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Immunologic Characterization of a Rhesus Macaque HIN1 Challenge
Model for Candidate Influenza Virus Vaccine Assessment
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Kasi Russell-Lodrigue,” Randy A. Albrecht,® Adolfo Garcia-Sastre,® Andres M. Salazar,® Chad J. Roy,” Marcelo J. Kuroda,”

SangKon Oh,? Gerard Zurawski®

Baylor Institute for Immunology Research, Dallas, Texas, USA®; Tulane National Primate Research Center, Covington, Louisiana, USA®; Icahn School of Medicine at Mount

Sinai, New York, New York, USA; Oncovir, Inc, Washington, DC, USA®

Despite the availability of annually formulated vaccines, influenza virus infection remains a worldwide public health burden.
Therefore, it is important to develop preclinical challenge models that enable the evaluation of vaccine candidates while eluci-
dating mechanisms of protection. Here, we report that naive rhesus macaques challenged with 2009 pandemic HIN1 (pHIN1)
influenza virus do not develop observable clinical symptoms of disease but develop a subclinical biphasic fever on days 1 and 5 to
6 postchallenge. Whole blood microarray analysis further revealed that interferon activity was associated with fever. We then
tested whether type I interferon activity in the blood is a correlate of vaccine efficacy. The animals immunized with candidate
vaccines carrying hemagglutinin (HA) or nucleoprotein (NP) exhibited significantly reduced interferon activity on days 5 to 6
postchallenge. Supported by cellular and serological data, we conclude that blood interferon activity is a prominent marker that
provides a convenient metric of influenza virus vaccine efficacy in the subclinical rhesus macaque model.

Respiratory tract infections caused by influenza viruses are
estimated to result in 3 to 5 million clinical infections and
250,000 to 500,000 fatalities per year (http://www.who.int
/mediacentre/factsheets/fs211/en/). Prior to 2009, influenza A
viruses of the HIN1 and H3N2 subtypes and influenza B vi-
ruses were mainly responsible for seasonal disease outbreaks.
Since the emergence of pandemic HIN1 (pHIN1) influenza
virus in 2009, this swine-origin influenza A virus has sup-
planted the previous seasonal HIN1 strain (1).

Both humoral and cellular responses are important for immu-
nity against influenza virus infection. The surface hemagglutinin
(HA) protein is one of the primary targets for antibody-mediated
viral neutralization (2). This selective pressure drives HA diversity
and limits the cross-reactivities of HA-specific antibodies. HA-
specific IgG antibodies lining the respiratory tract can protect
against reinfection (3). Cellular immune responses are generated
against both surface and internal viral proteins, including the
highly conserved nucleoprotein (NP). These antigen-specific re-
sponses are capable of targeting infected cells for lysis by cytotoxic
T cells (CTLs). After infection, memory CTLs reside in both the
lungs and lymphoid organs, where they are poised to respond to
subsequent influenza virus infections (4). Despite being directed
to an internal viral protein, NP-specific antibodies may also con-
tribute to protection (5); however, the mechanism by which this
occurs is unknown.

In response to the antigenic shift observed in 2009, previously
characterized nonhuman primate (NHP) models used to evaluate
H3N2 and seasonal HIN1 virulence were reassessed using the
pHINT1 virus (6-10). These studies revealed species-specific dif-
ferences in the host responses between rhesus and cynomolgus
macaques. Cynomolgus macaques infected with strain influenza
A/California/04/2009 (HIN1) (pHIN1 Cal04) virus exhibited
moderately severe clinical signs by day 6 postinfection, with a
concurrent activation of the inflammatory response genes in the
lung (11). In comparison, rhesus macaques infected with the same
pHINI strain remained asymptomatic despite sustained viral
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shedding for 21 days postinfection (10). This subclinical response
characterized by the absence of clinical signs following experi-
mental infection has thus far limited the use of the rhesus macaque
challenge models to assess candidate vaccine efficacy.

In this study, we assessed the capability of a naturally aspirated
pHIN1 mixed-particle aerosol infection to increase the clinical
signs of pHINT infection in rhesus macaques. In addition to the
commonly used metrics of body temperature and viral titers, we
employed whole blood mRNA microarray-based monitoring to
increase sensitivity to systemic immunologic changes following
challenge.

As a proof-of-concept, we first tested this strategy to examine
the protection afforded by two candidate dendritic cell (DC)-tar-
geting vaccines engineered to deliver HA and NP antigens to rhe-
sus macaque antigen-presenting cells (APCs). In a pilot test, HA
was linked to an anti-LOX-1 antibody vehicle, which was coad-
ministered with anti-dendritic cell immunoreceptor (DCIR) an-
tibody linked to NP, and both were adjuvanted with CpG. The
anti-LOX-1 vaccine was selected based on previous studies that
showed it evokes Th1-type responses (12) consistent with the de-
velopment of protective antibody responses. The anti-DCIR-fu-
sion protein delivering NP was shown to elicit antigen-specific
CTL responses in vitro (13). The results of this pilot study were
used to justify a larger follow-up study in which separate anti-
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CD40-HA—poly(ICLC) and anti-CD40-NP-poly(ICLC) vaccine
candidates were assessed via a microarray-based blood interferon
signature, complemented with both serologic and cellular data, as
a metric of protection from signs of infection.

MATERIALS AND METHODS

Animals. The studies were carried out in 24 approximately 4- to 7-year-
old (male and female) rhesus macaques (Macaca mulatta). The macaques
were examined daily for evidence of clinical illness, including decreased
appetite, dehydration, increased respiratory rate, and increased respira-
tory effort. All animal experiments were conducted at the Tulane National
Primate Research Center (TNPRC) in compliance with the guidelines of
the animal care and use committees at the Baylor Research Institute and
the TNPRC.

Animal infections. The animals were exposed to pHIN1 (Cal04) in-
fluenza virus using conventional methodology that was previously estab-
lished for infectious mixed-particle aerosol challenge in nonhuman pri-
mate species (14). Inductive plethysmography, which measures the
volume of air breathed per minute by each individual animal, was per-
formed just before the exposure. Briefly, the animals were placed in a class
III biological safety cabinet with only the head in the exposure chamber.
Influenza virus at the appropriate concentration for each animal based on
the plethysmography data for each animal obtained 2 days before the
exposure was used to better estimate the target inhaled dose. The aerosols
were generated directly in the head-only chamber using a Collison three-
jet nebulizer (BGI, Inc.) with a fully automated management control sys-
tem (Biaera, Inc.). The aerosol efficiency (effect of aerosolization upon
artificially generated influenza aerosols) was determined prior to the an-
imal exposures in order to estimate the actual delivered dose. The aerosol
efficiency was calculated to be 10~°. This translates into 1 PFU per 10°
aerosolized viral particles. The aerosol size for these exposures was mea-
sured at ~2-wm mass median aerodynamic diameter (MMAD). The
aerosol samples were continuously obtained during the exposure, and
the concentrations of these samples were determined by plaque assay. The
aerosol concentrations were determined, and the inhaled dose for each
animal was calculated by multiplying the empirically determined aerosol
exposure concentration (PFU/liter of air) in the chamber by the volume of
air estimated to have been breathed by the animal. The final dose delivered
in the form of a small-particle aerosol was expressed as PFU/animal. Im-
mediately after exposure to small-particle aerosols of influenza, the ani-
mal was removed from the exposure apparatus and again placed in dorsal
recumbency. Thereafter, a custom long-tip MicroSprayer aerosolizer
(Penn-Century, Inc.) that was fitted with a high-pressure syringe was
placed proximal to the carina. It was visualized with a laryngoscope to
confirm proper placement, and 1 ml of the appropriate viral strain was
administered into the left and right main bronchi. The aerosol particles
generated during this portion of the exposure were measured at an
MMAD of ~10 pm (data not shown) and constituted large-particle aero-
sol exposure relative to the size distribution represented in the exposure
modality preceding this procedure. The final influenza virus dose used
was cumulative and comprised the two modalities (small- and large-par-
ticle exposure) in the animal infections. The group mean * standard
deviation (SD) dose (for small-particle exposure) was 1.0 X 10° = 1.5 X
10° PFU/animal. Due to the aerosol efficiency of 10~ %, approximately 1 X
10" aerosol-inactivated virus particles accompanied the live dose into
each animal. The large-particle dose was 2.2 X 10’ PFU/animal, which
approximates a cumulative dose (small- plus large-particle exposures) of
2.3 X 107 PFU/animal plus the 1 X 10'> aerosol-inactivated viral particles.

