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BACKGROUND. To understand the features of a replicating vaccine that might drive potent and durable immune responses to
transgene-encoded antigens, we tested a replication-competent adenovirus type 4 encoding influenza virus H5 HA (Ad4-H5-
Vtn) administered as an oral capsule or via tonsillar swab or nasal spray.

METHODS. Viral shedding from the nose, mouth, and rectum was measured by PCR and culturing. H5-specific IgG and IgA
antibodies were measured by bead array binding assays. Serum antibodies were measured by a pseudovirus entry inhibition,
microneutralization, and HA inhibition assays.

RESULTS. Ad4-H5-Vtn DNA was shed from most upper respiratory tract-immunized (URT-immunized) volunteers for 2

to 4 weeks, but cultured from only 60% of participants, with a median duration of 1 day. Ad4-H5-Vtn vaccination induced
increases in H5-specific CD4* and CD8* T cells in the peripheral blood as well as increases in I1gG and IgA in nasal, cervical,
and rectal secretions. URT immunizations induced high levels of serum neutralizing antibodies (NAbs) against H5 that
remained stable out to week 26. The duration of viral shedding correlated with the magnitude of the NAb response at week
26. Adverse events (AEs) were mild, and peak NADb titers were associated with overall AE frequency and duration. Serum
NAD titers could be boosted to very high levels 2 to 5 years after Ad4-H5-Vtn vaccination with recombinant H5 or inactivated
split H5N1 vaccine.

CONCLUSION. Replicating Ad4 delivered to the URT caused prolonged exposure to antigen, drove durable systemic and mucosal

Introduction

Induction of a durable antibody response capable of neutralizing
diverse isolates is a high priority for the development of vaccines
against viruses such as HIV, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), and influenza. In the case of HIV-1
and influenza virus, protection against infection has been demon-
strated in animal models to be mediated by neutralizing antibodies

Authorship note: KM and SAM contributed equally to this work.

Conflict of interest: MC is an inventor on a patent titled “Replication-competent ad-
enovirus type 4 SAR-CoV-2 vaccines and their use (patent application no. 63/138,221).
MG, JS, and A are inventors on a patent titled “Replication-competent adenovirus
type 4-HIV Env vaccines and their use” (patent application no. 63/063,810).
Copyright: © 2021, American Society for Clinical Investigation.

Submitted: June 2, 2020; Accepted: January 7, 2021; Published: March 1, 2021.
Reference information: / Clin Invest. 2021;131(5):e140794.
https://doi.org/10.1172/)C1140794.

immunity, and proved to be a promising platform for the induction of immunity against viral surface glycoprotein targets.
TRIAL REGISTRATION. ClinicalTrials.gov NCT01443936 and NCT018069089.

FUNDING. Intramural and Extramural Research Programs of the NIAID, NIH (U19 AI109946) and the Centers of Excellence for
Influenza Research and Surveillance (CEIRS), NIAID, NIH (contract HHSN272201400008C).

targeting the surface glycoproteins. In the case of influenza virus,
the protection afforded by existing vaccines is not long-lived, and
annual vaccination with antigens that match circulating strains as
closely as possible is necessary (1). Thus, improvements in immu-
nogenicity that lead to increases in the magnitude, durability, and
breadth of the immune response are a high priority for the efforts
to develop better vaccines against influenza virus. Of the avail-
able vaccine platforms for presenting these glycoproteins to the
immune system, replicating vectors have several important advan-
tages over most nonreplicating vectors (2). They can express viral
surface glycoproteins such that the total dose of antigen probably
exceeds those of nonreplicating vectors. In addition, viral surface
glycoproteins can be expressed by the host cell in the appropri-
ate conformation and glycosylation state. Antibodies induced by
host cell-produced glycoproteins may better target virions during
natural infection compared with those induced by glycoproteins
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produced in cell lines or eggs. They may also directly or indirectly
stimulate B cell proliferation and differentiation through nucleic
acid stimulation of TLRs in B cells or antigen-presenting cells and
induce proinflammatory cytokines. In addition, they can express
viral glycoproteins over a prolonged period of time, similar to other
live virus infections. This feature is currently the focus of intense
investigation and thought to be critical to the loading of follicular
DCs in the lymph node and the induction of a durable antibody
response (3). Vectors that replicate at the same mucosal sites as the
target virus have particular advantages by inducing local cellular
and humoral immunity, a feature that is lacking in nonreplicating,
parenterally administered vaccines. Although replicating vectors
offer numerous advantages, the level of immunogenicity is often
modulated by the level of replication of the vector, transgene
expression, preexisting immunity, and route of administration.

Among the recombinant viral vectors available for human
use, replicating adenoviruses offer several important advantages.
Replicating adenovirus type 4 (Ad4) has been orally administered
to more than 10 million people in the military as a vaccine against
Ad4 respiratory disease and has an extraordinary safety record
(4). This wild-type virus, that in natural infection replicates on
the respiratory tract, is attenuated by administration in the gas-
trointestinal tract (GI) in the form of an enteric-coated tablet and
does not cause respiratory disease. Although the seroprevalence
of neutralizing antibodies is approximately 30% in adults, there
are some limited data that suggest that humans are able to be
reinfected with this virus (5, 6). Replicating recombinant adeno-
viral vectors have shown some promise when used to vaccinate
macaques; however, a thorough evaluation of their potential
immunogenicity is limited by the lack of full replication capacity
in animal models (7). In one earlier trial in humans, replicating
recombinant adenoviral vectors were only modestly immunogen-
ic, probably due to attenuated replication as a result of adminis-
tration to the GI tract (8).

In a more recent trial, we observed higher and more durable
levels of influenza virus-specific neutralizing antibodies when
a replication-competent Ad4 expressing the influenza virus H5
HA from A/Vietnam/1194/04 (Ad4-H5-Vtn) was administered
via the upper respiratory tract (URT) versus the GI tract (9). After
a single intranasal or tonsillar administration of the vaccine, we
observed prolonged increases in H5-specific B cells, H5-specific
antibody somatic hypermutation, and monoclonal antibody neu-
tralization potency for 6 to 12 months. Thus, compared with oral
administration, the platform showed considerably greater immu-
nogenicity when administered to the URT, where its replication
was only limited by attenuation due to insertion of a transgene.

In the present study, we examine the impact of replication
on the induction of neutralizing antibodies in participants who
received the Ad4-H5-Vtn vaccine. T cell and antibody respons-
es, virus shedding, adenovirus-related symptoms, and induction
of mucosal immunity were examined in detail. Further, we also
assessed the ability to use Ad4-H5-Vtn to prime antibody respons-
es prior to administration of inactivated or recombinant protein
H5 vaccines. We observed that the magnitude of H5-specific anti-
body responses was associated with prolonged replication of the
Ad4-H5-Vtn virus and vaccine-related adverse events (AEs) con-
sistent with an inflammatory response. These data suggest that
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recombinant Ad4 vectors, when given via the URT, show consider-
able promise to deliver viral glycoproteins either alone or in com-
bination with a recombinant protein or inactivated virus boost.

