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Abstract
Background—Live attenuated influenza vaccines (LAIV) are being developed and tested against
a variety of influenza viruses with pandemic potential. We describe the results of an open label Phase
I trial of a live attenuated H7N3 virus vaccine.

Methods and Findings—The H7N3 BC 2004/AA ca virus is a live attenuated, cold-adapted,
temperature-sensitive influenza virus derived by reverse genetics from the wild-type low
pathogenicity avian influenza virus A/chicken/British Columbia/CN-6/2004 (H7N3) and the A/AA/
6/60 ca (H2N2) virus that is the Master Donor Virus of the live, intranasal seasonal influenza vaccine.
We evaluated the safety, infectivity, and immunogenicity of two doses of 107.5 TCID50 of the vaccine
administered by nasal spray 5 weeks apart to normal healthy seronegative adult volunteers in an
inpatient isolation unit. The subjects were followed for 2 months after 1 dose of vaccine or for 4
weeks after the second dose.

Twenty-one subjects received the first dose of the vaccine, and 17 subjects received two doses. The
vaccine was generally well tolerated. No serious adverse events occurred during the trial. The vaccine
was highly restricted in replication: 6 (29%) subjects had virus recoverable by culture or by rRT-
PCR after the first dose. Replication of vaccine virus was not detected following the second dose.
Despite the restricted replication of the vaccine, 90% of the subjects developed an antibody response
as measured by any assay: 62% by hemagglutination inhibition assay, 48% by microneutralization
assay, 48% by ELISA for H7 HA-specific serum IgG or 71% by ELISA for H7 HA-specific serum
IgA, after either one or two doses. Following the first dose, vaccine-specific IgG secreting cells as
measured by ELISPOT increased from a mean of 0.1 to 41.6/106 PBMCs; vaccine specific IgA
secreting cells increased from 2 to 16.4/106 PBMCs. The antibody secreting cell response after the
second dose was less vigorous, which is consistent with the observed low replication of vaccine virus
after the second dose and consequent lower antigenic stimulation.

Corresponding author: Kawsar Talaat, 624 N. Broadway, Hampton House Rm 249, Baltimore, MD 21205, Phone: 410-502-9627, Fax:
410-502-6869, ktalaat@jhsph.edu.
*Drs. Talaat and Karron contributed equally to this work
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Vaccine. Author manuscript; available in PMC 2010 June 8.

Published in final edited form as:
Vaccine. 2009 June 8; 27(28): 3744–3753. doi:10.1016/j.vaccine.2009.03.082.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusion—The live attenuated H7N3 vaccine was generally well tolerated but was highly
restricted in replication in healthy seronegative adults. Despite the restricted replication, the vaccine
was immunogenic, with serum IgA being the most sensitive measure of immunogenicity. Further
development of this vaccine is warranted. (ClinicalTrials.gov Identifier: NCT00516035)
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INTRODUCTION
In addition to yearly outbreaks and epidemics, influenza A viruses cause periodic pandemics,
in which viruses containing novel hemagglutinins (HAs) are introduced into susceptible human
populations. In the last century, pandemics caused by H1N1, H2N2 and H3N2 influenza viruses
each took a considerable toll on human life, with the greatest mortality associated with the
1918 H1N1 pandemic [1]. Novel HAs are introduced into the human population from the
reservoir of avian influenza (AI) viruses in waterfowl and shorebirds. The increasing incidence
of human infections with AI strains has made developing vaccines against AI viruses a global
public health priority to prepare for the next pandemic.

Although considerable attention has been focused on influenza A H5N1 viruses, the identity
of the next pandemic influenza virus cannot be predicted. Of the remaining AI virus subtypes,
H7 viruses currently pose a significant threat. Like H5 AI viruses, H7 viruses transmitted from
wild birds to poultry can acquire the ability to become highly pathogenic [2,3].

H7 influenza viruses have been known to cause sporadic cases of human infection for many
years. In 1959, fowl plague virus (H7 influenza) was isolated from the blood of an American
man with an extensive travel history, although he remained seronegative [4,5]. From that time
until 2003, rare cases of H7 infection were reported [6–10]. Most of these individuals had
conjunctivitis or were asymptomatic but had contact with H7-infected poultry or seals. In
February 2003, a large H7N7 HPAI outbreak occurred in poultry in The Netherlands. Of the
4500 people exposed, 453 had conjunctivitis or influenza-like illness, and 89 had laboratory-
confirmed H7N7 infection. Three culture-confirmed cases of secondary transmission were
documented [11]. A veterinarian who initially developed conjunctivitis died from pneumonia
and acute respiratory distress syndrome [2,11]. H7 influenza virus was detected by rRT-PCR
on bronchoscopy and virus was isolated from post-mortem lung samples [2]. Since 2003, there
have been additional documented human cases of H7 influenza infection in Canada [12], the
UK [13] and the US [14,15], and serosurveillance studies have shown that people in frequent
contact with birds often have serologic evidence of infection with H7 viruses [15].