The animals that received the UV-inactivated virus received the same
total dose of viral particles as described above (2.3 X 107 UV-inactivated
viral particles plus 1 X 10" aerosol-inactivated virus particles). Physical
examinations were regularly performed on the animals following infec-
tion. Manually obtained temperature, heart rate, and respiratory rate data
were recorded for verification with the telemetry data. Thoracic ausculta-
tion was performed to assess the changes in lung function; none were
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noted. Swabs of the pharynx and upper airway were collected for viral
analysis to determine shedding.

Telemetry. Subcutaneous radio telemetry transmitters combined
with sensors capable of detecting biopotential signals of an electrocardio-
gram (ECG), as well as thermistor-type sensors capable of detecting tem-
perature signals (T31F-8b; Konigsberg Instruments [KI], Inc.), were sur-
gically implanted in eight rhesus macaques under aseptic conditions.
Following surgical implantation, the animals were housed in rooms and
cages specifically designed with cage-mounted antennas (TR38-1FG;
Konigsberg Instruments, Inc.) that were configured to receive and trans-
mit signals to a KI data acquisition base station. The data collection was
continuous and recorded for periods of 24 to 48 h using the CA recorder
(Data Integrated Scientific Systems [DISS], Dexter, MI). The data param-
eters and analysis results recorded over the course of the study included (i)
ECG Online (EOL), in which ECG signal amplitudes and various intervals
were measured and recorded for heart rate (data not shown), and (ii) a
mean analysis for body temperature measurements.

The telemetric parameters, including heart rate and core body tem-
perature, were reported as hourly averages (data average interval) for 1-h
observation intervals, with each animal serving as its own control. Base-
line preexposure data averages for all animals were generated from each
respective control subject for a minimum of 1 week. The preexposure data
were aligned by the time of day over a 24-h period and averaged to estab-
lish baseline detection thresholds. The individual postexposure data were
aligned by time and compared against the preexposure values for each
animal. A fever hour was defined as any hourly measurement that was
>1.5 times the maximum standard deviation of the control averages.

Vaccines. The dendritic cell (DC)-targeting vaccines used in this study
were chimeric mouse variable region-human IgG4 constant region anti-
bodies fused to influenza virus antigens via the H-chain C-terminal anti-
human LOX-1 15C4-HA1s (GenBank accession no. KM246787) with nu-
cleotides encoding a proximal Spel site preceding (AAT79550.1) residues
651 to 667, with a T-to-N change at position 672 and a distal Nhel site
inserted into the C-terminal Nhel site, followed by influenza A virus [A/
California/04/2009 (HIN1)] hemagglutinin (HA) (FJ966082.1) residues
1129 to 2073 preceding six C-terminal His residues. This is coexpressed
with an anti-LOX-1 15C4 chimeric light chain (GenBank accession no.
KM246788). The 15C4 antibody binds efficiently to recombinant rhesus
macaque LOX-1 ectodomain protein (S. M. Zurawski, unpublished data)
and binds to CD11c* and CD14™ cells in the peripheral blood mononu-
clear cells (PBMCs) of cynomolgus macaques (12, 15). Anti-human DCIR
9E8-NP (GenBank accession no. JX002667) with influenza A virus [A/
environment/Viet Nam/1203/2004 (H5N1)] segment 5 nucleocapsid
protein (NP) (GU052421.1) bases 1419 to 2913 with six C-terminal His
codons inserted at the H chain C-terminal Nhel site was also used. This is
coexpressed with an anti-DCIR 9E8 light chimeric chain (GenBank acces-
sion no. JX002666). The 9E8 antibody binds efficiently to recombinant
rhesus macaque DCIR ectodomain protein (S. M. Zurawski, unpub-
lished data) and binds to various antigen-presenting cell types of cyn-
omolgus macaques (15). Anti-human CD40 12E12-HA1s (GenBank
accession no. HQ738666.1) is configured like the anti-human LOX-1
15C4-HAT1s described above. It is coexpressed with an anti-CD40 12E12
chimeric light chain (GenBank accession no. HQ738667.1). The 12E12
antibody binds efficiently to recombinant CD40 ectodomain from rhesus
macaques and to DCs from cynomolgus macaques (15). A previous study
showed that the dimeric HA1 domain expressed as a C-terminal H-chain
antibody fusion can fully deplete protective anti-HAI antibodies and can
generate protective immune responses in mice (16). Anti-human CD40
12E12-NP (GenBank accession no. HQ738666.1) is configured like anti-
human DCIR 9E8-NP. They were coexpressed with their cognate chime-
ric light chain partners. Vectors, procedures for deriving stably transfected
CHO-S cells, and the production, purification, formulation, and quality
assurance of the recombinant DC-targeting vaccines were as described
previously (16, 17).
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Immunizations. For the pilot study, 100 g of each targeting vaccine,
anti-LOX-1-HA and anti-DCIR-NP, were coadministered with 1 mg of
CpG on the dorsa of the animals between the shoulder blades by intrad-
ermal injection at five sites with 0.2 ml of vaccination material at each site.
Boosts matching the initial vaccination were conducted at 6 and 12 weeks
after priming. The CpG oligonucleotide 1018 ISS (provided by Dynavax
Technologies) was selected based on known safety and ability to stimulate
DC maturation and B-cell activation (18). The hemagglutinin inhibition
(HAI) assay titers in these three animals were 40, 80, and 40 two weeks
after both the 1st and 2nd boost and were 20, 40, and 40 four weeks after
the 2nd boost. In the follow-up study, anti-CD40-HA-poly(ICLC), anti-
CD40-NP—poly(ICLC), and medium-poly(ICLC) and influenza virus
(Fluzone) immunizations were compared. Based on a recent study in mice
showing efficacy protective antibody and T-cell responses (16), we tar-
geted CD40. The CD40-targeting vaccines and medium controls were
combined with poly(ICLC) (Hiltonol; Oncovir, Inc.) as an adjuvant based
on its safety and immune activation properties (19). In total, 100 pg of
vaccine and 1 mg of poly(ICLC) were coadministered on the dorsa of the
animals between the shoulder blades by intradermal injection at five sites
with 0.2 ml of vaccination material at each site. Full human-dose Fluzone
vaccinations were given intramuscularly in the quadriceps muscle at each
of the prime and boost vaccinations. Each animal was vaccinated three
times, with 6 weeks between the immunizations. The injection sites were
monitored for adverse localized reactions following each vaccination, and
none were noted.