Results

Ad4-H5-Vin shedding at mucosal sites. Of the 198 individuals
recruited and screened for Ad4 seropositivity, 55 tested seropos-
itive according to our selection neutralization titer criterion of
an 80% inhibitory dilution (ID,,) above 100. The prevalence of
Ad4 seropositivity in this population (ID, >100, 28%; ID,, >100,
39%; ID,, >20, 49%) was consistent with prior estimates (ref. 10
and Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/JCI140794DS1).
Sixty-three Ad4-seronegative participants who met the inclusion
criteria and signed the informed consent were enrolled in a non-
randomized, open-label, dose-escalation study of Ad4-H5-Vtn to
receive a single dose of the vaccine by an oral enteric-coated cap-
sule (10 virus particles [vp]), swabbing onto the tonsils (103-108
vp), or intranasal spray (103-108 vp). In addition, Ad4-seropositive
volunteers could be enrolled into a parallel exploratory vaccine
arm. We observed no significant differences among the 3 vaccine
groups with respect to age or sex. However, there were some dif-
ferences in racial/ethnic composition, with a greater representa-
tion of White vaccinees in the oral arm (80% versus 32% in the
tonsillar and 32% in the intranasal arms, P = 0.02) and Black vac-
cinees in the tonsillar arm (64% versus 20% in the oral and 32%
in the intranasal arms, P = 0.03; Supplemental Table 1). Although
present in relatively low numbers, we also noted a trend toward a
higher percentage of Asians in the intranasal arm compared with
either the oral or tonsillar arm (25% vs. 0% and 4%, respectively;
P = 0.05). We previously reported that immunizations by these
routes with a dose of 10* vp or higher resulted in seroconversion
to Ad4 (9). This suggested that once infection was established,
replication was sufficiently robust, even in groups that received
very low doses of infectious virus (104 vp or 10 infection-form-
ing units [IFU]), but the differences in the response to the vaccine
were not discernable in our assays. To assess the duration of Ad4-
H5-Vtn shedding of this vaccine at mucosal sites, we measured
viral DNA in nasal, tonsillar, and rectal swab extracts. The highest
frequencies of viral shedding were detected in nasal swabs from
the group immunized intranasally, peaking 6 days after immuni-
zation and lasting until 28 days after immunization (Figure 1A,
left). High frequencies on day 1 may have been the result of resid-
ual viral DNA present from the intranasal vaccine administration.
In contrast, the tonsillar group showed only modest frequencies
in nasal mucosa, peaking 4 to 5 days after immunization (14.3%).
No viral shedding in nasal swabs was detected in the group immu-
nized orally (Figure 1A, left). In tonsillar swabs, we detected viral
shedding at comparable frequencies between the intranasal and
tonsillar groups, peaking on day 6 (75%). Viral shedding contin-
ued until 21 days after immunization for intranasal vaccinees,
and 28 days after immunization for tonsillar vaccinees. Consis-
tent with the frequency of nasal shedding and prior work on the
orally administered wild-type vaccine, we detected no tonsillar
viral shedding in the group immunized using an enteric-coated
capsule (Figure 1A, middle, and ref. 8). Viral shedding was detect-
ed in rectal swabs from the intranasal (34.6%) and tonsillar (25%)
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Figure 1. Ad4-H5-Vtn shedding at mucosal sites. (A) gPCR was performed on the nasal, tonsillar, and rectal swabs for the detection of viral shedding up to
4 weeks (28 days) after vaccination. Immunization is shown for intranasal (red, n = 25), tonsillar (blue, n = 28), and oral (black, n = 10) routes. (B) Recovery
of infectious virus (green) on nasal swabs was measured in comparison with gPCR (gray) in vaccinees immunized by the intranasal route (left). The distri-
bution of days of shedding (middle) and the titers of recovered virus over time (right) are shown (n = 25). The red horizontal bar indicates the median value.

groups, peaking 7 days after immunization. Viral shedding was
also detectable in the oral group, with a delayed peak 21 days
after immunization (18%; Figure 1A, right). The frequency of
shedding detected in rectal swabs following oral administration
was well below that observed in a prior trial, suggesting that there
was variability in the process of sample collection (8). Consistent
with our previous observation that there was no effect of dose on
the development of neutralizing antibodies against the H5 trans-
gene by week 8 or 26, we observed no differences in the duration
of shedding among the dose groups for tonsillar (10*-10% dose)
or intranasal (10*-10® dose) administration (Figure 1A and ref.
9). Taken together, these results suggested that administration
of Ad4-H5-Vtn to the URT by tonsillar swab or intranasal spray
resulted in robust viral replication over a prolonged period at dos-
es of 10* vp or higher, especially at the corresponding vaccination
site. This is consistent with the replication of the wild-type Ad4
virus that occurs during natural infection of the respiratory tract.
In order to assess the presence of replication-competent virus
at mucosal sites, we also performed an immuno-plaque assay on
cells cultured with nasal swab extracts to detect Ad4. In nasal
swabs from intranasal Ad4-H5-Vtn vaccinees, we detected repli-
cation-competent virus up to 28 days after immunization (Figure
1B). The frequencies of swab extracts containing replication-com-
petent virus, although notably lower, closely tracked with the fre-
quencies detected by quantitative PCR (qPCR). The peak in fre-
quency of infectious virus occurred slightly earlier (4 days after
immunization) than did the peak in frequency of viral DNA detect-
ed by qPCR (6 days after immunization; Figure 1B, left). Only 60%
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of participants had shedding detectable at any time point. In addi-
tion, this shedding occurred for a brief window of time (median of
1 day; Figure 1B, middle) and was of low magnitude (<2000 IFU
per swab; Figure 1B, right). This last result is offered with the cave-
at that quantification of virus on nasal swabs is at best semiquanti-
tative and subject to issues of recovery from the vaccinee and from
the swab. However, taken together, these results suggested that
qPCR may overestimate the duration of viral shedding and that
shedding of infectious virus was brief from most vaccinees and not
detected in 40% of them.

Transmissibility is an important consideration in evaluating
replication-competent vaccine vectors. In addition to all of the
participants in the current study, we enrolled 11 intimate contacts
of the vaccinees (i.e., a sexual partner of the participant) and test-
ed them for seroconversion against Ad4. Intimate contacts and
vaccinees were counseled to avoid intimate contact for 28 days
after vaccination. Of those 11 intimate contacts enrolled, we did
not detect evidence of seroconversion throughout a 4-week obser-
vation period after vaccination (data not shown).

Induction of H5-specific cellular and humoral responses following
Ad4-H5-Vtn vaccination. To investigate the induction of H5-spe-
cific T cell responses to the Ad4-H5-Vtn vaccine, PBMCs from
baseline and week 4 were stimulated with an influenza virus H5
HA peptide array and analyzed by flow cytometry (Supplemental
Figure 2). The frequencies of activated, IFN-y-secreting CD4* T
cell responses induced by the oral vaccine were low overall, but
significantly higher than baseline (mean difference from week
0 to week 4, 0.016%, P = 0.005; Figure 2A, left). We observed
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Figure 2. Induction of H5-specific cellular and humoral responses following immunization with Ad4-H5-Vtn. (A) H5-specific CD4* and CD8* T cell
responses measured after a 6-hour stimulation with an A/Vietnam/1203/2004 (H5N1) influenza virus peptide array are shown for samples taken
at baseline (week 0 [W0]) and 4 weeks (W4) after immunization with the Ad4-H5-Vtn vaccine, which had been administered as an oral capsule (n
=9), by direct tonsillar application (n = 20), or by intranasal spray (n = 25). In addition, responses for individuals who were Ad4 seropositive prior
to vaccination are shown as separate exploratory arm (XA) subgroups (Tonsillar XA, n = 4; Intranasal XA, n = 5). Background responses to media
controls have been subtracted. Paired and unpaired 2-sample t tests were used for group comparisons. Only significant P values are shown. (B) Ad4
(oral, n = 9; tonsillar, n = 22; intranasal, n = 24) and H5 (oral, n = 7; tonsillar, n = 16; intranasal, n = 20; individuals with less than a 4-fold increase in
Ad4 and H5 neutralization [neut.] titer after immunization were excluded) HA-specific neutralizing antibody titers, shown as ID,,, were measured
by a PVEI assay. The XA subgroups were excluded. Red horizontal bars indicate the median values. Generalized estimating equations with an
autoregressive correlation structure were used to calculate P values (week 0 measurements were not included), and only significant P values are
shown. (C) Correlation of H5-specific CD4 and CD8 responses with peak neutralization antibody titers (oral in black, n = 10; tonsillar in blue, n = 20;
intranasal in red, n = 24) were assessed by the Spearman’s rank method. The XA subgroups were excluded. Only significant P values are shown. In
multiple-comparison calculations including all P values, the FDR was estimated to be 6% using the Benjamini-Hochberg procedure, and a fixed P
value significance threshold was set at 0.05.
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Figure 3. Clinical correlates of anti-H5-neutralizing antibody titers. (A) The correlation between H5-neutralizing antibody titers 8 weeks (left, n = 32) and
26 weeks (right, n = 33) after vaccination and the last day of viral shedding detected was assessed for participants from the tonsillar (blue squares) and
intranasal (red circles) groups who had a 4-fold increase in Ad4-neutralizing antibody titers after vaccination. Significance was determined by Spearman’s
rank method. Only significant P values are shown. (B) The correlation between Ad4-neutralizing antibody titers at baseline and the last day of detect-
able viral shedding (left, n = 48) and peak H5-Vtn neutralization titers (right, n = 49) was assessed by the Spearman’s rank method. Symbols are as in A.
Vaccinees who did not seroconvert to Ad4 are included for the purpose of this analysis. (C) The correlations between peak H5-neutralizing antibody titers
after vaccination and the duration of related fever (days, left), the total number of participants with related AEs (middle), and the duration of related AEs
(days, right) was assessed among vaccine recipients in the oral, tonsillar, and intranasal arms (n = 56; participants with matching AEs and H5-neutralizing
antibody titers are shown). The Spearman’s rank method was used to determine significance.