In preparation for the next influenza pandemic, a number of strategies to develop potential
pandemic vaccines are underway including live attenuated vaccines [3,16]. Live attenuated
influenza vaccines (LAIV) bearing the HA and NA of the viruses of interest and the remaining
genes from the A/Ann Arbor/6/60 ca virus (AA ca) have several potential benefits as pandemic
vaccines; the vaccines are based on licensed technology, can be produced at high yield, and
elicit antibodies (systemic and mucosal) and cell-mediated immune responses. Seasonal LAIVs
have been shown to be more efficacious than inactivated vaccines in seronegative (or
immunologically naïve) individuals, especially children [17–19] and to afford greater
protection against drifted strains [20,21]. In seronegative young children LAIV is immunogenic
[22] and efficacious even when a single dose is administered [23]. In addition, since LAIVs
are given intranasally, they could be administered easily in a situation that required rapid mass
vaccination.
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Several reassortant or recombinant vaccines containing avian HA and NA genes and the AA
ca internal protein genes have been developed to date, including candidate vaccines for H9N2,
H5N1 and H7N3 viruses. These vaccines were shown to be attenuated and immunogenic in
preclinical studies [24–26]. Clinical trials have been performed with a live attenuated H9N2
G9/AA ca reassortant vaccine virus[27], and with live attenuated H5N1 Viet Nam 2004/AA
ca and Hong Kong 2003/AA ca vaccine viruses (Karron et al, manuscript in preparation)
[28]. Here we report the Phase I evaluation of live attenuated H7N3 A/British Columbia/2004
ca vaccine (H7N3 BC 2004/AA ca), which represents the first clinical trial of a live attenuated
H7 influenza vaccine.

SUBJECTS, MATERIALS AND METHODS
Vaccine virus

H7N3 BC 2004/AA ca is a live attenuated, cold-adapted, temperature-sensitive influenza virus
with the HA and NA gene segments derived from wild-type LPAI virus A/chicken/British
Columbia/CN-6/2004 (H7N3) and 6 internal protein gene segments from the AA ca (H2N2)
Master Donor Virus of the seasonal intranasal LAIV [26,29]. The parent H7N3 influenza virus
is of the LP phenotype and does not contain the multi-basic cleavage site associated with HP
in avian species, so modification of the HA cleavage site was not required. The vaccine was
produced by plasmid-based reverse genetics as previously described and was found to be
attenuated, immunogenic and efficacious in mice and ferrets [26].

Clinical trial material was manufactured at MedImmune (Santa Clara, CA). The vaccine virus
was amplified in specific pathogen free eggs, filtered and stabilized with sucrose-phosphate
buffer (SP) and filled into Accuspray™ Nasal Spray Systems (Becton-Dickinson, Franklin
Lakes, NJ) at a volume of 0.5 mL per sprayer. Filled sprayers were stored frozen at −60 °C or
below.

Study Population
This Phase 1 clinical trial was conducted at the Center for Immunization Research (CIR)
isolation unit at the Johns Hopkins Bayview Medical Center. Twenty-one healthy adult subjects
from the Baltimore metropolitan area were recruited and enrolled in the fall of 2007. The
clinical protocol was reviewed and approved by the Western Institutional Review Board
(WIRB). Informed, witnessed, written consent was obtained from each subject. Healthy adult
men and non-pregnant women between the ages of 18 and 49 years of age were enrolled in the
clinical trial if they met eligibility criteria and were willing to remain on the isolation unit for
the duration of the inpatient portion of the trial. Screening and follow-up visits were conducted
at the CIR outpatient clinic on the Johns Hopkins East Baltimore Campus.

Study design
This study was conducted between April 1st and December 20th when wild-type (wt) influenza
would be unlikely to be circulating in the local community. To further reduce the risk of
reassortment between a naturally occurring epidemic wt influenza virus and the vaccine virus,
the presence of wt influenza viruses in the community was monitored between April 1st–May
1st and October 1st–December 20th by obtaining information regarding influenza virus
detection from the Diagnostic Virology Laboratory and Department of Hospital Epidemiology
and Infection Control at Johns Hopkins Hospital. Participants were not enrolled if there were
>3 influenza cases documented in the week preceding the planned vaccination.

This study was conducted as an open-label Phase 1 inpatient trial with all subjects receiving
vaccine. Subjects were screened to establish health status and, if eligible, were given one or
two doses of vaccine as a nasal spray using the Accuspray™ device and were examined daily
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while on the inpatient unit by a health care provider (physician, nurse practitioner, or
physician’s assistant).

Isolation Unit and Staffing
The CIR Isolation Unit is a non-smoking, dormitory-like setting designed to house up to 40
adult men and women. The isolation unit has self-contained ventilation and hot water systems
as well as an externally vented HEPA filtered exhaust. It also has four bedrooms with separate
bathroom and shower areas, a clinical specimen processing area, nursing station, laundry
facility, kitchen area, computers, and two large lounges. Daily activities and catered meals
were provided for the participants.

Registered nurses and medical technicians staffed the isolation unit for 24 hours each day for
the duration of the inpatient portion of the trial. As a prerequisite for working on the inpatient
portion of the study, each staff member was required to sign a written agreement intended to
minimize the potential for transmission of vaccine virus from participants to staff members
and from staff members to others in the community. Staff members were vaccinated for
seasonal influenza within 6 months of the start of the study. The staff agreement included
practicing respiratory precautions from the time vaccine was administered until discharge, not
working in other inpatient care settings, disclosing personal febrile or respiratory illness and,
in the event of such illness, agreeing to nasal swab sampling and to initiation of therapy with
oseltamivir pending testing of the nasal swab specimen for the presence of vaccine virus by
real-time reverse transcription polymerase chain reaction (rRT-PCR).