Cell preparation. The PBMCs were separated from EDTA anticoagu-
lated whole blood using Ficoll density gradient centrifugation. The whole
blood was centrifuged at 800 X g for 10 min at 20°C to collect plasma.
After the removal of plasma, the blood cell fraction was resuspended in
phosphate-buffered saline (PBS) and overlaid on Ficoll-Paque Plus (GE
Healthcare). The samples were centrifuged at 400 X g for 30 min at 20°C.
The mononuclear cell layer was collected and washed twice with 2% fetal
calf serum (FCS)-PBS. The cells were counted and frozen at 1 X 107/ml/
cryovial in Bambanker cell freezing medium (Lymphotec). The cells were
stored at —80°C for 1 day and then stored in liquid nitrogen until shipping
to the Baylor Institute for Immunology Research.

IFN-y ELISPOT. Frozen PBMCs were thawed and washed in Ad-
vanced RPMI with 1 X CTL wash medium (Cellular Technology Limited),
1% GlutaMAX (Gibco Life Technologies), 50 U/ml Benzonase (Emprove
Bio), and 50 pg/ml Primocin (InvivoGen). The cells were resuspended at
aconcentration of 3.3 X 10°/mlin CTL test medium (Cellular Technology
Limited) supplemented with GlutaMAX and Primocin, as above. NHP
gamma interferon (IFN-y) enzyme-linked immunosorbent spot assay
(ELISPOT) analysis was performed on ELISpot PRO monkey IFN-y
3420M-2HPW-10 plates (Mabtech). The plates were prepared with 5X
PBS wash, followed by blocking with 1% bovine serum albumin (BSA) in
PBS (1 h at 37°C), washing 2X with PBS, and pretreatment in CTL test
medium for 30 min at 37°C. The total volume per well was 150 pl, con-
sisting of 2.5 X 10° cells in 75 pl added to 75 ul of medium containing
control matrix, 2 WM peptide, or 10 pg/ml protein. Anti-CD3 was used as
the polyclonal activation control, as per the manufacturer’s instructions.
The plates were incubated at 37°C in 7% CO, for 36 h and then developed
according to the manufacturer’s protocol. The plates were air-dried,
shipped, and read by ZellNet Consulting. The group comparison statistics
were calculated and plotted using GraphPad Prism 5 (GraphPad Software,
Inc.).

Antigen-specific IgG titers. To determine the antigen (Ag)-specific
antibody (Ab) titers, we used a modified Luminex bead-based assay that
utilized a noncovalent assembly of antigen to beads using dockerin-cohe-
sin interaction (16). The cellulose-binding domain from the Clostridium
acetobutylicum CipA protein fused to dockerin (CBD-Doc) was conju-
gated to SeroMAP Luminex carboxylated beads at 25 pg per 5 X 10°
beads, using the manufacturer’s 2-step carboxylation protocol. Each
CBD-Doc-coated bead set was incubated with individual cohesin antigen
at a ratio of 10 pg/ml to 6.4 X 10*/ml of beads in 1X PBS (Ca**/Mg*"),
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1% BSA, and 0.05% T20 (wash buffer) for a minimum of 2 h; they were
then washed 3 times to remove any excess unbound antigen. Serum (or
plasma) was prepared for incubation with this bead complex by complet-
ing a serial titration in wash buffer. The serial titration was initiated at
1:250 and carried over a 3- to 4-log range. To 50 pl of the titrated serum
(plasma), 50 .l of the prepared complexed SeroMAP beads was added in
1.2-mm filter membrane 96-well microtiter plates (MABVN1250; Milli-
pore Corp.) in a multiplex format. The incubation with beads and serum
continued on a shaking platform overnight at 4°C. After three washes, 2
pg/ml of PhycoLink goat anti-human IgG (Fc-specific) R-phycoerythrin
was added for an additional 1 h. The beads were washed twice, resus-
pended in 125 pl of wash buffer with 0.2% paraformaldehyde (PFA), and
read on a Bio-Plex 200 (Bio-Rad). The mean fluorescent intensities were
plotted versus the titration dilutions. The titers were defined as the inverse
of the half-maximal effective concentration (1/ECs,). The antigens for
this assay were prepared as follows. Cohesin-NP5 protein was prepared
using an Escherichia coli expression plasmid encoding avian influenza NP
[A/Viet Nam/1203/2004 (H5N1)] (ABC66760.1) residues 1 to 498 in-
serted distal to cohesin and proximal to six histidine residues. The parent
vector and protein production of the soluble protein were as described in
Flamar et al. (16), with the following exceptions: the cells were lysed in 50
mM morpholineethanesulfonic acid (MES) (pH 6.5), and the supernatant
from 2 liters of cells was passed over a 20-ml HiPrep 16/10 Q XL column
(Pharmacia) in the same buffer before the flowthrough was adjusted with
buffer A of Ni** affinity chromatography. For coating the beads, CBD-
Doc was also expressed in E. coli from a pET28 vector with the cellulose
binding domain of the primary scaffoldin protein from Clostridium ther-
mocellum (JX966414.1) residues 6049 to 6769 inserted into the Nhel site
of the vector; this was accomplished by converting the original Nhel site to
GCTAGT and then inserting the double dockerin domain of C. thermo-
cellum CelD (X04584.1) residues 1924 to 2147 with TAA appended into
the Nhel-NotI interval. Cell growth, supernatant preparation, flow-
through Q Sepharose, and purification via Ni** affinity chromatography
were as described previously (16). Cohesin-HA1 was expressed in E. coli
from a pET28 vector with a gene sequence encoding the 7th cohesin do-
main of C. thermocellum CipA (AAG15504.1) residues 1 to 164, with
R21N, E54E, and S109E changes. These changes were preceded by codons
for serine and methionine inserted between the Ndel and Nhel sites with
influenza A virus A/California/04/2009 (HI1N1) (FJ966082.1) residues 52
to 966 (HA1 domain) with appended CATCACCATCACCATCACTGA
and then inserted between the Nhel and NotI sites. Inclusion bodies were
prepared, solubilized, refolded, and purified via Ni2* affinity chromatog-
raphy as described previously (16). The group comparison statistics were
calculated and plotted using GraphPad Prism 5 (GraphPad Software,
Inc.).

Influenza hemagglutinin inhibition assays. Hemagglutination inhi-
bition (HAI) assays were conducted as described previously (20). Briefly,
the A/California/07/09 influenza virus vaccine composition for the 2010-
2011 influenza season were propagated in 8-day-old specific-pathogen-
free embryonated hen eggs (Charles River). The HAI assays were per-
formed as previously described for the detection of neutralizing
antibodies (20). Briefly, 2-fold serial dilutions of monkey serum were
mixed and preincubated in 96-well V-bottom microtiter plates for 30 min
atroom temperature with the indicated influenza virus vaccine strain. The
HALI assays were developed by adding a 0.5% suspension of turkey red
blood cells (Lampire Biological Laboratories) and incubating them until
the red blood cells pelleted in the control wells containing saline only. The
group comparisons and unpaired ¢ tests were calculated and plotted using
GraphPad Prism 5 (GraphPad Software, Inc.).

Microarray sample collection. One milliliter of macaque blood was
drawn into Na-Li heparin blood collection tubes (BD Biosciences). Next,
500 vl of this blood was immediately aliquoted into freezer tubes contain-
ing 1.5 ml of Tempus reagent. All samples were thoroughly vortexed for 15
s to facilitate RNA stabilization. The samples were stored at —80°C until
RNA extraction.

