2.S booster dose on humoral immune responses, with im-
plications for neutralization of emerging variants.

5.2  |  Impact of homologous booster with 
Ad26.COV2.S on cell- mediated immune responses

While Ad26.COV2.S as a homologous booster resulted in a similar 
increase in humoral immune responses in both younger and older 
adults, albeit with different kinetics, the impact on cell- mediated 
immune responses was more heterogeneous between the 2 age 
groups. In younger adults, a 2- month boosting interval led to no ap-
parent increase in response rate or magnitude in either IFNγ-  and/or 
IL- 2– producing CD4+ T cells or CD8+ T cells by 14 days postboost 
(unpublished data) versus a single dose (approximately 70% response 
rate).4 However, in adults ≥65 years of age boosted slightly later at a 
3- month interval, an increase was observed in both the proportion of 
participants with a CD4+ T- cell response (from 42% preboost to 63% 

postboost) and in the magnitude of the IFNγ-  and/or IL- 2– producing 
CD4+ T- cell response. To a lesser extent, increased CD8+ T- cell re-
sponses were also seen for the proportion of participants with IFNγ-  
and/or IL- 2– producing CD8+ T- cell responses (55% preboost to 61% 
postboost) and for median CD8+ T- cell response. By Day 29 post-
boost, the CD8+ T- cell response rate increased to 71%, and median 
IFNγ-  and/or IL- 2– producing CD8+ T cells increased to 0.23%; how-
ever, CD4+ T- cell responses remained similar to 14 days postboost 
(unpublished data).

Due to a protocol deviation related to a clinical pause in the 
Ad26.COV2.S development program, the interval between pri-
mary single- dose vaccination and homologous booster with 
Ad26.COV2.S differed between age cohorts.37 The interval was 
3 months in those aged ≥65 years but was 2 months (as per pro-
tocol) in those aged 18- 55 years; this difference may explain some 
of the variation observed in postboost cellular immune responses. 
Ongoing studies of different time intervals between primary and 
booster vaccination should clarify these differences. Moreover, 
additional cytokine and cytotoxic T- cell markers, such as TNFα and 
granzyme B/perforin, are currently under evaluation. These are 
important markers for T- cell function, and it is imperative to know 
if their expression is enhanced by a homologous booster dose of 
Ad26.COV2.S.

These results suggest that an interval of 3 months for a homolo-
gous booster dose of Ad26.COV2.S elicits an increase in CD4+ and 
CD8+ T- cell responses compared with a 2- month interval and/or that 
there are differences in cellular response to a homologous booster 
dose between younger and older individuals. A homologous booster 
dose of Ad26.COV2.S with larger intervals from primary vaccination 
may help clarify whether the interval plays a role in the postboost 
increase of CD4+ and CD8+ T- cell responses.

F I G U R E  4  Representative neutralizing antibody increase 
between prime and booster dose by time interval. Participants 
in phase 1, phase 1/2a, and phase 2 studies aged 18- 55 years 
and ≥65 years were given a single dose of Ad26.COV2.S (5 × 1010 vp) 
at Day 1, followed by a booster dose of the same dose level at 2, 
3, or 6 months after the primary dose. Neutralizing antibodies, 
as measured by wtVNA, were compared before boosting and at 
28 days postboost. vp, viral particles; wtVNA, wild- type virus 
neutralization assay
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5.3  |  Association between increased immune 
responses and vaccine efficacy/efficacy following a 
homologous booster dose

ENSEMBLE2 is an ongoing, randomized, double- blind, placebo- 
controlled, phase 3 efficacy trial conducted in 10 countries.7 
Enrollment began on November 16, 2020, and the cutoff date for 
analysis of the double- blind phase was June 25, 2021. The study en-
rolled 31 300 participants, 14 492 of whom received 2 vaccinations 
or 2 doses of placebo, with an interval of 2 months between doses, 
and who were evaluable for efficacy (per- protocol set, Ad26.COV2.S 
n = 7484; placebo n = 7008). Results of this study have been reported 
on a preprint server and have been submitted to a peer- reviewed 
journal for publication.7 These findings generally indicate that in-
creased immunogenicity following the booster dose at 2 months 
translates into increased protection against symptomatic, severe/
critical COVID- 19 and hospitalization due to SARS- COV- 2, including 
infection caused by the Alpha variant and all other variant strains for 
which case numbers were sufficient to determine efficacy. This study 
had limited follow- up due to an early need to immunize the control 
group after efficacy of the single- dose regimen had been established.