Study procedures
To establish the health status of potential participants, CIR staff elicited medical histories,
including menstrual and contraceptive history and/or history of surgical sterility for female
participants, and administered physical examinations. Potential participants were screened for
tuberculosis (using PPD tests), for viral hepatitis, HIV infection, and antibody to H7N3
influenza A viruses using serologic assays. Blood specimens were obtained for hematology
and serum biochemistries, and urinalyses were performed via dipstick. Potential participants
who were female were tested for pregnancy using urine β-HCG assays and were counseled to
avoid becoming pregnant during the study.

Participants were admitted to the isolation unit two days prior to vaccination for orientation
and were monitored for signs or symptoms of acute illness that would preclude their
participation in the study. Those who manifested any signs or symptoms of illness or who were
uncomfortable with the isolation unit procedures were discharged prior to vaccination. Despite
our best efforts, adventitious agents are occasionally introduced into the unit that may not be
detected in the 2 days prior to immunization, and the dorm-like setting can facilitate
transmission of respiratory viruses. Therefore, in addition to testing for vaccine virus, we test
for adventitious viral agents when a subject develops symptoms of respiratory tract illness.
Serum β-HCG testing was performed on female participants 2 days prior to vaccination and
urine β-HCG testing was performed on the day of vaccination. A positive pregnancy test made
the subject ineligible. Additional inclusion and exclusion criteria were re-reviewed prior to
vaccination.

On study day 0, each healthy adult volunteer received a dose of 0.5 mL of vaccine delivered
as a nasal spray (0.25 mL per nostril) using the Accuspray™ device. Volunteers were observed
for 30 minutes post-vaccination and were asked to report any symptoms occurring during their
inpatient stay to the nursing staff. While on the isolation unit, the staff was required to observe
standard respiratory precautions and to wear gowns, gloves, and masks from just prior to
vaccination until the day of discharge.
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For the duration of the inpatient portion of the study, symptoms were recorded and reported to
the study physician. In addition, an examination of the head, eyes, ears, nose, throat, heart and
lungs was performed daily, and vital signs were obtained twice daily. Fever, rhinorrhea,
pharyngitis, cough, headache, systemic illness (myalgia or chills), and lower respiratory tract
illness were defined as previously described [30,31]. Nasal washes were collected daily during
the inpatient portion of the study and were tested for vaccine virus (see below). In the event of
a respiratory or febrile illness, nasal wash specimens were also cultured for adventitious
respiratory viruses, including wt influenza viruses, parainfluenza viruses types 1, 2, and 3,
respiratory syncytial virus, and adenovirus. None of these viruses were detected in our subjects.
rRT-PCR of nasal wash was done to detect enterovirus (which was not found) and rhinovirus
in ill subjects (methods are described below). Blood was collected one day before and on day
7 after administration of vaccine for antibody secreting cell (ASC) measurement.

Discharge from the isolation unit was contingent upon absence of vaccine virus as detected by
rRT-PCR from nasal washes obtained for 3 consecutive days prior to discharge day, starting
with day 6. None of the participants was required to stay on the isolation unit longer than
anticipated.

Participants were asked to return to the CIR clinic for an outpatient visit after discharge from
the isolation unit. The visits were scheduled on study day 28 following each dose of vaccine
(and day 61 after the first dose, if the subject only received one dose). At each visit, staff
obtained vital signs, reviewed interim histories, and obtained blood and nasal wash samples
for antibody testing. Subjects were readmitted on study day 33 for the second dose of vaccine,
which they received on day 35 after the first dose.

Safety Assessments
In addition to the daily clinical assessments, subjects had blood drawn after vaccination to
assess potential toxicity. Serum alanine aminotransferase (ALT) levels were tested prior to
dosing (baseline), on day 3 and on day 7 after each vaccination and were followed to resolution
if elevated. A grade 1 elevation in ALT was defined as 1.51 – 3 times the upper limit of normal
(ULN) for our assay (40 for females, 60 for males); grade 2, 3.1–6 times ULN; grade 3, 6.1–
10 times ULN, and Grade 4 >10 times ULN. A complete blood count was done at baseline and
on day 7. A grade 1 decrease in absolute neutrophil count (ANC) was defined as 1000–1300
cells/μL; grade 2 ANC 750–999 cells; grade 3 ANC 500–749 cells and grade 4 ANC <500
cells/μL.

Isolation, quantitation and identification of the H7N3 virus
Nasal washes were obtained prior to vaccination and then daily from the day of vaccination
until the day of discharge. Specimens were tested for the presence of vaccine virus by
quantitative viral culture on Madin Darby Canine Kidney (MDCK) cells [30]. For the purposes
of calculation, specimens that were culture negative were assigned a titer of 0.6 TCID50/mL.
Specimens were also tested for influenza A viruses using an rRT-PCR assay that amplified a
portion of the M2 gene. This assay was based upon a modification of previously published
methods [32] in which we used the Nuclisens MiniMAG system (bioMerieux, Durham, NC)
for RNA extraction. The starting volume of nasal wash tested was 1.0 mL. Using these methods,
we found that the sensitivity of the rRT-PCR assay for vaccine virus was approximately
100.5 TCID50/mL of nasal wash.

Immunologic Assays
Receptor-destroying enzyme treated sera were tested for hemagglutination inhibiting (HI)
antibodies to H7N3 as previously described [33] with the following modifications: a 1%
suspension of horse red blood cells (RBC) was used, instead of turkey RBC, and 2 or 4 HA
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units (HAU) of H7N3 BC 2004/AA ca were used in separate assays [14,34]. Antigen and sera
were incubated together for 1 hour, and then with the RBC for 30–45 minutes. The sera were
also tested for neutralizing antibodies using a modified version of a published
microneutralization assay [35]. Briefly, our assay differed from the previously published
microneutralization assay in the following respects: 1) MDCK cells were originally obtained
from ECACC (European Collection of Cell Cultures); 2) our test virus was not wt H7N3, but
rather the vaccine virus, H7N3 BC 2004/AA ca; 3) because the test virus is temperature
sensitive, incubation was carried out at 32°C rather than at 37°C; 4) the number of cells used
per well was 2 ×104, rather than 1.5 ×104.