Clinical and Vaccine Immunology
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RNA isolation and microarray hybridization. Total RNA was iso-
lated from the whole blood lysate using the MagMAX-96 blood RNA
isolation kit (Applied Biosystems), according to the manufacturer’s in-
structions. Following extraction, an Agilent 2100 Bioanalyzer (Agilent)
was used to attain the RNA integrity numbers (RIN) for each sample. All
samples with RIN values of >5.5 were retained for further processing. The
RNA vyields were attained using a NanoDrop 8000 (NanoDrop Technol-
ogies). Both the RIN and yield data were managed using a laboratory
information management system (LIMS) for quality control and sample
tracking.

After RNA extraction and quality control analysis, globin mRNA was
depleted from a portion of each total RNA sample using the GLOBIN-
clear-Human 96-well format kit (Ambion). This was then followed by
another round of RIN and yield determinations for quality control pur-
poses. All samples passing quality control were then amplified and labeled
using the [llumina TotalPrep-96 RNA amplification kit (Ambion). The
RNA input for this reaction was 250 ng. Next, 750 ng of the amplified
labeled RNA was hybridized overnight to Illumina HT12 V4 BeadChips
(Illumina). Following hybridization, each chip was washed, blocked,
stained, and scanned on an Illumina BeadStation 500, according to the
manufacturer’s protocols.

Microarray normalization. The Illumina BeadStudio version 2 soft-
ware was used to generate the signal intensity values from each scanned
array, subtract background signal, and scale each microarray to the me-
dian average intensity for all samples.

Molecular distance to health. Molecular distance to health is a
quantitative approach to cluster analysis results in the computation of
ascore representing the “molecular distance” of a given sample relative
to a baseline (e.g., prechallenge controls). This analysis was performed
by merging the transcripts contained within each cluster into a single
gene list containing the raw expression data for each sample. The
distance of each sample from the uninfected control baseline was cal-
culated in four steps. (i) The first step was establishing the baseline. For
each gene, the average expression level and standard deviation of the
uninfected control group were calculated. (ii) Step 2 was calculating
the distance of an individual gene from the baseline. The difference in
the raw expression level from the baseline average of a gene was deter-
mined for a given sample. Next, the number of standard deviations
from baseline represented by the difference in expression was calcu-
lated. (iii) Step 3 consisted of applying filters. Qualifying genes had to
differ from the average baseline expression by =100 raw intensity units
and 2 standard deviations. (iv) The last step was calculating a global
distance from baseline. The numbers of the standard deviations for all
qualifying genes were added to yield a single value, the global distance
of the sample from the baseline.

Linear mixed-model analysis of longitudinal data. In the linear
mixed-model analysis, the baseline transcriptional activities were deter-
mined for all macaques prior to challenge at day 0. For each macaque, the
day —7 and 0 baseline samples were used and combined across treatment
groups to create a shared baseline to which all postchallenge time point
groups were compared. Statistical analyses of log,-transformed microar-
ray data were performed using the SAS software (version 9.3) and JMP
Genomics (version 6) (SAS Institute, Inc.). A linear mixed-model analysis
(LMMA) accounting for repeated measures (repeated within each ma-
caque) and unequal time point spacing was employed to test for signifi-
cant differences in the gene expression between each postchallenge time
point and the shared baseline. In the case of Fig. S2 in the supplemental
material, the LMMA that was performed was a direct contrast between the
vaccinated and unvaccinated groups at each time point and not to a
shared baseline. A 0.05 false-discovery rate was employed for all hypoth-
esis testing.

Nucleotide sequence accession numbers. The dendritic cell (DC)-
targeting vaccines used in this study were chimeric mouse variable region-
human IgG4 constant region antibodies fused to influenza virus antigens
via the H-chain C-terminal anti-human LOX-1 15C4-HA1s, under Gen-
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Bank accession no. KM246787, and an anti-LOX-1 15C4 chimeric light
chain, under GenBank accession no. KM246788.

Microarray data accession number. The microarray data can be
downloaded via the GEO Omnibus under accession no. GSE60009.

RESULTS

Characterization of clinical and lymphocyte responses to
mixed-particle aerosol pHIN1 influenza challenge. Previous
pHINT infections of rhesus macaques have relied on high-dose
administration of virus to tracheal, nasal, ocular, and oral mucosal
surfaces. This resulted in limited clinical signs despite the recovery
of virus at multiple days postinfection (6, 11). In this study, we
challenged naive animals with a mixed-particle aerosol composed
of large and small virus particles. This mixed-particle aerosol ap-
proach was chosen to enhance the penetration of viral particles
deep into the respiratory tract, with the goal of increasing the
clinical signs of infection. This mixed-particle aerosol challenge to
naive animals (n = 3) resulted in a biphasic increase in body
temperature on days 1 and 6 postinfection (6.3 = 3.8 h of fever
duration on day 1 postinfection and 15.3 * 4.5 h of fever duration
on day 6 postchallenge (Fig. 1A; see also Fig. S1 in the supplemen-
tal material). Notably, after the resolution of fever on day 6 postin-
fection, there appeared to be a low-level residual fever up to 20
days postinfection in animals challenged with live virus but not in
those challenged with the same dose of UV-inactivated virus. The
close monitoring of animal behavior following challenge did not
indicate any outward clinical malaise, suggesting that the intensity
of the fever was insufficient to yield additional clinically observ-
able signs.

Interestingly, the animals (n = 2) immunized in a pilot study
with an experimental vaccine combining anti-LOX-1-HA and anti-
DCIR-NP with CpG-B that was coadministered 8 months before
showed a shorter duration of fever than that seen in naive animals
(0.5 £ 0.7 versus 15.3 = 4.5 h of fever, respectively, on day 6; P =
0.02, unpaired t test) (Fig. 1A).

The circulating IgG titers were determined for HA (Fig. 1B)
and NP (Fig. 1C) both pre- and postchallenge for each of the three
animal groups. The macaques challenged with 2.3 X 10’ PFU-
equivalent dose/animal of UV-inactivated virus failed to exhibit
HA- or NP-specific antibody titers. Compared to the naive ma-
caques, the previously vaccinated macaques had significantly
higher baseline anti-HA antibody titers (P = 0.04, unpaired t test).
The anti-NP titers in the vaccinated macaques trended higher at
baseline but did not achieve significance over the titers measured
in naive animals (P > 0.05, unpaired  test). Eight days postchal-
lenge, both the anti-HA and anti-NP titers were boosted and were
significantly higher in the previously vaccinated group than those
in the naive animals (P < 0.05, unpaired t test). Only the anti-NP
titers remained significantly higher in the vaccinated group than
those in the naive animals 20 days postchallenge (P = 0.002, un-
paired f test). The hemagglutination inhibition (HAI) assay titers
were determined 7 days prior to challenge and then again on day
20 postchallenge (Fig. 1D). All macaques exhibited HAI assay ti-
ters below the accepted neutralization threshold of 40 at seven
days before challenge. The two previously vaccinated animals did
mount neutralizing HAI assay titers immediately following vacci-
nation (see Materials and Methods); however, these titers waned
by 8 weeks following the second boost (Fig. 1D). Only those ani-
mals challenged with live virus exhibited HAI assay titers of >40 at
20 days postchallenge. Similarly, IFN-y-producing antigen-spe-
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FIG 1 Previous vaccination elicits differential subclinical and cellular responses following live-virus challenge. (A) Physiological responses of vaccinated rhesus
macaques to pHIN1 challenge. Fever hours (number of hours of fever) are displayed as daily mean = SD for unvaccinated animals with live challenge (H),
vaccinated animals with live challenge (A), and unvaccinated animals with UV-inactivated challenge (®). Significant changes among the groups were compared
statistically (unpaired ¢ test.) Significant results (P < 0.05) are indicated on the plot. (B and C) Circulating HA and NP antibody titers were quantified by ELISA
7 days prior to pHINI challenge and on 8, 14, and 20 days postchallenge. The P values indicate the intraday comparison of previously vaccinated animals
(anti-LOX-1-HA-anti-DCIR-NP5 with CpG) and unvaccinated animals receiving live pHIN1 challenge (unpaired ¢ test). n.s., nonsignificant. The horizontal
line represents the mean for each group. (D) HAI viral neutralization assay. The dotted line indicates the accepted HAI titer required for neutralization. (E) Day
20 IFN-y-producing T cells responding to anti-LOX-1-HA1 and anti-DCIR-NP5 proteins were quantified using ELISPOT. Note that the pHINT restimulation
peptide pool concentration was 0.02 wg/ml for the prevaccinated live-virus challenge group, while the unvaccinated UV-inactivated-virus challenge and
unvaccinated live-virus challenge groups were stimulated at 0.1 pwg/ml. The acetonitrile (Acetyl) 50% diluent for the peptide pool is presented as a no-peptide
control. Each sample was measured in duplicate. The identifiers for the NHPs in each group are presented on the x axis.