In the large Sisonke 2 study among approximately 230 000 health 
care workers in South Africa, a single Ad26.COV2.S booster was given 
4- 6 months after primary single- dose vaccination. By 14- 27 days post-
boost, the vaccine was 74% effective against hospitalization during the 
Omicron wave in the 8113 Ad26.COV2.S recipients with PCR tests.68 
With longer follow- up (1 to 2 months), estimates of efficacy against 
hospitalization declined minimally (72%). These real- world data cor-
roborate the concept that a booster immunization at 6 months fol-
lowing the primary immunization can induce immunologic responses 
that provide considerable protection against the highly neutralization- 
resistant Omicron variant. The real- world data from Sisonke compar-
ing individuals who received a single dose of vaccine to those who 
received a booster dose is not currently available; however, given the 
moderate impact of neutralization resistance on protection (including 
against COVID- 19– related hospitalization and death) for other less 
neutralization- resistant variants, it is reasonable to expect that the 
protection seen against Omicron- related hospitalization following the 
booster will exceed protection following a single priming dose.

5.4  |  Heterologous prime- boost regimens with 
Ad26.COV2.S

Given the availability of several approved COVID- 19 vaccines, 
multiple options exist for heterologous prime- boost regimens. 
Ad26.COV2.S has been assessed in multiple studies as primary vac-
cination with a heterologous booster and a heterologous booster 
after a primary vaccination with an mRNA- based COVID- 19 vac-
cine, for example, in an ongoing, Janssen- sponsored study and the 
MixNMatch, COV- BOOST, and RHH- 001 studies.69– 71

In an ongoing, Janssen- sponsored, phase 2 clinical study in 
adults aged ≥18 years, a booster dose of Ad26.COV2.S was given 

at different dose levels (5 × 1010 vp, 2.5 × 1010 vp, or 1 × 1010 vp) 
at least 6 months after primary vaccination with 2 doses of the 
Pfizer/BioNTech mRNA- based COVID- 19 vaccine BNT162b2.18,72,73 
Immediately prior to boosting, neutralizing antibodies (psVNA) to 
the reference strain (WA1/2020) and the Beta, Delta, and Omicron 
variants were detectable at low levels in the majority of partici-
pants.73 By 2 weeks after boosting with Ad26.COV2.S, neutralizing 
antibody titers had increased significantly for the virus pseudotyped 
for the spike of the reference strain (~5- fold), as well as for the vi-
ruses pseudotyped for the spike protein of Delta (~15- fold), Beta 
(~15- fold), and Omicron (~28- fold) variants. As the study was still 
blinded at the time of the analysis, these data were aggregated for 
dose level. Four weeks after the Ad26.COV2.S booster, neutralizing 
antibody titers against the Omicron variant had further increased 
approximately 40- fold compared with the immediate preboost 
time point. A different kinetic of neutralizing antibody response 
was observed when participants received a homologous booster 
with BNT162b2. At 2 weeks postboost, neutralizing antibody titers 
were higher after the BNT162b2 homologous booster than after a 
heterologous boost with Ad26.COV2.S. However, neutralizing anti-
body titers after the homologous BNT162b2 booster subsequently 
started to decline; by Week 4, these were similar to the neutralizing 
antibody titers after a booster with Ad26.COV2.S. Similar results 
were obtained for RBD- specific binding antibodies, as measured 
by ELISA. In all measurements, antibody levels against the Omicron 
variant were lower than antibody levels against the Beta and Delta 
variants. As psVNA does not capture the impact of increased rep-
licative capacity of a virus on its neutralization sensitivity, these 
findings may underestimate the true reduction in neutralization sen-
sitivity for the Omicron variant.