greater differences between baseline and week 4 responses in the
tonsillar and intranasal arms (0.074%, P = 0.002 and 0.054%,
P =0.002, respectively; Figure 2A, left), confirming higher repli-
cation and immunogenicity of this vaccine when delivered to the
URT. We found that significant increases above baseline were not
induced in the small numbers of vaccine recipients in the explor-
atory arms who had been immunized via the tonsillar or intrana-
sal routes (Figure 2A, left). Trends for the induction of H5-spe-
cific CD8* T cell responses were similar to those for CD4* T cell
responses, although significant increases from week O to week 4
occurred only in the tonsillar arm (mean difference 0.046%, P =

J Clin Invest. 2021;131(5):e140794 https://doi.org/10.1172/)C1140794

0.024; Figure 2A, right). Vaccine-induced H5-specific CD4* T cell
frequencies tended to be higher than CD8* T cell frequencies at
week 4 in all vaccine subgroups, but this difference achieved sta-
tistical significance only in the intranasal arm (mean difference
0.037%, P = 0.046; Figure 2A, left and right panels).

Ad4-specific neutralizing antibody titers increased in all 3
groups 8 weeks after immunization compared with baseline titers
(oral: P=0.032, tonsillar: P< 0.001, intranasal: P < 0.001; Figure 2B,
left). Groups receiving the vaccine via the URT showed significantly
higher overall post-vaccination Ad4-specific neutralizing antibody
titers compared with the group receiving the vaccine capsule orally
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Table 1. AEs for all cohorts with possible, probable, or definite relatedness to Ad4-H5-Vtn vaccination

AE? Total Oral Tonsillar: Ad4~ Intranasal: Ad4- Comparisons (P values)®
(n = 66) (n=10) (n=22) (n=25) Oralvs.tons.  Oralvs.intran.  Tons. vs. intran.

Cough 9 (12%) 0(0%) 1(4.5%) 8 (28%) - 0.084 0.052
Dysphonia 1(1.5%) 0 (0%) 1(4.5%) 0(0%) - - -
Nasal congestion 22 (24%) 0 (0%) 5 (9%) 15 (48%) - 0.007 0.004
Oropharyngeal pain 28 (36%) 0 (0%) 7(27%) 18 (60%) - 0.002 0.039
Rhinorrhea 5 (6%) 0 (0%) 1(4.5%) 4 (12%) - - -
Sinus congestion 1(1.5%) 0(0%) 0(0%) 1(4%) - - -
Tonsillar hypertrophy 1(1.5%) 0 (0%) 0 (0%) 1(4%) - - -
Chills 3 (4.5%) 0 (0%) 1(4.5%) 2(8%) - - -
Fatigue 16 (21%) 0(0%) 5 (14%) 10 (40%) - 0.034 0.056
Influenza-like illness 1(1.5%) 0 (0%) 1(4.5%) 0 (0%) - - -
Malaise 1 (1.5%) 0 (U%) 0 (0%) 1 (4%) - - -
Pyrexia 7 (9%) 0(0%) 3 (14%) 4 (12%) - - -
Headache 20 (23%) 0 (0%) 8 (18%) 11(40%) - 0.034 -
Arthralgia 4 (6%) 0(0%) 1(4.5%) 3 (12%) - - -
Joint range of motion decreased 1(1.5%) 1(10%) 0(0%) 0 (0%) - - -
Myalgia 1 (15%) 0 (0%) 4 (18%) 7 (24%) - - -
Conjunctivitis 2 (3%) 0 (0%) 0 (0%) 2 (8%) - - -
Pharyngitis 2 (3%) 0 (0%) 1(4.5%) 1(4%) - - -
URT 1(1.5%) 0(0%) 1(4.5%) 0 (0%) - - -
Ear pain 1(1.5%) 0 (0%) 1(4.5%) 0 (0%) - - -
Abdominal pain 2 (3%) 0 (0%) 0 (0%) 2 (8%) - - -
Diarrhea 3(4.5%) 0(0%) 2 (9%) 1(4%) - - -
Nausea 2 (3%) 0 (0%) 2 (9%) 0 (0%) - - -
Lymphadenitis 2 (3%) 0 (0%) 2 (9%) 0(0%) - - -
Lymphadenopathy 1(1.5%) 0 (0%) 1(4.5%) 0 (0%) - - -
Totals 145 (42%) 1(10%) 48 (41%) 89 (68%) - 0.003 0.082

n = total number of study subjects who received the study agent. The format of AEs in each row is shown as the number of AEs and the percentage of
study participants who had 1 or more episodes of the given event, divided by the total number of subjects who received the study agent (n), multiplied by
100. ATonsillar Ad4* exploratory arm (n = 4) had only 1 episode of nasal congestion (1 participant), which was not significantly greater when compared with
the oral group (n =10). Participants in the intranasal Ad4* exploratory arm (n = 5) had significantly more oropharyngeal pain (3 episodes, 3 participants)
compared with the oral group (P < 0.05), but 1 episode each of nasal congestion, fatigue, and headache, which was not significantly higher than in the oral

;

group (P > 0.05). BAll comparisons were made using Fisher's exact test. Only P values of 0.1 or less are shown. tons., tonsillar; intran., intranasal.

(tonsillar: P < 0.001, intranasal: P <0.001). In contrast, we found no
significant difference between the groups receiving the vaccine via
the URT (P=0.561). Significant increases in H5-specific neutralizing
antibodies, measured in a pseudotyped virus inhibition assay (PVEI),
were also detected 8 weeks after immunization (oral: P=0.008, ton-
sillar: P< 0.001, intranasal: P < 0.001) compared with baseline. Sim-
ilar to Ad4-specific neutralizing antibodies, we found that a greater
magnitude of H5-specific neutralizing antibodies were induced in
the groups receiving the vaccine via the URT (tonsillar: P < 0.001,
intranasal: P < 0.001) compared with the group receiving the vac-
cine capsule orally. There was no significant difference in H5-spe-
cific neutralizing antibody titers between the groups receiving the
vaccine via the intranasal or tonsillar route (P = 0.112; Figure 2B,
right). In addition, week-26 H5-specific neutralizing antibody titers
were comparable between Black and White vaccinees in the tonsillar
arm (P = 0.757) and between Black, White, and Asian vaccinees in
the intranasal arm (P > 0.05 for all comparisons; data not shown).
Neutralization titers remained significantly different between the
oral and tonsillar/intranasal arms (P = 0.047) and similar between