cific T-cell responses on day 20 were observed only in those ma-
caques challenged with live virus (Fig. 1E). Despite the clear dif-
ferences in the responses between the three groups, attempts to
detect replicating virus using quantitative PCR (qPCR) were un-
successful for all animals and were thus suggestive of a technical
fault rather than a lack of replicating virus.

In summary, only live pH1N1 was capable of eliciting clin-
ical and cellular signs of infection. Live infection was charac-
terized by elevated humoral and cellular responses, as well as a
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biphasic fever. Despite the small sample size (n = 2), previous
vaccination with a CpG-adjuvanted vaccine containing both
HA and NP antigens protected the challenged macaques from
fever and potentiated postchallenge boosting of adaptive im-
mune responses.

Transcriptional profiles of subclinical responses to mixed-
particle aerosol pHINI1 influenza challenge. To investigate the
subclinical responses to pHIN1 challenge, longitudinal blood
samples were used to identify the timing and systems-level com-
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activity was calculated at each time point by determining the ratio of significant genes to the total number of genes constituting the cluster. The sign of the LMMA
statistical estimate was used to assign positive or negative cluster activity relative to the preinfection baseline. Color coding for each cluster matches that presented
in the heat map in panel C.

positions of the immune responses to the pHIN1 virus. After the  challenged with live virus and those challenged with UV-inacti-
transcriptional activity for each expressed gene was normalized to  vated virus (Fig. 2A). This global visualization of transcriptional
the average prechallenge baseline expression, a clear picture of the  activity also revealed qualitative signature differences following a
mRNA expression changes was visualized between the animals  live-virus challenge of the previously vaccinated animals with pro-
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tective immunity (given by HAI assay titer of >40) versus that
with naive animals (Fig. 2A).

In order to characterize the signature differences between the
three experimental groups, linear mixed-model analysis (LMMA)
was employed. LMMA identified transcripts with variable abun-
dance at any time point between the 3 experimental groups and
the shared prechallenge baseline. This analysis accounted for re-
peated measurements from the same animal over time and un-
equal time point spacing. In total, 1,286 transcripts displayed sig-
nificant differential expression in at least one comparison to the
shared baseline (false-discovery rate [FDR], 0.05). By plotting the
number of gene transcripts for each experimental group found to
be significantly altered in abundance relative to that of the pre-
challenge baseline (Fig. 2B), we identified time points that exhib-
ited differences in the transcriptional changes for each group. The
animals challenged with UV-inactivated virus exhibited a single
peak of weak transcriptional perturbation that was maximal on
day 5 postchallenge. In contrast, both the unvaccinated and vac-
cinated groups challenged with live virus exhibited biphasic
changes in their transcriptional activities relative to baseline. Max-
imal perturbations for the naive macaques exposed to live virus
were observed on days 1 and 5 postchallenge. Notably, there were
267 more significant transcripts observed in the unvaccinated
group than in the previously vaccinated group on day 5 postchal-
lenge.

k-means (k = 8) clustering was used to group transcripts with
similar expression patterns across experimental time points. Gene
ontology and network enrichment analysis were employed to an-
notate these 8 clusters (Table 1 and Fig. 2C; also see Table S1 in the
supplemental material). To assess the longitudinal activity of each
of these clusters relative to the prechallenge baseline, an activity
score was determined for each cluster at each time point postchal-
lenge. Briefly, this activity score represents the percentage of all
genes within each cluster that were differentially expressed at each
time point using LMMA. The sign associated with the mean esti-
mate of the LMMA for the significant genes within each cluster at
each time point was used to assign increased or decreased activity
for each cluster (Fig. 2D). This analysis revealed that challenge
with live virus elicited increased activity in type I interferon re-
sponses (cluster C2), stress response/inflammation (Cl), and
innate immune responses (C4) on day 1 postinfection. These
pathways remained quiescent in the animals challenged with UV-
inactivated virus. The activity for cytotoxic lymphocyte prolifera-
tion (C7) decreased compared to the baseline activity in the ani-
mals challenged with live virus but not in animals challenged with
inactivated virus. On day 5 postchallenge, the type I interferon
response cluster (C2) exhibited strong activation in the unvacci-
nated animals, and this response was notably reduced in the pre-
viously vaccinated group. Also, on day 5, the hematopoiesis clus-
ter (C5) exhibited decreased activity in the animals challenged
with live virus but not those challenged with inactivated pHIN1. A
direct LMMA comparison between the vaccinated and unvacci-
nated groups at each time point revealed specific genes from each
cluster that were differentially expressed between the vaccinated
and unvaccinated arms (see Fig. S2 in the supplemental material).

Type Linterferon activity is associated with subclinical fever
responses 5 days postchallenge. While the cluster activity quan-
tifies the number of genes that are significant for each cluster per
time point, it fails to account for the magnitude of difference for
the variable genes. Therefore, the molecular distance to health
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metric (MDTH) (21) was employed to quantify the sum expres-
sion difference for each cluster at each time point. Using this met-
ric, only the type I interferon cluster (C2; P = 0.01) and antigen
presentation cluster (C3; P = 0.03) exhibited significant differ-
ences between the vaccinated and unvaccinated groups on day 5
postchallenge (see Fig. S3 in the supplemental material). Since
only the type I interferon cluster was significantly activated in the
live-virus challenge compared to in the inactivated-virus chal-
lenge, we focused on this activity. Tightly regulated type I inter-
feron responses play a key role in host responses to viral infection
(22). The animals challenged with UV-inactivated virus failed to
increase interferon activity over the baseline levels at all time
points postchallenge. In contrast, on day 1 postchallenge, both the
vaccinated and unvaccinated groups challenged with live virus
exhibited significantly elevated interferon responses compared to
those at baseline (P < 0.01) and on day 1 of the animals challenged
with the UV-inactivated virus. On day 5 postchallenge, the inter-
feron response in the unvaccinated live-virus challenge group was
significantly elevated compared to that in both groups vaccinated
with the live virus (P = 0.014) and the UV-inactivated virus (P =
0.008). The difference in the interferon activities between the live-
virus challenge arm and the UV-inactivated-virus arm was not
significant at this time point (Fig. 3A). When the average number
of fever hours observed for the live challenge arm on day 5 was
plotted as a function of interferon transcriptional activity (log,,
MDTH), an association became apparent (R*> = 0.67) (Fig. 3B).
This association between interferon activity and clinical signs is
similar to what has been documented in the context of human
influenza virus responses (23). Interferon transcriptional activity
was not found to be correlated (R* = 0.001) with peak body tem-
perature, thus suggesting that day 5 interferon activity is more
closely associated with fever duration rather than fever intensity.
Thus, despite the weak subclinical response to mixed-particle
aerosol pHINT influenza challenge in the rhesus macaques, the
transcriptional activity of the type I interferon responses was
found to associate closely with elevated body temperatures on 5 to
6 days postchallenge.