In addition, T- cell responses were evaluated by ICS.73 Two weeks 
following the Ad26.COV2.S booster, a 4.3-  and 5.5- fold increase was 
seen in the percentage of IFNγ+ CD8+ T cells (pre-  and postboost 
median of 0.018% and 0.078%, respectively, for the reference strain 
and pre-  and postboost median of 0.017% and 0.093%, respectively, 
for Omicron.73 A 3.2-  and 3.1- fold increase was also observed in the 
percentage of IFNγ+ CD4+ T cells specific to the reference strain and 
Omicron, respectively (pre-  and postboost median of 0.030% and 
0.096%, respectively, for the reference strain and pre-  and postboost 
median of 0.030% and 0.092%, respectively, for Omicron). For both 
the reference strain and the Omicron variant, CD4+ and CD8+ mem-
ory T cells also increased following the Ad26.COV2.S booster dose. 
No increase in CD4+ T- cell responses and a lower fold- increase in 
CD8+ T- cell responses (versus Ad26.COV2.S) were observed with a 
BNT162b2 booster dose compared with the immediate preboost time 
point.18

An ongoing phase 1/2 heterologous booster study conducted by 
the National Institute of Health and the National Institute of Allergy 
and Infectious Diseases in the United States (DMID 21- 0012), also 
referred to as the MixNMatch study, is evaluating immune responses 
in adults who received a homologous or heterologous booster vacci-
nation at least 12 weeks after primary vaccination with an approved 
mRNA COVID- 19 vaccine regimen (2 doses of Moderna- mRNA- 1273 
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[100 μg] or 2 doses of BNT162b2 [30 μg]) or Ad26.COV2.S (1 dose 
of 5 × 1010 vp]).70

On Day 15 after boosting with Ad26.COV2.S, and compared 
with immediate preboost levels, neutralizing antibody responses, 
as measured by psVNA (50% inhibitory dose [IU50] per milliliter) 
against the reference strain, had increased by 4- , 6- , and 13- fold, 
with mean titers (IU50/mL) of 31 (95% CI, 22- 44), 382 (290- 503), 
and 216 (158- 297) in participants who had received Ad26.COV2.S, 
mRNA- 1273, and BNT162b2 as the primary vaccination regimen, 
respectively. Interestingly, binding antibody levels (GMTs) had fur-
ther increased by Day 29 postboost to 369 (95% CI, 291- 467), 4560 
(3544- 5867), and 2600 (2086- 3240), respectively. Thus, a heter-
ologous booster with Ad26.COV2.S after an mRNA- based primary 
vaccination results in higher neutralizing antibody levels than a ho-
mologous booster dose of Ad26.COV2.S.

In addition to the magnitude of the humoral immune responses, 
the kinetics of these responses are a key aspect to consider. By Day 
15 postboost with mRNA- 1273 or BNT162b2, neutralizing and bind-
ing antibody responses were higher than after a booster with Ad26.
COV2.S, irrespective of primary vaccination regimen.70 However, 
by Day 29 postboost with mRNA- 1273 or BNT162b2 vaccines, 
neutralizing antibody titers had either slightly decreased or stabi-
lized, whereas neutralizing antibody titers following a heterologous 
booster with Ad26.COV2.S had further increased between Days 
15 and 29; thus, generally similar neutralizing antibody levels were 
reached by Day 29, irrespective of the heterologous regimen. As the 
kinetics of heterologous booster responses are different for Ad26.
COV2.S and mRNA vaccines, it will be interesting to evaluate later 
postboost time points to see if these early differences in kinetics 
translate to differences in durability of the immune responses elic-
ited by these booster doses. Durable immunity is highly desirable to 
reduce the need for frequent booster vaccinations.