Sera were also tested for IgA and IgG antibody to the H7 HA by ELISA. Nunc polysorb 96
well plates (Fisher Scientific Pittsburgh, PA) were coated with 30ng/well of recombinant H7
(rH7) HA protein from a heterologous A/Netherlands/219/03 (H7N7) virus that was expressed
in a baculovirus vector in insect cells (Protein Sciences, Meriden, CT). The HA of the H7N3
BC 2004 and H7N7 Netherlands 2003 are 77% similar at the nucleotide level and 85% identical
at the amino acid level. The ELISA was performed using endpoint titration in which the cutoff
for positive was greater or equal to 0.2 OD [33]. Nasal wash specimens were concentrated 10-
fold (using Aquacide (Calbiochem, San Diego, CA) and dialysis tubing (Fisher Scientific) to
adsorb the water) and tested using the same H7 antigen to measure vaccine-specific IgA,
expressed as a percent of total IgA, as previously described [30].

Total and influenza vaccine-specific IgG and IgA antibody secreting cells (ASC) were
measured using an enzyme-linked immunospot (ELISPOT) assay based on an assay described
by Sasaki et al. [36]. Briefly, our assay differed from the published assay in that the wells were
coated with one of the following: 1) beta-propiolactone (BPL) treated H7N3 BC 2004/AA
ca virus diluted to 5000 HAU/mL in Dulbecco’s phosphate-buffered saline (D-PBS,
Invitrogen); 2) rH7 HA protein diluted to 10μg/mL in D-PBS; 3) BPL-treated cold-adapted A/
Ann Arbor/6/60 (H2N2) virus diluted to 5000 HAU/mL; or 4) purified goat anti-human IgA
+ IgG + IgM (Kirkegaard & Perry Laboratories, Gaithersburg, MD) at a concentration of
5μg/mL in D-PBS. PBS alone and human CCRF-CEM cells (human T-lymphoblasts; ATCC,
Manassas, VA) cells were used as negative controls; human IM9 cells (human IgG+
lymphoblasts; ATCC) were used as a positive control. Plate images were recorded and counted
using ImmunoSpot 4 software (Cellular Technologies Ltd., Shaker Heights, OH). Human IgA
ASC were visualized as red spots and IgG ASC were visualized as blue spots. The number of
ASC was expressed per 106 total IgG or IgA ASC.

Rhinovirus rRT-PCR
As several of the subjects developed upper respiratory tract symptoms not associated with
vaccine virus shedding, a TaqMan rRT-PCR assay was performed using primers and probe
from the 5′-untranslated region of the human rhinovirus (hRV) genome and the universal one
step RT-PCR master mix (Applied Biosystems) and run on an Applied Biosystems 7300 real-
time PCR system. Viral RNA was extracted from 1000μl of nasal wash specimen using the
Nuclisens MiniMAG system (bioMerieux) as described above. Appropriate positive (hRV
grown in HeLa cells) and negative uninfected (LLC-5 cells) controls were run with each batch
of clinical specimens. The forward primers (sequences 5′-3′: TGT GAA GAG CCC CGT GTG
and TGT GAA GAC TCG CAT GTG) were used at a final concentration of 900 nM. The
reverse primer, GTA GTC GGT CCC ATC CC was used at 200 nM and the probe, ’−6FAM-
TCCTCCGGCCCCTGAATGCG-TMR at a final concentration of 0.2 μM [37].

Data Analysis
Infection with the H7N3 BC 2004/AA ca vaccine virus was defined as: 1) shedding of vaccine
virus detected by culture and/or; 2) shedding of vaccine virus detected by rRT-PCR any time

Talaat et al. Page 6

Vaccine. Author manuscript; available in PMC 2010 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



after study day 1 and/or; 3) a ≥ 4-fold rise in serum HI, neutralizing, or rH7-specific IgG or
IgA serum antibodies as measured by ELISA. Subjects whose nasal washes were rRT-PCR
positive on study day 1 but who were without other evidence of infection were not considered
infected because we could not exclude the possibility that input virus, rather than replicating
virus, was being detected. Log2-transformed reciprocal HI, neutralizing and ELISA antibody
titers were used to calculate mean titers. Pearson’s correlations (coefficients adjusting for
nonindependent data) were performed on the results of the immunological assays to determine
the level of correlation of the titers.

RESULTS
Study subjects

Sixty-four potential subjects were screened for the H7N3 BC 2004/AA ca virus vaccine trial.
Seven subjects were found to be ineligible prior to collection of serum for HI testing; the
remaining 57 had sera obtained for measurement of HI antibody titers against the H7N3 virus,
and all were seronegative. During the screening process, 29 of these subjects were either
deemed ineligible or chose not to participate in the study. Informed consent was obtained from
28 subjects who were admitted to the isolation unit. Seven of the admitted subjects were
discharged before vaccination for medical reasons. Twenty-one individuals were vaccinated
in September 2007. The age of the subjects ranged from 19 to 49 years (mean age 32.3 years,
SD 8.6); all were Black and 14 were male. Seventeen of the 21 subjects received a second dose
of vaccine five weeks later: two were unable to return for personal reasons, and two were not
revaccinated for reasons of social incompatibility with the cohort. Three of the 4 subjects who
received a single dose of vaccine completed their day 28 and day 61 follow up visits, and one
completed the study day 61 follow-up visit only.