the tonsillar and intranasal arms (P = 0.717) when comparisons
were limited to White vaccinees. We observed the same trends in
comparisons of peak H5 neutralization titers. Overall, these find-
ings suggested that disparities in racial /ethnic composition among
the arms were unlikely to account for the increased neutralization
capacity induced by vaccines delivered to the URT. The frequencies
of H5-specific CD4" T cells showed a modest but significant correla-
tion with the peak serum neutralizing antibody titers (R = 0.36, P =
0.02) when all participants were grouped together (Figure 2C, left).
However, when participants were grouped by immunization routes,
this correlation appeared to be strongest in the tonsillar group (R =
0.69, P < 0.001). In contrast, the frequencies of H5-specific CD8* T
cells did not correlate with neutralization capacity (Figure 2C, right).
In summary, these results indicate that greater H5-specific T
cell and neutralizing antibody responses were induced with URT
administration. In addition, this vaccine platform appeared to be
a poor overall inducer of H5-specific T cell responses but induced
moderate levels of H5-specific antibody with considerable dura-
bility, probably through the induction of long-lived plasma cells.
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Clinical correlates of anti-H5-neutralizing antibody titers. One
potential advantage of replication-competent vaccine platforms is
that they can induce a higher or more durable immune response
by presenting antigens for a prolonged period of time. To inves-
tigate this, we assessed the correlation between the duration of
Ad4-H5-Vtn viral shedding and antigen-specific serum neutral-
ization titers. Although H5-specific neutralizing antibody titers at
week 8 were not significantly correlated with the duration of viral
shedding (P = 0.223; Figure 3A, left), they were modestly correlat-
ed at week 26 (R=0.48, P=0.004; Figure 3A, right). This suggest-
ed that prolonged viral shedding has an impact on the magnitude
or durability of the H5-specific antibody response but requires
time to manifest.

To assess the potential effect of preexisting immunity on Ad4-
H5-Vtn replication and shedding, we performed a correlation
analysis of pre-vaccination Ad4-specific antibody titers and the
duration of Ad4-H5-Vtn shedding. For this analysis, we pooled
data from baseline Ad4-seronegative participants with those that
were Ad4 seropositive in the exploratory arm. We found that pre-
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calculate P values. Red horizontal bars indicate median values.

existing Ad4-specific neutralizing antibody levels were modestly
negatively correlated with the duration of Ad4-H5-Vtn shedding
(R = -0.32, P = 0.027; Figure 3B, left). Regardless of baseline
serostatus, nearly all participants were able to be infected by URT
administration when receiving 10* vp or more. Only 7 partici-
pants were not infected via the URT, and they had baseline serum
neutralizing titers of 20, 20, 214, 257, 13,346, 11,113, and 10,815.
However, none of the participants with a baseline Ad4 neutral-
ization titer above 100 ID, shed the virus for more than 7 days.
Further, we noted a significant inverse correlation of the baseline
Ad4 neutralization titer and the week-26 response to H5 (R =-0.57
P < 0.001; Figure 3B, right). Taken together, these data suggested
that, although most participants were able to be infected via the
URT, preexisting immunity limited the period of virus shedding.
This limitation on replication of the virus likely affected the mag-
nitude of the immune response to H5.

Another advantage of replication-competent vaccine plat-
forms is that they can induce proinflammatory responses similar
to those of natural viral infection. These inflammatory respons-
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Figure 5. Neutralization antibody titers after a MIV prime/boost. (A) Immunization schedule. Ad4 (gray triangles), PanBlok (PB) (yellow triangle), and
MIV (green triangles) immunizations are shown. (B) Interval between each immunization. Black circles indicate the participants in group 1, and orange cir-
cles indicate the participants in group 2 (n = 3). Participants with less than a 4-fold increase in Ad4 neutralization titers after immunization were excluded.
(€) Longitudinal changes in the median H5 HA-specific neutralization antibody titers, shown as the median ID, in serum from participants in group 1(n
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immunization are shown as disconnected lines between time points. (D) Post-vaccination MIV prime/boost H5 HA-specific neutralizing antibody titers

in serum from participants group 1 (black, n = 8) group 2 (orange, n = 3), and group 3 (blue, n = 10) were measured by the PVEI assay. The time points for
before and 8 weeks after Ad4 priming (intranasal and tonsillar groups combined are shown in gray; n = 36) are also included for comparison. The same
exclusion criteria as in B were applied. Two-sample t tests were used to calculate P values. Red horizontal bars indicate median values. (E) Post-vaccina-
tion MIV prime/boost H5 HA-specific neutralizing antibody titers in serum were measured by MN and HAI assays (group 1, n = 8; group 2, n = 3; group 3, n =
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procedure, and a fixed P value significance threshold was set at 0.05.

es may be manifested in vaccine-related symptoms. Thus, we  clinical feature of acute adenovirus infection and a temporal
assessed the incidence of related respiratory symptoms and fever ~ association of 2 to 14 days between vaccine administration and
against induction of H5-specific neutralization antibody respons- ~ AE occurrence. Overall, this vaccine was associated with low-
es. Attribution of possible, probable, or definite relatedness of  grade (<2) upper respiratory symptoms (Table 1), which occurred
AEs to vaccination was based on characteristics of being a known  in more participants in the intranasal arm relative to the oral arm
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(P = 0.003). There was also a trend toward higher numbers of
total AEs in the intranasal arm compared with the tonsillar arm
(P=0.082), which achieved statistical significance for nasal con-
gestion (P = 0.004) and oropharyngeal pain (P = 0.039; Table
1). Fever duration significantly correlated with peak H5-specific
neutralizing antibody activity after vaccination (weeks 8-52, R =
0.44, P < 0.001; Figure 3C, left). The total number of related AEs
and their duration (number of days) were weakly, but significant-
ly, correlated with peak H5-specific neutralizing antibody titers
after vaccination (R = 0.31, P = 0.021 and R = 0.32, P = 0.016,
respectively; Figure 3C, middle and right). Since nasal congestion
and oropharyngeal pain were found to occur more frequently in
the participants who received the vaccine intranasally, the fre-
quency and duration of these AEs were also correlated with neu-
tralizing activity. Weak but significant correlations were found
between peak H5-specific neutralizing activity after vaccination
and the number of nasal congestion events and their duration
(R =0.27, P = 0.044 and R = 0.27, P = 0.046, respectively) and
the number of oropharyngeal pain events and their duration (R
= 0.32, P =0.017 and R = 0.35, P = 0.009, respectively; Supple-
mental Figure 3C). These results suggested that manifestations of
significant symptoms in Ad4-H5-Vtn vaccine recipients, although
not required, were associated with a more potent neutralizing
antibody response to H5 HA.

In order to determine whether these AEs were associated
with proinflammatory cytokine levels that had been induced by
vaccination, the SOMAscan assay was used to measure the lev-
els of IL-1a, IL-1B, IL-6, TNF-a, and TNF-f in serum post immu-
nization. Although there were increases in TNF-f in the serum
of 2 participants with fever, this did not achieve statistical signif-
icance compared with those without fever. Overall, there were no
significant differences in these cytokine levels when compared
between participants with or without AEs (Supplemental Figure
4A) and between those with or without fever (Supplemental Fig-
ure 4B). These results indicated that this vaccine strategy induced
detectable levels of proinflammatory cytokines, but these were
not extremely high overall, nor were they enriched in those who
experienced AEs.