Application of type I interferon profiling in a candidate vac-
cine challenge model under subclinical response conditions. To
further explore the hypothesis that measuring whole blood inter-
feron responses could be used as a surrogate metric for candidate
vaccine efficacy in the context of rhesus pHIN1 challenge, we
initiated a follow-up study with larger cohorts (n = 4) to assess
two different prototype influenza vaccines administered with
poly(ICLC) (Hiltonol). The two vaccines tested varied only in the
influenza virus antigen used, HA or NP (see Materials and Meth-
ods for details). Each vaccine was administered once every 6
weeks, for a total of 3 vaccinations, followed by a 6-week rest
period before challenge with live pHIN1. Two control groups
were included in this experiment: a Fluzone (2009 to 2010) vac-
cine that was not matched for the Cal04 pH1N1 strain was used to
assess any cross-protection not associated with HA, and the vac-
cine vehicle medium—poly(ICLC) was used to control for any pro-
tection afforded by the adjuvant alone. Blood samples were col-
lected on days —7, 0, 1, 3, 6, 14, and 20 postchallenge.

In order to confirm the immune responses elicited with the
prototype vaccines, we measured the HA- and NP-specific anti-
body titers (Fig. 4A and B) and HAI assay titers (Fig. 4C) prior to
and on 20 days postchallenge. As expected, the prechallenge titers
for the anti-HA antibodies and the HAI assay were elevated only in
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TABLE 1 Summary of GeneGo pathway analyses identifies networks enriched in each cluster”

Rhesus HIN1 Challenge Model for Vaccine Assessment

Enrichment by GO Processes
cellular response to zinc ion
cellular response to cadmium ion
apoptotic process
negative regulation of growth
plasma lipoprotein particle oxidation
response to muscle inactivity
lipid oxidation
inflammatory response
response to lithium ion
positive regulation of adaptive immune response

defense response to virus
type | interferon-mediated signaling pathway
response to virus
cytokine-mediated signaling pathway
negative regulation of viral genome replication
innate immune response
immune response
interferon-gamma-mediated signaling pathway
modulation by virus of host morphology or physiology
defense response to Gram-positive bacterium

antigen processing and presentation of peptide antigen via MHC class |

immune response
positive regulation of cell proliferation in bone marrow

antigen processing and presentation of exogenous peptide antigen via MHC class |
type | interferon-mediated signaling pathway
positive regulation of T cell mediated cytotoxicity
interferon-gamma-mediated signaling pathway
negative regulation of apoptotic process in bone marrow

positive regulation of transcription from RNA polymerase Il promoter
immune response
negative regulation of apoptotic process
lipopolysaccharide-mediated signaling pathway
positive regulation of transcription, DNA-dependent
apoptotic process
negative regulation of cell proliferation
toll-like receptor signaling pathway
toll-like receptor TLR6:TLR2 signaling pathway
toll-like receptor TLR1:TLR2 signaling pathway

oxygen transport

fatty acid metabolic process

response to lead ion
apoptotic process in bone marrow
positive regulation of plasma membrane long-chain fatty acid transport
suppression by virus of host apoptotic process

cell cycle arrest

heme biosynthetic process

protein heterooligomerization
response to cycloheximide

regulation of vasodilation
G-protein coupled purinergic nucleotide receptor signaling pathway
positive regulation of vasodilation
regulation of systemic arterial blood pressure by norepinephrine-epinephrine
positive regulation of the force of heart contraction by epinephrine
inflammatory response
regulation of calcium ion transport
negative regulation of ossification
microglial cell activation involved in immune response
negative regulation of urine volume

cell surface receptor signaling pathway

[} g positive regulation of phosphoprotein phosphatase activity

~ -E E- = mitotic cell cycle

:I-) S0 8« embryonic cleavage

= B c g -

g S8 w g T cell activation

(s} 3‘ E. § ~ transmembrane receptor protein tyrosine kinase signaling pathway
- o mast cell chemotaxis

Wnt receptor signaling pathway involved in somitogenesis
platelet aggregation

positive regulation of G-protein coupled receptor protein signaling pathway
cardiac muscle cell apoptotic process
regulation of autophagy
positive regulation of epidermal growth factor receptor signaling pathway
oocyte maturation
activation of MAPK activity
regulation of protein processing

mitotic metaphase

nucleosome positioning

cellular response to carbohydrate stimulus

antigen processing and presentation of exogenous peptide antigen via MHC class |, TAP-independent

antigen processing and presentation of exogenous peptide antigen via MHC class |, TAP-dependent

Total Genes GenesInData  p-value FDR
17 4 4.07E-06 2.16E-03
17 4 4.07E-06 2.16E-03

1325 19 1.11E-05 3.23E-03
279 4 1.22E-05 3.23E-03
2 2 4.34E-05 6.57E-03
9 2 4.34E-05 6.57E-03
82 2 4.34E-05 6.57E-03
593 12 6.09E-05 8.07E-03
60 4 8.16E-05 9.61E-03
128 3 9.76E-05 1.03E-02
197 38 1.95€-37 2.95E-34
87 24 5.96E-28 4.51E-25
322 25 1.88E-21 9.48E-19
439 32 2.73E-21 1.03E-18
46 14 2.93E-18 8.87E-16
983 40 1.67E-16 4.21E-14
1505 28 2.10E-12 4.53E-10
94 13 1.58E-11 2.98E-09
524 26 2.36E-11 3.97E-09
66 9 2.58E-08 3.90E-06
157 9 1.36E-07 5.74E-05
24 5 1.68E-07 5.74E-05
1505 15 2.13E-07 5.74E-05
6 3 1.54E-06 3.12E-04
111 7 2.45E-06 3.95E-04
118 7 3.68E-06 4.95E-04
87 6 7.88E-06 9.09E-04
56 5 1.10E-05 1.11E-03
94 6 1.23E-05 1.11E-03
3 2 2.92E-05 1.72E-03
1023 22 2.46E-08 2.26E-05
1505 16 4.31E-08 2.26E-05
1022 18 6.08E-07 2.12E-04
41 5 3.01E-06 7.88E-04
1383 16 3.78E-06 7.92E-04
1325 17 1.28E-05 1.81E-03
802 13 1.60E-05 1.81E-03
159 7 1.61E-05 1.81E-03
98 6 1.73E-05 1.81E-03
98 6 1.73E-05 1.81E-03
20 4 5.08E-07 2.65E-04
359 7 3.42E-06 8.93E-04
35 a4 5.29E-06 9.20E-04
2 2 1.08E-05 1.41E-03
3 2 3.22E-05 2.74E-03
3 2 3.22E-05 2.74E-03
194 6 3.67E-05 2.74E-03
24 3 5.09E-05 2.80E-03
160 5 5.22E-05 2.80E-03
7 2 6.43E-05 2.80E-03
64 10 6.77E-13 1.38E-09
18 7 2.75E-09  2.79E-06
43 9 6.83E-09 4.62E-06
17 4 3.78E-08 1.38E-05
4 a4 3.78E-08 1.38E-05
593 24 4.43E-08 1.38E-05
221 9 4.75E-08 1.38E-05
48 7 1.94E-07 4.00E-05
11 5 2.25€E-07 4.00E-05
11 5 2.25€E-07 4.00E-05
178 11 1.33E-08 1.79E-05
3985 14 3.40E-08 2.28E-05
14 4 1.32E-06 5.92E-04
852 14 3.21E-06  8.90E-04
16 4 3.32E-06 8.90E-04
269 6 5.34E-06 1.19E-03
705 7 9.98E-06 1.70E-03
7 3 1.01E-05 1.70E-03
9 3 2.41E-05 2.31E-03
26 4 2.59E-05 2.31E-03
28 3 9.77E-06 2.23E-03
16 3 9.77E-06 2.23E-03
85 3 1.68E-05 2.56E-03
36 3 2.30E-05 2.62E-03
24 3 3.48E-05 3.17E-03
190 5 4.31E-05 3.28E-03
62 2 6.93E-05 4.52E-03
6 2 1.04E-04 5.92E-03
7 2 1.45E-04 7.35E-03
103 2 1.93E-04 8.81E-03