Following heterologous boosting with Ad26.COV2.S, the in-
crease of neutralizing antibody responses against the Beta, Delta, 
and Omicron variants demonstrated similar kinetics as the antibody 
responses against the reference strain. Relative to the reference 
strain, neutralizing activity was 2-  to 4- fold lower against Beta, 
Delta, and Omicron.70,74

CD4+ and CD8+ T- cell responses to the reference strain were also 
assessed by ICS in the MixNMatch study.70 Prior to Ad26.COV2.S 
heterologous boosting, SARS- CoV- 2 spike– specific Th1 (IFNγ and/or 
IL- 2) CD4+ T cells were found in 69% of individuals who received 
mRNA- 1273 or BNT162b2 primary vaccination. In those who were 
primed with mRNA- 1273 and boosted with Ad26.COV2.S, by 15 days 
postboost, the median of spike- specific CD4+ T cells expressing 
IFNγ and/or IL- 2 increased from 0.34% to 0.39% from pre-  to post-
boost, respectively. In those who were primed with BNT162b2 and 
boosted with Ad26.COV2, the median of spike- specific CD4+ T cells 
expressing IFNγ and/or IL- 2 increased from 0.11% to 0.18% from 
pre-  to postboost, respectively. No increase was observed in the 
total of participants who had positive Th1 responses compared to 
preboost in both arms, and no spike- specific Th2 (IL- 4, IL- 5, or IL- 13) 
CD4+ T- cell responses were observed.

Spike- specific CD8+ T cells expressing IFNγ and/or IL- 2 were 
detected in 10% and 26% of the mRNA- 1273–  and BNT162b2- 
primed recipients, respectively, before Ad26.COV2.S boost. Booster 
immunization with Ad26.COV2.S increased the response rate to 
60%- 63% in participants primarily vaccinated with mRNA- 1273 
and BNT162b2.70 The amount of spike- specific CD8+ T cells 
also increased from 0.03% to 0.11% for participants primed with 
mRNA- 1273 and from 0.06% to 0.13% for participants primed with 
BNT162b2.

Compared with results from the ongoing, Janssen- sponsored, 
phase 2 clinical study, these results show a slightly lower fold in-
crease in the magnitude of T- cell responses to the reference strain 
from pre to post heterologous boost with Ad26.COV2.S.73 However, 
the intervals between primary vaccination and heterologous boost 
were shorter in the MixNMatch study compared with the ongoing, 
Janssen- sponsored, phase 2 clinical study, potentially explaining this 
difference. Overall, these results show that Ad26.COV2.S adminis-
tered as a heterologous booster sharply increases both antibody and 
T- cell responses in mRNA vaccine– primed individuals.

The COV- BOOST study69 by the Vaccine Taskforce in the United 
Kingdom assessed the impact of a booster with Ad26.COV2.S at least 
3 months after 2- dose primary vaccination with either ChAdOx1 
nCov- 19 or BNT162b2 on neutralizing antibody titers against the 
reference strain and the Delta variant. A steep increase in neutral-
izing and binding antibody levels against both viral strains was ob-
served by Day 29 postboost, with fold increases relative to preboost 
levels ranging from 5-  to 7- fold and 8- fold for participants receiving 
primary vaccination with ChAdOx1 and BNT162b2, respectively. 
Interestingly, the absolute levels of neutralizing and binding anti-
bodies post Ad26.COV2.S booster were approximately 3- fold higher 
in BNT162b2- primed individuals compared with ChAdOx1- primed 
individuals. Consistent with heterologous boosting data from the 
MixNMatch study, Ad26.COV2.S boosting elicits higher levels of an-
tibodies in participants who previously received an mRNA vaccine 
as primary regimen compared with participants who received an ad-
enoviral vector– based vaccine. Cell- mediated immune responses to 
the reference strain, Beta variant, and Delta variant were measured 
by IFNγ ELISPOT and demonstrated approximately 2.5-  and 3- fold 
increases postboost with Ad26.COV2.S in participants who had re-
ceived either ChAdOx1 nCov- 19 or BNT162b2 as primary vaccina-
tion, respectively.