One additional concern for respiratory virus vaccines is the
potential to induce vaccine-associated enhanced disease (VAED)
observed upon subsequent infection with the target virus (11).
During the development of inactivated measles and respirato-
ry syncytial virus (RSV) vaccines, VAED caused severe disease
and even death in some immunized children upon natural infec-
tion (12). Based on animal models, this phenomenon is thought
to be caused by the combination of induction of a skewed T cell
response and a nonprotective CD8* T cell and humoral response.
Upon infection, there is an exaggerated CD4* T cell response, pri-
marily Th2 in some experimental animals, in the face of an excess
of antigen caused by the nonprotective immune response. For
this reason, the measurement of Thl- and Th2-related cytokines
following vaccination is of interest. In an analysis of serum cyto-
kines by the SOMAscan assay, we observed a skewing toward a
Th1 response with a detectable rise in IFN-y and IL-2. We noted a
concomitant drop in the Th2 cytokines IL-4, IL-5, IL-10, and IL-13.
Thus, immunization with this replicating vector was temporally
associated with a distinct Th1 cytokine response.
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Induction of H5 HA-specific antibodies at mucosal sites. The
induction of neutralizing antibodies at mucosal sites, especial-
ly in the URT, may contribute to protection against respiratory
pathogens (13). To assess the induction of H5-specific IgG and
IgA at mucosal sites over time, nasal and rectal swabs and cervical
secretions from vaccinees were examined at various time points.
We detected a significant increase in H5-specific IgG and IgA in
nasal and rectal swabs after vaccination (post-baseline average;
nasal IgG: P < 0.001, nasal IgA: P = 0.029, rectal IgG: P = 0.001,
rectal IgA: P = 0.011; Figure 4A). Although we did not detect an
increase of H5-specific IgA in cervical secretions over time after
vaccination in the small numbers of female participants (P =
0.258), we observed a trend toward an increase in H5-specific IgG
(P =0.079). The high baseline H5-specific IgG and IgA is consis-
tent with published results and may represent background caused
by nonspecific binding to H5 HA, or binding of cross-reactive
anti-HA stem antibodies induced by previous exposure to other
strains of influenza virus. To determine whether the existence of
baseline Ad4-neutralizing antibody activity in serum could poten-
tially affect vaccine-induced H5-specific antibody levels at muco-
sal sites, we made comparisons of H5-specific binding antibody
titers in mucosa between participants with or without baseline
Ad4-neutralizing antibody activity. We found no significant dif-
ference in vaccine-induced H5-specific IgG and IgA between the
groups with or without baseline Ad4-neutralizing antibody activ-
ity at any of the time points (Supplemental Figure 6). Altogether,
these results indicated that Ad4-H5-Vtn was capable of inducing
H5-specific IgG and IgA antibodies at mucosal sites.

Use of the soft cervical cup permitted a direct quantitative mea-
surement of the concentration of H5-specific antibody in cervical
mucosal secretions, without the use of swabs or dilution common to
other techniques. Nasal wash, swab, or wick procedures are thought
to be only semiquantitative and subject to discrepancies in the
amount of secretions and recovery of lavage fluid . Although influen-
za virus infection does not occur by the genital route, understanding
the relative amounts of virus-specific antibodies in secretions is of
interest for the use of this platform as a vaccine for viruses that may
be spread via sexual transmission. To assess the degree of H5-spe-
cific antibody induction at mucosal sites relative to serum, we mea-
sured the levels of serum H5-specific IgG in vaccinees 4 weeks after
vaccination by the same technique. H5-specific IgG was more abun-
dant in serum compared with cervical secretions (P < 0.001; Figure
4B, left). The median fold difference between H5-specific antibod-
ies in serum and cervical secretions 4 weeks after immunization
was 34, ranging from 5 to 450. This result indicated that H5-specif-
ic antibodies were less abundant in mucosal secretions compared
with serum, and there was a large splay in the amount of IgG in the
mucosa relative to serum among vaccinees (Figure 4B, right). In
summary, the above results indicated that single-dose URT immu-
nization with Ad4-H5-Vtn could induce H5-specific IgG and IgA at
distal mucosal sites.

Ad4-H5-Vtn as a priming vaccine. The degree to which the
neutralizing antibody responses observed here might translate
to protection against infection is unclear. Although a single-dose
URT administration of Ad4-H5-Vtn induced a durable H5-specific
serum neutralizing antibody response, it was possible that this
response was not sufficiently protective and would require boost-
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ing with another modality to observe stronger responses. In prior
work, it has been observed that following vaccination with repli-
cating or nonreplicating vectors, increases in serum neutralizing
antibodies can be induced with a protein vaccine boost (14-16).
To examine this possibility, the participants who had received
Ad4-H5-Vtn were divided into 2 groups: group 1 was boosted with
monovalent pandemic recombinant HA influenza virus vaccine
(PanBlok, Sanofi Pasteur) and group 2 was not. Participants in
both groups then received a boost with the inactivated monova-
lent influenza virus vaccine (MIV) H5N1(A/Vietnam/1203/2004)
(Sanofi Pasteur). In addition, a group of participants not previous-
ly immunized with H5 antigen were recruited to serve as controls
and received a single dose of MIV (group 3). A schematic of the
immunization schedule (Figure 5A) and the interval between
each vaccination (Figure 5B) are shown. Longitudinal changes
in the median serum H5-specific neutralizing antibody titers in
each group were assessed after each immunization time point by
PVEI assay. Of note, we detected little change in the neutraliza-
tion titers in participants from the peak value 3 to 5 years earlier,
indicating that the response to Ad4-H5-Vtn was very durable. The
serum Hb5-specific neutralizing antibody titers increased after
each immunization with PanBlok or MIV (Figure 5C). The serum
from the control group (group 3) showed a significant increase
in H5-specific neutralizing antibody titers, peaking at 4 weeks
(median ID, = 939) and maintaining a modest level 8 weeks after
immunization (median ID_, = 424; Figure 5, C and D). The Ad4-
primed groups (groups 1 and 2) showed increases in neutralization
potency, peaking at 4 weeks (median ID, = 5197) and maintain-
ing a similar level 8 weeks (median ID_, = 1852) after immuni-
zation. Neutralizing antibody titers were significantly higher in
the Ad4-primed groups compared with the control group at both
4 weeks (ID,;: P < 0.001) and 8 weeks (ID,: P < 0.001) after
immunization. Note that the background neutralization at week
0 for the control group (median ID, = 120) was potentially due
to cross-reactive antibodies induced by previous exposure to other
strains of influenza, whereas H5 neutralization in the Ad4-primed
group (median ID, = 1449) may have been from the combination
of H5-specific neutralization induced by immunization and/or
antibodies induced by previous infection. The baseline levels of
neutralization potencies prior to boosting were statistically differ-
ent between the control and Ad4-primed groups by a median of
12-fold (ID,: P < 0.001). Although there was no statistically sig-
nificant difference in peak H5-specific neutralizing antibody titers
8 weeks after Ad4 priming, at the same time point from the MIV-
primed control group, the difference was significant against the
MIV-boosted groups (ID,: P < 0.001; Figure 5D).

It is thought that the use of the PVEI potentially yields higher
neutralization values than plaque reduction assays such as micro-
neutralization (MN) or HA inhibition (HAI) assays, although results
from these 3 assays tend to correlate (17). To better understand the
potency of serum antibodies in other assays, we conducted MN
and HAI assays on these sera. In the MN assay, neutralizing activ-
ity in sera from the control group was detectable at both 4 weeks
(median MN titer = 20) and 8 weeks (median MN titer = 30) after
immunization. The MN assay showed a similar pattern of increased
neutralization potency in sera from the Ad4-primed group that
peaked at 4 weeks (median MN titer = 640) and was maintained at
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similar levels at 8 weeks (median MN titer = 320). The difference
in neutralization potency between the control group and the Ad4-
primed group was significant at both 4 (P<0.001) and 8 (P< 0.001)
weeks after immunization, similar to the magnitude observed in
the PVEI assay (Figure 5E, left). Based on the HAI assay, most of
the serum from vaccinees in the control group showed no neu-
tralization against H5N1 at baseline or following immunization,
except for serum from 1 participant, who had a moderate HAI titer
4 (HALI titer = 40) and 8 (HAI titer = 20) weeks after vaccination.
Sera from the Ad4-primed group showed increased neutralization
activity, peaking by week 4 after vaccination (median HAI titer =
80), and the majority of individuals maintained an HAI titer above
50 (median HAI titer = 80) at the 8-week post-immunization point.
The difference in neutralization potency between the control
group and the Ad4-primed group was significant both 4 weeks (P <
0.001) and 8 weeks (P < 0.001) weeks after immunization (Figure
5E, right). There was no notable difference in neutralizing antibody
titers between the Ad4-primed group boosted with the inactivated
MIV alone and the group boosted with a combination of the MIV
and the monovalent pandemic recombinant HA influenza virus
vaccine, as measured by all 3 neutralization assays. In summary,
these results suggested that Ad4-H5-Vtn can serve as an effective
priming agent in combination with commercially available H5 vac-
cines. This combination induced more potent serum neutralizing
antibodies compared with the MIV alone. In addition, although not
directly assessed here, the response was much more durable com-
pared with the response to the MIV alone, according to previously
published results (18).