“ For each cluster, the top 10 pathway maps, process networks, and gene ontology (GO) processes were identified. The size of each gene list is displayed under the total, with those
genes found in both the network and the mixed-model-derived cluster listed under network objects from active data. Based on an interpretation of significant pathways, each

cluster is annotated where appropriate.
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postchallenge.

those macaques that received the anti-CD40-HA—poly(ICLC)
vaccine, while the prechallenge titers for anti-NP antibodies were
elevated only in those animals that received the anti-CD40-NP—
poly(ICLC) vaccine. The HAI assay titers for the animals that re-
ceived the NP vaccine were not determined. The animals in these
control groups had low or undetectable titers against these anti-
gens prior to challenge, and they also had undetectable HAI assay
titers prior to challenge. On day 20 postchallenge, both control
groups elicited low serum IgG levels for antibodies specific to both
the HA and NP antigens. On day 20 postchallenge, both vaccine
groups showed greatly increased serum IgG levels for antibodies
specific to the indicated vaccine antigen component but not to the
alternate antigen carried only by the live virus (Fig. 4C). The HAI
assay titers were significantly elevated for all measured groups
postchallenge (P < 0.05, paired ¢ test). Together, these data sug-
gest that the vaccines suppressed the development of neoantibod-
ies specific to the nonvaccine components of the virus challenge
compared to that of the control animals, which generally devel-
oped low but detectable antibodies specific to both the HA and NP
virus antigens.

Next, we assessed the quantitative differences in the type I
interferon activities between each postchallenge experimental
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arm (Fig. 4D). To accomplish this, we utilized the transcript list
previously defined in cluster 2 of Fig. 1C to determine the
MDTH of each group relative to a shared prechallenge baseline
(all prechallenge samples on days —7 and 0 were used as the
baseline). To account for repeated measurements and unequal
time point spacing, LMMA was employed. On day 1 postchal-
lenge, the interferon response of the anti-CD40-HA-poly-
(ICLC) group was found to be significantly less than either the
Fluzone (P = 0.03) or the medium—poly(ICLC) control (P =
0.04) responses. However, there were no significant differences
in the transcriptional activities between the vaccine arms at this
time point. At day 3 postchallenge, the decreased interferon
activity of the anti-CD40-HA—poly(ICLC) arm remained sig-
nificant compared to the unmatched Fluzone response. Strik-
ingly, by day 6, both vaccine groups exhibited very little type I
interferon activity, while the medium—poly(ICLC) group re-
sponse remained significantly elevated (P = 0.01). The Fluzone
group exhibited an intermediate phenotype between the proto-
type vaccine groups and the medium—poly(ICLC) control groups.
As was previously demonstrated, the interferon transcriptional
activity resolved by day 14 postchallenge for all groups.

To determine if the postchallenge changes in interferon activity
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FIG 4 Reduced postchallenge interferon activity can be used as a surrogate marker to appraise protection imparted by candidate vaccines. Two different fusion
protein vaccines [anti-CD40-HA—poly(ICLC) and anti-CD40-NP—poly(ICLC)], varying only in the type of flu antigen presented, were assessed as candidate
vaccines. Four macaques per group received 3 subdermal injections of candidate vaccine plus poly(ICLC), poly(ICLC) alone, or unmatched Fluzone vaccine. The
antibody titers to HA (A) and NP (B) were determined prior to challenge and on 20 days postinfection. (C) HAI neutralization titers were determined for all
groups except for the NP vaccine group. (D) MDTH was calculated for those genes previously defined as type I interferon (C2) at days —7, 0, 1, 3, 6, 14, and 20
after challenge with pH1N1. Statistical comparisons between the groups at each time point were conducted using an unpaired ¢ test with Welch’s correction. The
inset line graphs represent the global activity of C2 type I interferon normalized to the prechallenge baseline for each group.

reflected changes in the cellular composition of the blood or rep-  vaccinated and control cohorts exhibited significant lymphopenia
resented increased interferon activity by the existing circulating  (0.0001 < P < 0.02) and neutrophilia (0.001 < P < 0.04) on day
cells, complete blood counts (CBCs) were determined ateach time 1 postchallenge. On day 6 postchallenge, only the Fluzone cohort
point (see Fig. S4A to E in the supplemental material). Both the exhibited an increase in circulating monocytes compared to base-
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line. We further assessed the monocyte-to-lymphocyte ratio at
each time point, since it has been reported to be a screening tool
for influenza virus infection (24). All macaque groups exhibited a
significant increase in the monocyte-to-lymphocyte ratio on day 1
postchallenge (P < 0.0002) but not on day 6. Since no significant
changes in cellular composition were found to differentiate the
previously vaccinated cohorts from the medium—poly(ICLC)
group on day 6, the fever-associated interferon responses noted
that time likely reflect changes in gene expression rather than
changes in cellular frequency. The UV-inactivated virus also led to
lymphopenia and neutrophilia (see Fig. SSA and B in the supple-
mental material). However, these responses were delayed in initi-
ation (significant at day 2) and protracted in duration (significant
from days 2 to 8) for the lymphocyte and neutrophil populations
compared to the acute (day 1) responses following live virus chal-
lenge (see Fig. S4B and C and S5C to G in the supplemental ma-
terial). In total, these CBC data suggest that the interferon re-
sponses, which were previously shown to vary on day 6 between
the vaccinated and nonvaccinated groups (Fig. 4D), cannot be
explained by changes in cell composition, suggesting that gene
induction in the existing cell types accounts for the observed in-
creases.