Reactogenicity
The vaccine was generally well tolerated, although a number of minor illnesses were reported,
particularly following the first dose. One volunteer was discharged prior to receiving a first
dose of vaccine because he had rhinorrhea. Despite his being discharged, his illness appeared
to have spread to others: 8 volunteers reported combinations of respiratory tract symptoms that
included nasal congestion, rhinorrhea, conjunctival suffusion and sore or scratchy throat. One
subject who complained of nasal congestion on day 3 after vaccination had vaccine virus
detected by rRT-PCR on days 1 and 4. The remaining symptomatic volunteers did not have
vaccine virus recovered by culture or rRT-PCR at the time of their symptoms, and cultures for
adventitious viruses from these subjects were negative. However, rhinovirus was detected by
rRT-PCR (performed after the completion of the study) in the prevaccination nasal wash from
the individual who was discharged prior to vaccination, as well as in 2 asymptomatic volunteers
who remained on the unit. Additionally, nasal wash specimens from 6 of the 7 volunteers who
had respiratory symptoms were positive for rhinovirus by rRT-PCR during the time in which
they were symptomatic. Thus, we believe that these illnesses likely resulted from rhinovirus
infection. All but 1 of these individuals had mild symptoms, with minimal impact on daily
activity-- one volunteer had more moderate symptoms of nasal congestion, rhinorrhea and
myalgia that required symptomatic treatment and limited his activity somewhat (Table 1). This
subject with rhinovirus and URI symptoms without apparent lower airway involvement also
had transient tachypnea.

Among the rhinovirus-shedding subjects (n=6), other illnesses reported following the first dose
of vaccine include headache (n=3), lightheadedness (n=1) vomiting (n=1) and systemic illness
manifesting as generalized myalgia (n=2), none of which coincided with vaccine virus recovery
or detection. Among the rhinovirus-negative subjects (n=15), other illnesses reported following
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the first dose of vaccine include: headache (n=1), nausea (n=4), lightheadedness (n=3) (Table
1). This was not associated with vaccine virus shedding.

One subject expectorated blood tinged material shortly after a nasal wash; this was attributed
to trauma from the nasal wash and did not occur again. Several other illness were reported that
we felt were unlikely or not related to the vaccine, such as focal muscle pain which did not
meet the case definition for myalgia, tinea corporis, rash, tooth pain, and a leg abscess (Table
1). Following the second dose of vaccine, 2 subjects reported headache, and one additional
subject had nasal congestion and nasal discharge. Vaccine virus was not recovered from any
of these individuals (Table 1).

Five instances of elevation in serum ALT were observed in 4 subjects: in 3 following the first
dose of vaccine, and in 2 following the second dose. These were of grade 1 severity, resolved
within 1 week, and were not associated with vaccine viral replication as detected by rRT-PCR
or culture, although 4 of 5 of the instances were associated with serological responses to the
vaccine (one of the subjects was positive for rhinovirus). One subject had a grade 1 neutropenia
(ANC=1073) on day 7 following the first dose of vaccine that resolved by day 8 (ANC= 1896).
This was also not temporally associated with viral replication; although the subject had vaccine
virus detected by rRT-PCR on days 1 and 4 and had a serological response to the vaccine virus
(Table 1).

Vaccine Virus Replication
The H7N3 BC 2004/AA ca vaccine virus was restricted in replication (Table 1). After the first
dose, 5/21 (24%) subjects had vaccine virus recovered by culture from nasal wash: 1 subject
on days 1 through 5, 1 on days 2 through 4, and 3 on day 1 only. Peak titers ranged from
100.75 to 102.25 TCID50/mL. When the nasal wash specimens were tested by rRT-PCR, vaccine
virus was detected in 17 (81%) individuals following the first dose of vaccine: 2 individuals
on days 1 through 5, 1 individual on days 1 and 4, 1 on days 1 and 2, and 13 subjects on day
1. All specimens that were culture-positive were also rRT-PCR positive. Vaccine virus was
not recovered by culture or rRT-PCR from any nasal wash specimen following the second dose
of vaccine (Table 1).

Immune Responses
HI assays were initially performed using 4 HAU and after two doses of vaccine, only 43% of
the subjects had 4-fold or greater rise in serum antibody titer (Tables 2 and 3). Since a previous
study showed that the sensitivity of the HI assay for H7 viruses could be improved using 2
HAU, the assay was repeated using this method [14]. When sera were tested using this modified
HI assay, 3 of 21 (14%) subjects had a 4-fold or greater rise in HI titer after the first dose, and
7 of 17 (41%) subjects had a 4-fold or greater rise in HI titer after the second dose. Two
additional subjects had a gradual rise, achieving a 4-fold increase in titer between the pre-
vaccination specimen and the specimen obtained after the second dose. In addition, 1 of the 4
subjects who received only 1 dose (and who did not return for the day 28 visit) had a 4-fold
rise in antibody detected at day 61 after vaccination. In total, 62% (13 of 21) of those who
received any dose of the vaccine had a 4-fold or greater rise in HI serum antibody titers
measured using 2 HAU of the vaccine virus (Table 2).