Discussion

The results of this study demonstrate the utility of the replicating
Ad4 platform and provide some indications regarding the mecha-
nisms by which Ad4 might induce a durable neutralizing antibody
response. Replicating Ad4-H5-Vtn, when applied to the URT,
induced a higher and more durable level of neutralizing antibod-
ies compared with the orally administered vaccine. The contri-
bution of prolonged replication or inflammation to the response
is underscored by the association we observed between the last
day of viral shedding or AEs and response magnitude. The vaccine
was also able to dramatically increase responses to the licensed
H5-MIV vaccine and induce mucosal immunity at multiple sites.
Taken together with the previously observed stimulation of pro-
longed evolution of the B cell response following vaccination, the
Ad4 platform shows considerable promise for use in vaccine regi-
mens designed to stimulate B cell responses to viral surface glyco-
proteins. The prolonged expression of viral proteins by a replicat-
ing vector demonstrated here represents a favorable characteristic
and an area of intense current interest. Prolonged exposure to
antigen is thought to provide a response of higher magnitude and
durability through the retention of antigen on lymph node DCs by
immune complexes. In a recent study, delivery of HIV Env trimers
by an osmotic pump stimulated higher levels of neutralizing anti-
bodies in macaques compared with the same dose delivered by
bolus (3). In our study, there was an association between the dura-
tion of replication and the magnitude of the antibody response
to H5 that was likely related in part to the very large total antigen
dose delivered by a replicating vector. This feature, coupled with
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the ability to present viral glycoproteins at high valency, makes the
use of replicating vectors attractive vaccine platforms, particularly
for difficult targets such as the HA stem or the HIV Env.

In addition to the duration of replication, another contributor
to immunogenicity was inflammation. We observed a modest cor-
relation between the number of reported AEs and the magnitude
of the H5-specific neutralizing antibody response. The severity
of these was modest, which is consistent with a mild respiratory
infection in those who experienced symptoms, and is in the same
range of incidence and severity as many replicating and nonrep-
licating vaccines that are licensed or in development (19, 20).
The association between inflammation and the magnitude of the
immune response also probably contributes to the extraordinary
durability of the neutralizing antibody and the efficacy observed
following most live virus vaccines (21). High levels of efficacy can
also be induced by protein vaccines when combined with newer,
highly potent adjuvants. One such example is the Shingrix recom-
binant glycoprotein E vaccine adjuvanted with ASO1b that caus-
es systemic symptoms in most vaccinees but is also greater than
90% effective at preventing shingles (22, 23). More modest levels
of inflammation may be associated with efficacy in cases where
the goal is to prevent viremic spread, such as with the inactivat-
ed polio vaccine or the hepatitis A vaccine, or where the targeted
virus is directly accessed by high levels of serum IgG at the nidus
of infection, such as with the human papillomavirus.

In efforts to protect against respiratory pathogens, there are
potential concerns regarding the induction of pulmonary inflam-
mation, primarily found in 2 contexts. The first is the direct induc-
tion of pulmonary inflammation by the vaccine virus. The immune
response is downmodulated by some E3 proteins, such as p19K,
which interferes with MHC class I-restricted antigen presenta-
tion, or by the receptor internalization and degradation complex,
which interferes with FAS- or TRAIL-mediated apoptosis of infect-
ed cells (24). The Ad4-H5-Vtn used in the current study retains
these genes, but others with unknown functions are deleted (25).
Although E3-deleted mutants of Ad5 may cause some increases
in pulmonary pathology in cotton rats, this was not observed in
recombinants when the same viruses contained an insert in the
Ad4 E3 region (26, 27). We did not observe clinical evidence of
severe pulmonary inflammation or pneumonia in the current tri-
al. The second concern is the VAED observed upon subsequent
infection with the target virus (11, 12). In the present study, we
observed a balanced CD4*and CD8* T cell response to H5 HA and
a signature in serum proteomics consistent with a Thl response.
The drop in Th2 cytokines was further evidence of the skewing
toward the more desirable Thl response, given that these cytokine
subsets are counter-regulated. These observations are made with
the caveat that the Th2 skew associated with enhanced pathology
in experimental animals may be a product of the BALB/c strain of
mice in which it was originally described and might occur in the
absence of Th2 skewing (11). However, enhanced pathology or
enhanced disease has not typically been associated with live virus
vaccinations in experimental animals or humans, respectively (12,
28, 29). It should also be noted that, following a protein boost, we
observed a neutralizing antibody response associated with protec-
tion that, in addition to the CD8* T cell response, would further
mitigate VAED concerns.
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The induction of a mucosal immune response that we
observed is potentially a particularly attractive attribute of the
intranasal Ad4 platform for respiratory viral pathogens. We
observed the induction of H5-specific IgG and IgA at each of the
mucosal surfaces that were sampled. Although we did not pursue
lung biopsies in this study, this immune response was also prob-
ably accompanied by the induction of resident memory H5-spe-
cific T cells and B cells. These responses may play an important
role in the protective efficacy of this platform. There are numer-
ous examples of failure to protect against mucosal viral infections
using parenterally administered nonreplicating vaccines, among
which RSV, parainfluenza virus type 3 (PIV-3), Ad4, rotavirus, and
measles vaccines are examples. The reasons for these failures lie,
in part, in the difficulty in protecting mucosal surfaces expressing
viral receptors on their apical surface; skewed, short-lived T and
B cell immune responses generated by inactivated vaccines; and
the 50- to 1000-fold lower levels of antibodies on these surfac-
es compared with serum. The use of a cervical cup in this study
permitted a direct examination of the level of H5-specific antibod-
ies in the cervical fluid without the dilution or absorbance onto a
swab that limits quantitative analysis by other approaches. In this
analysis, we observed a very wide distribution of ratios, but with a
median 50-fold lower level of antibodies in the cervical fluid com-
pared with levels in serum. In experimental animals, it takes up
to 100-fold more passively transferred antibodies to protect the
URT compared with the lower respiratory tract (30). The lower
level of virus-specific IgG at mucosal sites is also potentially con-
sistent with the lower levels in cervical secretions reported in a
prior study of HPV vaccination (31). One striking example of the
potential for mucosal immunity to contribute to sterilizing immu-
nity is the live-attenuated oral polio vaccine. Upon live vaccine
virus challenge, there is sterilizing immunity induced by prior oral
polio vaccination, whereas this is not the case for the parenterally
administered inactivated vaccine, despite the induction of high
levels of serum antibodies (32). It is believed that this induction
of sterilizing immunity was a critical attribute of the oral polio
vaccine that made it particularly effective in limiting wild-type
poliovirus shedding and interrupting its transmission. A similar
impact on sterilizing immunity in the URT was recently observed
in preclinical work on a SARS-CoV-2 vaccine. In ferrets, intra-
muscular or mucosal immunization with a replication-defective
Ad5-spike recombinant induced similar levels of spike-specific
antibodies in the serum, yet only mucosal immunization induced
sterilizing protection of the URT (33). A similar advantage of
intranasal administration over intramuscular administration in
inducing mucosal immunity and sterilizing protection of the URT
has recently been observed using lentiviral- or chimp adenoviral-
spike recombinants in mouse models permissive to SARS-CoV-2
infection (34-36). Of note, local specific IgA has been observed to
be highly associated with terminating viral shedding after chal-
lenge with coronavirus 229E (37).