The COV- BOOST study showed that Ad26.COV2.S given as a 
heterologous booster at least 12 weeks after primary vaccination 
with an approved mRNA COVID- 19 vaccine induced an increase 
in humoral immune responses, supporting the idea that a heter-
ologous booster with Ad26.COV2.S may improve protection, in-
cluding against variants of concern, compared with mRNA primary 
vaccination.

The RHH- 001 study by the Ministry of Health in Brazil evalu-
ated humoral immune responses 6 months after two doses of the 
CoronaVac inactivated SARS- CoV- 2 vaccine followed by a homolo-
gous booster or heterologous booster with other vaccines, includ-
ing Ad26.COV2.S.71 Binding antibody concentrations were low 
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immediately before boosting. After booster vaccination with single- 
dose Ad26.COV2.S, spike binding IgG antibody concentrations rose 
considerably from baseline to Day 28 (geometric fold- rise 77; 95% CI, 
67- 88). Neutralizing antibody concentrations (psVNA) were also low 
immediately preboost; however, all heterologous boost regimens elic-
ited high concentrations of neutralizing antibodies, with 100% sero-
positivity reached by Day 28. Antibody responses were greater for all 
heterologous regimens than the homologous CoronaVac regimen: the 
geometric mean ratio of Ad26.COV2.S relative to CoronaVac was 6.7 
(95% CI, 5.8- 7.7) for spike binding IgG and 8.7 (5.9- 12.9) for neutral-
izing antibodies. Neutralizing antibody titers measured by a live virus 
assay in a subset analysis were detectable against the Omicron and 
Delta variants in 95% (19/20) and 90% (18/20) of samples, respec-
tively, from participants who received the Ad26.COV2.S booster.

Overall, these data indicate that heterologous booster vaccina-
tion with Ad26.COV2.S elicits a significant increase in humoral and 
cellular immune responses against both the SARS- CoV- 2 reference 
strain and the currently known variants of concern. The durability of 
these responses remains to be established. In addition, it is too early 
to tell whether heterologous boosting with Ad26.COV2.S improves 
the overall effectiveness of vaccination.

6  |  CONCLUSION

The Ad26.COV2.S vaccine as a single- dose primary regimen and a 
homologous or heterologous booster dose elicits humoral and cel-
lular immune responses that provide durable protection against 
SARS- CoV- 2 infection, COVID- 19, and COVID- 19– related hospi-
talization and death, including against disease caused by emerging 
SARS- CoV- 2 variants. As such, it is used worldwide as a prophylactic 
vaccine in the fight against the COVID- 19 pandemic.

While this review focuses on immunogenicity and protection 
against COVID- 19, it is important to note that postmarketing sur-
veillance revealed a very rare but potentially fatal safety signal, 
now called vaccine- induced thrombosis with thrombocytopenia 
(VITT) or thrombosis with thrombocytopenia syndrome (TTS) fol-
lowing vaccination with Ad26.COV2.S.75– 78 This safety signal was 
first described for ChAdOx1 nCov- 19, the COVID- 19 vaccine from 
AstraZeneca.79,80 While the pathogenesis of VITT/TTS is being in-
vestigated,81– 83 which may reveal pathways to mitigate the risk, the 
continued use of Ad26.COV2.S is supported by a favorable benefit- 
risk ratio.84,85 This ratio can obviously vary per region, linked to the 
regional burden of COVID- 19, the background immunity in the pop-
ulation, and the availability of alternative vaccines.

All available COVID- 19 vaccines have contributed to the control 
of the pandemic. Whether additional vaccinations and/or updated 
vaccines for newly emerging variants will be needed in the future 
remains to be seen.
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