Serum neutralizing antibodies to the H7N3 BC 2004/AA ca vaccine virus were also assessed.
Four-fold or greater rises in antibody titer were observed in 2 (10%) volunteers following the
first dose of vaccine and in 7 (41%) following the second dose of vaccine (including 1 who
also had a response to the first dose). Again, 2 of 4 subjects who received only 1 dose had a
response detected at day 61 after vaccination (Table 2). In all, 10 of 21 (48%) had a 4-fold or
greater rise in neutralizing antibody titer following any dose of vaccine (Table 2).
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Serum IgG and IgA and nasal wash IgA antibodies to a rH7 HA protein were measured by
ELISA. Four-fold or greater rises in serum IgG titer were observed in 6 (29%) volunteers after
the first dose and 4 (24%) volunteers after the second dose of vaccine (including 1 person who
responded to both dose 1 and 2 with a 4-fold rise in titer). One subject who only received 1
dose of the vaccine had a 4-fold rise in titer by day 61. In all, 10 of 21 (48%) of the volunteers
had an antibody response after any dose of vaccine. Surprisingly, serum IgA appeared to be
the most sensitive measure of immune response to this vaccine virus: 11 (52%) volunteers
responded after the first dose and an additional 5 (29%) volunteers (1 of whom also responded
to the first dose) had a 4-fold or greater increase in titer after the second dose. In all, serum
IgA responses were observed in 15 of 21 (71%) individuals. Conversely, the nasal wash IgA
was the least sensitive measure of an immune response: overall, only 7 subjects (33%) had a
4-fold or greater rise in nasal wash IgA titers after any dose (Table 2). As a measure of
specificity of the IgA assay, the sera from the subjects were analyzed for serum IgA for H1
HA; only 1/15 subjects who had a 4-fold or greater rise in titer to the H7 HA also had a 4-fold
increase in IgA titer.

The development of ASC responding to vaccine virus (vaccine-specific), responding to the
internal protein genes of AA ca (AA ca-specific), and to the HA alone (rH7 HA-specific) is
shown in Figure 1. When vaccine-specific ASC were measured prior to immunization, 1 subject
had vaccine-specific IgG secreting cells at a level of 2/106 PBMCs, and vaccine-specific ASC
were not detected in any of the other subjects. Seven days after the first vaccination, the mean
(SD) number of vaccine-specific IgG ASC was 41.6(57.4)/106 PBMCs, and 12 of 20 (60%)
subjects had an increase of vaccine-specific IgG ASC of >5/106 PBMCs. By the time of the
second dose, vaccine-specific IgG ASC were nearly undetectable. Although ASC were
detected in a small number of subjects after the second dose, the mean [SD] number of vaccine
specific IgG ASC was less than those detected after the first dose (11.5 [39.2], Figure 1, panel
A). This general pattern of a response to the first dose of vaccine, followed by a return to near
baseline levels prior to the second dose of vaccine, and a less vigorous response to the second
dose of vaccine was also observed when vaccine-specific IgA, AA ca-specific IgG and IgA,
and rH7-specific IgG and IgA ASCs were measured. Vaccine-specific IgA responses were of
lower magnitude than vaccine-specific IgG responses: the mean numbers (SD) of IgA ASCs/
106 PBMCs were 2.0 (3.9) prior to the first dose, 16.4 (22.8) after the first dose, 0.4 (0.7) before
the second dose, and 3.5 (6.5) after the second dose (Figure 1, panel B). ASC responses to the
AA ca virus were similar to the vaccine-specific responses (Figure 1, panels C and D),
suggesting that the ASC assay detected antibodies to internal proteins as well as the H7 and
N3 glycoproteins. ASC responses to rH7 HA were less than those to the vaccine or the AA
ca (which may reflect the heterologous source of the H7 HA): following dose 1, H7 HA-specific
IgG increased from 0.2 (0.7) to 13.6 (26.7) ASC/106 PBMCs and IgA from 0.0 (0.2) to 5.4
(8.1) ASC/106 PBMCs (Figure 1, panels E and F).

A comparison of the various immunological assays performed in each individual subject is
summarized in Table 3. These results demonstrate the improvement in sensitivity when 2 HAU
rather than 4 HAU of virus were used in the HI assay and the sensitivity of the serum IgA
assay. The individuals who shed rhinovirus by rRT-PCR after dose 1 are identified with an
asterisk. There was no apparent inhibition of the immune response to the H7N3 vaccine virus
in individuals infected with rhinovirus. A Pearson’s correlation was performed on the results
of the immunological assays. A statistically significant correlation was not found between the
assays. However, the serum IgG and IgA correlated with each other (correlation coefficient
ρ=0.52 95% CI 0.11–0.78; p= 0.017) and the serum and nasal IgA results correlated with each
other (ρ=0.46 CI 0.03–0.74; p=0.036).
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DISCUSSION
We have reported the first human trial of a live attenuated H7 influenza A virus vaccine. The
live attenuated, cold-adapted, temperature sensitive vaccine, H7N3 BC 2004/AA ca elicited
adverse events that were generally mild, was restricted in replication and immunogenic in
seronegative healthy adult volunteers.

Several other H7 vaccines have been developed and evaluated in pre-clinical studies [38–41]
and several H7 vaccines have also been developed for use in chickens [42–45]. All of these
are inactivated whole or split virus vaccines that contain the HA and NA from avian H7 viruses
and the internal protein genes from PR8 vaccine donor virus. To date, 2 H7N7 vaccines, an
H7N1 vaccine, and an H7N2 vaccine have been studied, including both non-adjuvanted vaccine
preparations and preparations containing alum or immune stimulatory complexes (ISCOMs).
In animal studies, these vaccines are of variable immunogenicity, yet generally protect against
challenge with either homologous or heterologous H7 viruses [38–41]. Several inactivated H7
virus vaccines are currently being evaluated in Phase I clinical trials.