There are several important caveats to the immunogenici-
ty of replicating Ad4-H5-Vtn. The first of these is that the degree
to which the neutralizing antibody responses observed here will
afford protection is unclear. Although the median H5-specific neu-
tralizing antibody titer was 1:1000 even several years after vaccina-
tion, it was lower in the MN assay. For HIN1, H2N2, and B viruses,
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an HAT titer above 1:40 has been associated with protectionin 50%
of vaccinees for some influenza virus strains (38). Although HAI
has been observed to be somewhat insensitive for detecting anti-
bodies against H5 in humans (39), nearly all participants had HAI
titers above the 1:40 level when Ad4-H5-Vtn-primed participants
were boosted with protein. Nonetheless, depending on the assay
used, the serum neutralizing antibody responses to the licensed
vaccine were higher by 1 to 2 logs when preceded by Ad4-H5-Vtn
priming. The second caveat to the usefulness of Ad4-H5-Vtn as
tested is the diminished response to H5 HA in some participants
with preexisting antibodies against Ad4. In this study, we enrolled
Ad4-seronegative participants primarily to understand the max-
imum immunogenicity of the platform. Seropositive participants
were enrolled in a separate exploratory arm. This stratification may
not be necessary in future studies, and the primary outcome can
be focused on the response to the transgene-encoded protein. We
were able to infect all participants with the exception of those with
the very highest levels of neutralizing antibodies. This is consistent
with some prior observations, in which study participants were able
to be experimentally reinfected intranasally only weeks to months
after a primary infection with Ad4, Ad7, RSV, or coronavirus 229E
(40, 41). Indeed, one of the strengths of using the URT as a route of
administration is that preexisting immunity is relatively inefficient
at protecting the URT (30). Although, most participants who were
Ad4 seropositive at baseline developed a response to the H5 trans-
gene, the highest responses were only found in those who were
seronegative. This suggests that further circumventing preexisting
immunity by the use of other adenovirus serotypes or chimeric Ad4
viruses might be advantageous to the use of this platform. The sero-
prevalence of antibodies against Ad4 increases with age and may
be very low to absent in children 15 years of age or younger (42).
The overall immunogenicity of Ad4 recombinants in children may
therefore be higher than that reported here. These results also con-
firmed the results of a prior study demonstrating that this Ad4-H5-
Vtn vaccine platform is only modestly immunogenic when admin-
istered orally (8). This modest immunogenicity is consistent with
our more recent study involving 30 participants who received Ad4-
HIV-Env or -Gag. The wild-type Ad4 and Ad7 oral vaccines given
in the military induce a durable neutralizing antibody response
and have a protective efficacy against acute respiratory disease of
99% (43). However, the military example differs from that in the
present study in terms of the lack of E3 deletions, the lack of trans-
gene insertions, and the expression of multiple viral determinants
that stimulate humoral and cellular immunity against the targeted
Ad4 and Ad7 viruses. Although we observed low responses to H5
in recipients of the oral vaccine, this should not be interpreted as
a complete lack of priming by this vaccine. In one recent study, a
large increase in H5 antibody responses was observed after admin-
istration of an MIV boost following Ad4-H5-Vtn vaccination (14).
This was true even among those who did not seroconvert to H5
after receiving oral Ad4-H5-Vtn. It remains possible that in par-
ticipants whose preexisting immunity may have limited the initial
response to URT-administered Ad4-H5-Vtn, the primed response
could be similarly boosted. Although orally administered Ad4
recombinants are unlikely to be sufficiently immunogenic as a
standalone vaccine, they will likely still have utility when combined
with other immunogens in a prime-boost regimen.
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One additional consideration regarding the use of replica-
tion-competent Ad4-H5-Vtn is the possibility of transmission of the
vaccine virus. This may be of particular concern if the virus were
transmitted to persons who are immune compromised with regard
to virus-specific immunity. Although transmission to household
and intimate contacts was not observed here, the numbers of par-
ticipants are small. There are several factors that may have contrib-
uted to the lack of transmission observed. First, respiratory infec-
tion with the wild-type Ad4 is thought to require close contact such
as that experienced in military barracks. Second, the possibility of
transmission was further mitigated by the counseling to avoid inti-
mate contact for 28 days after vaccination. Last, the virus used in
the current study was attenuated, likely decreasing the amount and
duration of virus shedding compared with the wild-type virus and
therefore decreasing the possibility of transmission. Although viral
DNA was detected for a much longer period, infectious virus was
shed at a low level in only one-third of participants for a median of
1day. In the end, should this platform prove to be more effective in
preventing respiratory viral infections than parenteral nonreplicat-
ing vectors, the possibility of transmission of the vaccine virus may
need to be balanced against the risk of acquisition and transmission
of the more pathogenic target virus, where the level and window of
shedding are less well known. Although we have not observed trans-
mission in subsequent trials of Ad4-HIV recombinants, the frequen-
cy of transmission to household or intimate contacts is a feature of
this vaccine platform that should be monitored in the future.

Taken together, the results of the present study demonstrate
the utility of the replicating recombinant Ad4 platform in stimu-
lating a humoral immune response to the transgene as well as the
importance of replication in the magnitude and durability of that
response. One particular advantage of the platform is the ability of
areplicating vector to deliver a large amount of antigen with a very
small inoculum. Ad4 recombinants commonly replicate to 10" to
10" vp/mL. Given that the infectious dose we observed was 10*
vp or 1 to 10 infectious units, millions to tens of millions of doses
could be produced from relatively small lots. This is a particular
advantage for a rapid response to outbreaks such as the current
SARS-CoV-2 pandemic. Rather than in vitro production in facto-
ries of vast amounts of antigen necessary to immunize large pop-
ulations, replicating vectors permit this to be accomplished in the
vaccinee, in the appropriate conformation and glycosylation state,
without the need for characterization and coproduction of adju-
vants. Given the results provided here, advantages such as these
provide a strong rationale for the use of the Ad4 platform for H5
influenza viruses — and potentially for other viruses.

Methods
Study design. Healthy volunteers were enrolled at the NTH under 1 of 2
phase I, single-center, dose-escalation studies. The first clinical pro-
tocol (https://clinicaltrials.gov/ct2/show/NCT01443936) recruited
subjects for immunization via the oral or tonsillar routes. Intranasal
administration was investigated in the second protocol (https://clini-
caltrials.gov/ct2/show/NCT01806909).