DISCUSSION

Historically, nonhuman primate models of human influenza virus
infection have been selected for those with outwardly observable
clinical signs that recapitulate the moderate-to-severe symptom-
atic responses observed in clinical human cases. By attaining a
strong clinical phenotype, these can then be used to easily assess
candidate vaccines as challenge models. The symptoms associated
with such models are a function of the influenza virus strain, route
of inoculation, dose of inoculation, and chosen primate species
(25). In recent studies, high-dose administrations of pHIN1 virus
to tracheal, nasal, ocular, and oral mucosal surfaces of rhesus ma-
caques (M. mulatta) failed to elicit clinically observable symptoms
despite detectable viral replication in the respiratory tract (6) and
increased pulmonary inflammation measured by changes in effec-
tor lymphocyte populations, the secretion of inflammatory cyto-
kines, and changes in bronchoalveolar lavage (BAL) gene expres-
sion (10).

Here, we attempted to establish a rhesus macaque model that
recapitulated the clinical disease signs observed in humans. We
hypothesized that deeper airway penetration of the virus, achieved
through a naturally aspirated mixed-particle aerosol route of viral
administration, would lead to increased signs of disease. However,
our data indicate that rhesus macaques remain outwardly asymp-
tomatic despite the administration of virus by mixed-particle
aerosol administration. This occurred despite measurable signs of
infection, including elevated body temperature, increased inter-
feron activity, and changes in the frequency of circulating immune
cells. These signs of active infection were either absent or signifi-
cantly different in the naive animals receiving UV-inactivated
virus.

Seasonal influenza challenge studies in human volunteers sug-
gest that clinically asymptomatic responses to infection may be
relatively common in the human population. In one human chal-
lenge study, only 21% (3 of 14) of the H3N2-challenged subjects
and 11% (1 of 9) of the seasonal HIN1-challenged subjects devel-
oped fevers by day 7 postinfection, despite testing seronegative for
the challenge strain (26). In a second study, only 9 of 17 volunteers
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infected with seasonal H3N2 developed mild-to-severe signs
based on standardized symptom scoring, despite uniformly test-
ing negative on the HAI assay at preinoculation screening and not
previously being vaccinated (27). In both of these studies, the
clinically asymptomatic volunteers exhibited subclinical signs of
infection that were not outwardly expressed, including elevated
body temperature, changes in gene expression, and changes in
immune cell frequency, similar to the signs in the pHI1N1-chal-
lenged rhesus macaques in this study.

The study by Huang et al. (27) went on to characterize the
transcriptional signatures associated with both symptomatic and
asymptomatic seasonal influenza virus infection using microar-
ray-based profiling. These seasonal influenza virus signatures
were then used to discriminate between pHINI-infected and
noninfected individuals in a clinical setting with 92% accuracy
(23), thus suggesting that seasonal influenza virus signatures
closely mirror those signatures resulting from pH1N1 infection in
humans. This influenza virus signature was highly enriched in the
antiviral interferon-related genes and was found to track closely
with symptom scores over time. In our rhesus macaque model, we
observed a similar association of interferon activity with a biphasic
fever that peaked on days 1 and 5 to 6 postchallenge. This biphasic
fever was similar to that previously observed in H5N1 infection in
children (28) and in H5N1-infected rhesus macaques (29). The
relationship between the interferon responses and fever has long
been established (30), and fever is the major side effect of interfer-
on-based therapies in humans (31). Thus, changes in IFN cluster
transcript abundance in the blood might serve as a metric of sub-
clinical host responses in this model of pHIN1 challenge.

The experimental vaccine combining anti-LOX-1-HA and anti-
DCIR-NP with CpG-B coadministered 8 months previously re-
sulted in a shorter duration of fever than that seen in the naive
animals. This occurred despite the reduction in protective HAI
assay titers to below the limit of detection at the time of challenge.
This suggests that NP may provide a protective role that is more
durable than that conferred by HA neutralization. The small sam-
ple size of this group limited our interpretation of these results and
has prompted an expanded follow-up study.

This follow-up study used more primates per arm and added
experimental control arms to further investigate the use of tran-
scriptional immunomonitoring to measure host responses in this
subclinical vaccine challenge model. The abilities of two candidate
vaccines independently delivering HA and NP adjuvanted with
poly(ICLC) to affect the type I interferon response following
pHINTI challenge were assessed and compared to those in pri-
mates treated with poly(ICLC) alone or vaccinated with a Fluzone
split-virus vaccine. The Fluzone vaccine used was not matched for
the challenge Cal04 pH1NI1 strain and therefore was not expected
to confer complete amelioration of the transcriptional responses.
In this study, the only difference between the two candidate vac-
cines was the flu antigen presented by the fusion protein molecule.
An anti-CD40-HA—poly(ICLC) vaccine presented the HA peptide
sequence derived from pH1N1 strain Cal04, while an anti-CD40-
NP5—poly(ICLC) vaccine presented NP antigen derived from the
heterologous avian flu strain (H5N1). Despite being heterologous,
NP5 and NP (Cal04) are 99.9% identical at the protein sequence
level, highlighting the potential utility of this conserved flu antigen
in a universal vaccine. Only in the macaques receiving the HA or
NP5 vaccines were significant levels of serum anti-HA and anti-
NP5 titers elicited. The HA-containing vaccine was able to reduce
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both day-1 and day-6 interferon signatures, while the NP5-con-
taining vaccine was only able to reduce the day-6 signature com-
pared to that in the animals treated with medium—poly(ICLC).
The difference in the postchallenge interferon responses between
these two vaccines may reflect differences in the underlying im-
munologic mechanisms induced by each vaccine. Whereas the
anti-CD40-HA—poly(ICLC) vaccine elicited protective neutraliz-
ing antibodies against pHIN1, as detected by the HAI assay, the
anti-CD40-NP5—poly(ICLC) vaccine might act by eliciting cell-
mediated responses that do not rely on viral neutralization to pre-
vent infection (32). The trend toward lower interferon responses
on day 1 postchallenge in the anti-CD40-HA—poly(ICLC) group
might reflect reduced pHIN1 infection due to the presence of
neutralizing antibodies. This contrasts with the anti-CD40-NP5—
poly(ICLC)-vaccinated animals, in which there was no apparent
reduction of the initial interferon responses on day 1 postchal-
lenge; however, significantly reduced interferon-mediated re-
sponses on day 6 postchallenge were detected. The test vaccines
presented here were pilot studies with small groups of monkeys,
but they served to highlight the potential protective and/or ame-
liorative benefits of vaccination with both HA and NP proteins
enhanced by DC-targeting approaches. The results from the ex-
tended studies are in preparation.

In conclusion, we have characterized a subclinical pHIN1
challenge model that recapitulates many phenotypes previously
associated with pHINT1 infection. Because the primates in this
model do not show outward clinical signs, we utilized telemetry
and whole blood transcriptional profiling to identify pathways
that might be used as surrogates of clinical illness. We were able to
identify a biphasic fever response to challenge, which was associ-
ated with greatly increased type I interferon activity in the blood.
By utilizing the transcriptional activity of this signature as a metric
of host responses to challenge, we were able to assess two candi-
date vaccines for their ability to reduce the subclinical host re-
sponses to pHINT1 challenge. The ability to assess candidate vac-
cines in the absence of observable clinical signs and, in this case,
detectable virus underscores the utility of our approach for meet-
ing the unexpected challenges that might arise from newly emer-
gent influenza virus strains. There is no guarantee that current
influenza virus challenge models, including the symptomatic cyn-
omolgus macaque model, will retain clinical signs of infection
when infected with novel influenza virus strains. Therefore, hav-
ing the ability to assess vaccine efficacy in subclinical settings may
prove vital for future candidate vaccine assessment.
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