The H7N3 BC 2004/AA ca vaccine was generally well tolerated by our subjects. The majority
of symptoms were unlikely to be related to the vaccine: 6 of the 8 subjects who had upper
respiratory tract symptoms after the first dose had rhinovirus detected by rRT-PCR, but only
1 of the 8 was shedding vaccine virus at the time. The laboratory abnormalities are also unlikely
to be related to the vaccine. One subject had an episode of transient neutropenia during the
study that resolved by the next day. He had a history of lower neutrophil counts, both before
and long after vaccination, and likely has benign ethnic neutropenia, which is common and
well documented in those of African or Mediterranean descent [46,47]. Four subjects had 5
episodes of elevated ALT during the study. Only 2 of these had vaccine virus detected by rRT-
PCR after dose 1. This elevation of serum transaminases is not likely to be due to vaccine virus,
as this was not a phenomenon seen with wild-type H7 influenza infection. Rather, this is most
likely due to alterations in diet and activity commonly seen in Phase I inpatient studies [48,
49].

Similar to the other avian LAIVs tested, including H9N2 G9/AA ca[27], H5N1 VN 2004/AA
ca, and H5N1 HK 2003/AA ca (Karron et al., manuscript submitted for publication), the H7N3
BC 2004/AA ca vaccine influenza A virus was more restricted in replication than the H1N1/
AA ca and H3N2/AA ca influenza A viruses contained in the intranasal seasonal LAIV in
seronegative subjects. The reason for this higher restriction is not completely understood, but
may be related to decreased affinity of the avian HAs for receptors in the upper airways of
humans. Human influenza virus HAs preferentially bind to receptors terminating in N-
acetylneuraminic acid α2,6 galactose (α2,6Gal), which are abundant on non-ciliated epithelial
cells in the upper and lower human respiratory tract. Many avian influenza viruses, on the other
hand, preferentially bind to receptors terminating in α2,3Gal [34], which are found in type II
pneumocytes in humans but in limited numbers of epithelial cells in the upper respiratory tract
[50,51]. However, this interpretation is offered with the caveat that human parainfluenza
viruses that bind α2,3Gal replicate to high titer in the upper respiratory tract of humans [52–
54]. Alternatively, the constellation of the avian influenza HA and NA genes combined with
internal protein gene segments from a human influenza virus may have resulted in a vaccine
with a host-range restricted phenotype for humans. It is possible that an avian virus that emerges
as a pandemic virus (i.e., acquires genetic mutations that allow it to transmit readily among the
human population) will have HA or NA alterations that control infectivity and spread in
humans. Such HA or NA genes, when incorporated into LAIV may be more infectious and
immunogenic in humans than the LAIV vaccines containing the avian HA and NA genes of
the present report.
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Despite this restriction, the H7N3 vaccine was detected more frequently by viral culture than
either the H9N2 or H5N1 LAIVs. This may be because contemporary North American H7
HAs, such as the one included in this vaccine, possess an increased affinity for α2,6Gal
receptors when compared to Eurasian H7 HAs [55]. Since H9N2 G9 HK 1997 influenza A
viruses can also bind to α2,6Gal receptors, this cannot be the only explanation for the observed
differences in replication between vaccine strains; rather, it may be a contributing factor. In
addition, the H7N3 vaccine has an NA antigen that is not contained in circulating human strains
of influenza so individuals are unlikely to have preexisting immunity to the NA that could limit
viral replication.

A surprising finding in our study was the difference in the rate of vaccine virus detection by
rRT-PCR following the first and second dose of vaccine. Seventeen of 21 subjects had virus
detected by rRT-PCR on day 1 after the first vaccination, 13 of whom did not have any virus
detected on subsequent days. In contrast, none of the subjects had vaccine virus detected by
rRT-PCR following the second dose of vaccine. In previous studies, the detection of vaccine
virus on day 1 only was attributed to detection of input virus[27]. However, the findings from
this study suggest that low-level replication of vaccine virus occurs after the first dose of
vaccine, but that replication following the second dose is inhibited, perhaps by the adaptive
immune response. The pattern of ASC responses (discussed below) supports this hypothesis.
While we chose not to include individuals with nasal wash specimens that were positive by
rRT-PCR on day 1 only in our calculations of percentages of infected vaccinees, these data
suggest that perhaps the H7N3 BC 2004/AA ca influenza A virus was more infectious than
we have estimated.

Although the co-circulating rhinovirus had the potential to confound our data, we do not believe
that it affected either vaccine virus replication or the immune response to the vaccine. Of those
who shed rhinovirus, 4/6 (67%) were positive for vaccine virus by rRT-PCR on day 1. One of
these subjects (17%) also had vaccine virus detectable by culture. Of those who were rhinovirus
negative, 4/15 (27%) had vaccine virus detectable by culture, and 13/15 (87%) had positive
rRT-PCR for vaccine virus (Table 1). Those who shed rhinovirus were neither more nor less
likely to have a serological response to the vaccine (Table 3).