Individuals meeting the inclusion criteria were screened up to
8 weeks prior to vaccination. Racial and ethnic classifications were
recorded at screening from participant self-reporting. The vaccine
recipients were selected on the basis of the following criteria: healthy
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men and nonpregnant women, between the ages of 18 and 40 years,
with an Ad4 antibody titer ID,; below 100 (Supplemental Figure 1).
Ad4-H5-Vtn recombinant vaccine produced by Emergent Biosolutions
Inc. is a replication-competent, Ad4-based vaccine carrying a full-
length HA gene from influenza A H5N1virus (A/Vietnam/1194,/2004).
Participants in the oral arm of the study received 10'° vp of Ad4-H5-Vtn
in an enteric-coated capsule (1 = 10). The other participants were vac-
cinated during the dose-escalation phase, receiving from 10 to 10 vp
of Ad4-H5-Vtn, either applied on the tonsils with a cotton swab (1 = 25)
or sprayed intranasally using an Accuspray device (BD Biosciences) (n
= 28). One subject in the tonsillar arm and 2 subjects in the intranasal
arm who did not seroconvert after low-dose (10°-10* vp) vaccination
were revaccinated at a higher dose (10’-10° vp). An additional 9 par-
ticipants who were Ad4 seropositive at screening were dosed by the
tonsillar (n = 4) or intranasal (n = 5) routes in parallel exploratory arms.
Only 1 participant in the 108 vp dose group in the tonsillar arm was lost
to follow-up after day 21 and was excluded from analysis. There were
no major protocol deviations. In an expansion H5N1 boost phase, all
vaccinees from the initial phase were offered re-enrollment to receive
a booster vaccination with a licensed H5N1 inactivated monovalent
influenza vaccine. The inactivated monovalent influenza virus vaccine
H5N1(A/Vietnam/1203/2004) and the monovalent pandemic recom-
binant HA influenza vaccine (PanBlok) were produced and provided by
Sanofi Pasteur Inc. An additional 5 individuals who had never received
an H5 influenza vaccine were enrolled as controls.

Detection of viral shedding. Viral DNA was extracted from nasal,
rectal, or throat swabs using the KingFisher Flex Purification Sys-
tem (Thermo Fisher Scientific). Standards were created by diluting
aliquots of Ad4-H5-Vtn vaccine quantified by HPLC. qPCR was per-
formed using the QuantStudio 3 System (Thermo Fisher Scientific)
to measure the levels of viral DNA in nasal, rectal, or throat swabs as
previously described (25). DNA extract (6.25 uL) was combined with
TagMan Fast Advanced Master Mix (Thermo Fisher Scientific). The
reaction conditions were as follows: one 20 second period at 95°C, fol-
lowed by 40 cycles of 1 second at 95°C and 20 seconds at 60°C. The
H5-Vtn insert was amplified using the following primer and probe
sets: forward primer 5-CAGCTTGTGCACGGTGCTAA-3', reverse
primer 5-TGCAAAAAGAAGCACTATTTTCTC C-3, and probe
5'-/56-FAM/CGCGATCGTGTGCCTGAGCATTC/36-TAMSp/-3'.
Replication-competent virus in nasal swab elutants was measured by
an ELISA with the AdEasy Viral Titer Kit (Agilent Technologies).

T cell responses. Intracellular cytokine assays were used to enu-
merate H5-specific T cells in PBMC samples from vaccine recipi-
ents obtained before vaccination and at week 4 after vaccination, as
described previously (44). Briefly, thawed PBMCs were cultured over-
night prior to stimulation with medium alone, phorbol myristate ace-
tate (6.5 nM; Calbiochem) plus ionomycin (0.2 uM; MilliporeSigma),
or a 93-peptide array of mostly 17 mers with 11 amino acid overlaps
spanning the HA protein of the A/Vietnam/1203/2004 (H5N1) strain
of influenza virus (BEI Resources, ref. 44)

PVEIL, MN, and HAI assays. HA-pseudotyped lentiviruses were
generated as previously described (45). Ad4-neutralizing antibod-
ies were measured using a luciferase-based Ad4 virus as previously
described (9). In the PVEI assay, H5-specific neutralizing antibodies
were measured using a pseudotyped lentivirus luciferase-based assay
as previously described (9). MN and HAI assays were performed as
previously described (9).
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SOMAscan assay and proteomics data analysis. Proteomics profiles
were characterized using the SOMAscan Assay 1.3k (SomaLogic).
The basis of the SOMAscan is built on the use of a new generation of
protein-capture slow off-rate modified aptamer (SOMAmer) reagents
(46). The assay consists of 1305 SOMAmer reagents selected against
avariety of human proteins that belong to broad biological subgroups.
Runs in the 1.3k Assay were performed semiautomatically with a Tec-
an Freedom Evo 200 High-Throughput System. Quality control and
calibrators are pooled samples composed of the same matrix as the
biological samples being measured in the plate. Following standard
data normalization procedures (47), raw data were first transformed
by hybridization control normalization, which utilizes 12 spike-in
SOMAmer controls to remove well-to-well variance in the hybridiza-
tion process, and then data were normalized across plates using cal-
ibrator samples, followed by median signal normalization to remove
intraplate variance due to sample-to-sample differences in loading
volume, leaks, washing conditions, etc. An interactive Shiny web tool
(48) was used during the quality control process at every step of the
data normalization process.

Detection of H5-specific antibodies in serum and mucosal secretions.
Nasal and rectal sponge wicks were transferred to SPIN-X columns
with no filter (MilliporeSigma) and then soaked with 300 uL elution
buffer (PBS, 0.25% BSA, with cOmplete Mini EDTA-free Protease
Inhibitor [Roche Diagnostics]) for 10 minutes. Tubes were then spun at
19,000¢ for 5 minutes. Flow-through was transferred to a new SPIN-X
column with a 0.22 pm filter (MilliporeSigma) and spun at 21,130g for
20 minutes. Cervical cups were thawed on ice and then spun at 400g
at 4°C for 20 minutes. Flow-through was diluted 1:1 by volume with
elution buffer. A/Vietnam/1203/2004 H5 HA protein (eEnzyme)
was coupled prior to the experiment to Bio-Plex Pro Magnetic COOH
Beads (Bio-Rad) according to the manufacturer instructions. Samples
were run on the Bio-Plex 200 System according to the manufacturer’s
instructions. Briefly, for the measurement of H5-specific IgG and IgA,
A/Vietnam/1203/2004 H5 HA protein, and 1626 H5 HA-coupled
beads were incubated with a 50 pL sample diluted in sample diluent
on a shaker (900 rpm) for 1 hour. The beads were washed 3 times
using the automated plate washer EL x 405 Select CW (BioTek) and
then incubated with 25 pL biotinylated secondary anti-human IgG or
IgA antibody in diluent buffer on a shaker (900 rpm) for 30 minutes.
The beads were washed again and then incubated with 50 pL phyco-
erythrin-conjugated (PE-conjugated) streptavidin on a shaker (900
rpm) for 1 hour. The beads were washed again and then incubated with
125 pL assay buffer on a shaker for 30 seconds. Anti-H5 HA monoclo-
nal IgG or IgA antibodies with a known concentration were used as
standards. For the measurement of total IgG and IgA, the Bio-Plex Pro
Human Isotyping Assay Kit (Bio-Rad) was used to run a 6-plex assay.
The proportions of H5-specific IgG, and IgA were calculated from the
results of the H5-specific single-plex and total Ig 6-plex assays.

Statistics. For comparisons of 2 groups, we used the 2-sample ¢
test assuming unequal variances. When comparing 2 groups with each
other, where each sample from 1 group could be paired with another
sample from the second group, we used the paired ¢ test. For compar-
isons of 2 groups, where individuals had longitudinal measurements
(e.g., comparison of Ad4 neutralization titers between oral versus
tonsillar groups, Figure 2B), to account for correlations over time for
each individual, we used generalized estimating equations with an
autoregressive correlation structure; week O measurements were not
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included. When comparing AE percentages, the Fisher’s exact test was
performed. All tests were 2 sided. All analyses were conducted in R
or GraphPad Prism (GraphPad Software). For multiple-comparison
analyses, the Benjamini-Hochberg procedure was used to estimate the
FDR rate at a fixed P value significance threshold of 0.05 for each set
of tests (49). For the SOMAscan data, relative abundances for selected
target proteins were compared for different subject groups and time
points using Wilcoxon-Mann-Whitney U (signed-rank) tests after nor-
malization. The analysis was implemented using custom scripts in R
(version 4.0.2).

Study approval. Ad4-H5-Vtn vaccine recipients were enrolled at
the NIH under a clinical protocol approved by the IRB of the NIAID
(ClinicalTrials.gov NCT01443936). All vaccine recipients and their
household contacts provided written informed consent in accordance
with the Declaration of Helsinki.
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