One of the difficulties in evaluating potential vaccines for avian influenza lies in determining
the correlates of vaccine-induced immunity [3]. For inactivated seasonal influenza vaccines,
the correlate of protection accepted by regulatory agencies has been defined as an HI titer of
≧1:40, measured in a standard assay using 4U of HA [56,57]. However, seasonal LAIV has
been shown to protect against natural infection or wt challenge even when HI titers ≧1:40 were
not achieved, presumably through the induction of local mucosal antibody and cellular
immunity [21,58]. Moreover, this may not be the best correlate of protection against infection
with H5 and H7 avian influenza viruses, since individuals infected with these viruses often fail
to develop HI responses of this magnitude [14,35]. For this reason, alternative assays, such as
the microneutralization assay, ELISA [35] and, in the case of H7, a modified version of the HI
assay using horse RBC and 2U of HA have been developed [14].

To assess the antibody response to the H7N3 BC 2004/AA ca vaccine, we used several assays
in addition to the standard HI and microneutralization assays, in order to further understanding
of the immune response to this novel antigen. We tested sera in an HI assay using 2 HAU of
antigen and horse erythrocytes, since a reanalysis of serum from the H7N7 virus outbreak in
The Netherlands showed that this was the most sensitive and specific method for detecting
infection. In that study, the modified HI assay using 2 HAU was positive in 85% of patients
with culture-proven H7N7 infection. However, most individuals had only modest increases in
HI titer, such that only 6% had titers of 1:40 [14]. Using 2 HAU of antigen, we found that 62%
of volunteers had a 4-fold or greater rise in HI titers after either 1 or both doses of vaccine. The
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mean post-vaccination titer at 2 months was 1:8 in all subjects and 1:14 in the vaccinees who
had a 4-fold or greater rise in titer after any dose (Table 1). Titers of 1:32 were achieved in
14% of vaccinees, comparable to what was observed following natural infection.

We also measured neutralizing antibody, H7-specific IgG and IgA ELISA antibody[59], and
production of ASCs against the vaccine virus, AA ca, and rH7 HA antigen. Interestingly, the
most sensitive measure of response was the serum IgA assay, despite the fact that a
heterologous H7 was used (derived from the Eurasian H7N7 A/Netherlands/219/03 virus). The
Archetti-Horsfall value of antigenic relatedness for these two HA antigens, tested with post-
infection mouse sera, is 33%, which represents a 4 to 8-fold difference in cross-neutralizing
titer [60]. Eleven of 21 volunteers had a 4-fold or greater rise in serum IgA titer after the first
dose, and 5 of 17 responded after the second dose. Serum IgA has been used as a marker for
response to parainfluenza and respiratory syncytial virus vaccines in infants who may have
circulating maternal IgG [61,62]. The biological significance of this response remains to be
determined. Serum IgA may be a surrogate marker for a mucosal immune response that is
triggered by the intranasal vaccine. Clements and Murphy found that there was a significant
association between serum and nasal wash IgA and IgG after either live or inactivated H1N1
or H3N2 influenza vaccine [63]. Although we also measured nasal wash H7-specific IgA, our
assay may not be sensitive enough to detect a mucosal response in most vaccinees.

Measurement of vaccine-specific ASC showed a greater response to the first dose than to the
second dose of vaccine (Figure 1). As discussed above, this might reflect the decreased
infectivity of the second dose of vaccine. The magnitude of the vaccine-specific IgG ASC
response observed in H7-naïve individuals after the first dose of vaccine was comparable to
that previously observed in older children administered the intranasal seasonal LAIV [36].
Although serum IgA was the most sensitive measure of antibody response, this was not
reflected in the IgA ASC data. This may be due to timing: the ASC were measured on day 7
based on work by Sasaki et al [36], and the ELISA for IgA was performed on day 28 sera. The
kinetics of the ASC response to AI viruses may be different than to the human influenza viruses.

In our study, the immunological response to the vaccine in a few individuals increased
gradually, such that 2-fold rises in titer were observed following each dose of vaccine.
Moreover, delayed rises in HI and/or neutralizing antibody titers were observed in 3 of 4
individuals who received only 1 dose of vaccine, with higher titers achieved at the 2 month
than at the 1 month time-point. These data, combined with the rRT-PCR data discussed above,
suggest that although the best responses occurred in those who received two doses, perhaps a
single dose of vaccine would be sufficient to induce an immune response, which would be
ideal in the event of a pandemic. This is supported by preclinical studies of this vaccine, in
which mice that received only 1 dose of the H7N3 BC 2004/AA ca vaccine had increasing
neutralizing antibody titers between days 28 and 56, rising to nearly the same level as those
that had received 2 doses [26]. The immune response of humans to a single dose of the H7N3
BC 2004/AA ca vaccine should be explored further.

In summary, we have shown that 2 doses of a live attenuated cold adapted H7N3 BC 2004/AA
ca vaccine are generally well tolerated and immunogenic when given to healthy adults.
Replication of the vaccine virus was restricted, especially after the second dose. The detection
of vaccine virus by rRT-PCR on day 1 after the first vaccination may reflect a low level of
replication not detected by culture. We found that serum IgA antibody to rH7 HA antigen was
the most sensitive measure of the immune response to this vaccine. Our data suggest that H7N3
BC 2004/AA ca should be investigated further and that it might be useful to assess the
immunogenicity of a single dose of this vaccine.
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Figure 1.
ELISPOT data showing vaccine specific IgG (A) and IgA (B) secreting cells in blood. C = IgG
and D = IgA secreting cells using the AA ca virus as the test antigen. E = rH7 HA specific IgG
ASC; F = rH7 specific IgA ASC. All numbers expressed per 106 PBMCs. Vax = Vaccine; pre
= before each dose was given; post = day 7 after each dose was given.
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