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ABSTRACT

Influenza virus infection of nonhuman primates is a well-established animal model for studying pathogenesis and for evaluating
prophylactic and therapeutic intervention strategies. However, usually a standard dose is used for the infection, and there is no
information on the relation between challenge dose and virus replication or the induction of immune responses. Such informa-
tion is also very scarce for humans and largely confined to evaluation of attenuated virus strains. Here, we have compared the
effect of a commonly used dose (4 � 106 50% tissue culture infective doses) versus a 100-fold-higher dose, administered by intra-
bronchial installation, to two groups of 6 cynomolgus macaques. Animals infected with the high virus dose showed more fever
and had higher peak levels of gamma interferon in the blood. However, virus replication in the trachea was not significantly dif-
ferent between the groups, although in 2 out of 6 animals from the high-dose group it was present at higher levels and for a lon-
ger duration. The virus-specific antibody response was not significantly different between the groups. However, antibody en-
zyme-linked immunosorbent assay, virus neutralization, and hemagglutination inhibition antibody titers correlated with
cumulative virus production in the trachea. In conclusion, using influenza virus infection in cynomolgus macaques as a model,
we demonstrated a relationship between the level of virus production upon infection and induction of functional antibody re-
sponses against the virus.

IMPORTANCE

There is only very limited information on the effect of virus inoculation dose on the level of virus production and the induction
of adaptive immune responses in humans or nonhuman primates. We found only a marginal and variable effect of virus dose on
virus production in the trachea but a significant effect on body temperature. The induction of functional antibody responses,
including virus neutralization titer, hemagglutination inhibition titer, and antibody-dependent cell-mediated cytotoxicity, cor-
related with the level of virus replication measured in the trachea. The study reveals a relationship between virus production and
functional antibody formation, which could be relevant in defining appropriate criteria for new influenza virus vaccine candi-
dates.

Nonhuman primates (NHP) play an important role as animal
models for influenza virus research (1, 2). Novel candidate

influenza vaccines are commonly tested for safety and efficacy in
mice and ferrets and/or macaques before they are evaluated for
immunogenicity in humans (2, 3). However, whereas for mice
and ferrets dose-finding studies have been described and imple-
mented for testing of vaccines and antiviral agents (4–11), for
macaques usually a standard challenge dose is used, typically in
the range between 106 and 107 50% tissue culture infective doses
(TCID50) (12–15).

Information from human volunteer challenge studies on the
effect of influenza virus infection dose on viral replication and
induced adaptive immunity is limited, because dose escalation is
usually performed for attenuated viruses that are to be used as a
vaccine modality (16–21) and only occasionally for the wild-type
virus (18, 22, 23). In general, the studies with attenuated viruses
have shown that an increase in challenge dose results in increased
virus shedding (18–20). However, reports differ in their conclu-
sions on the effect of challenge dose and levels of virus production
on the induction of antiviral and hemagglutination-inhibitory
(HAI) antibody (Ab) responses (17–21). Dose finding in mice and
ferrets is mostly directed at defining the minimal infectious dose
to be used to obtain pathology or lethal infection and not partic-

ularly at the effect on virus production or induction of immune
responses.

The dose-finding studies are commonly not performed in
NHP, and only a few studies have addressed the induction of
adaptive immune responses after viral challenge in macaques (24–
26). No correlation was drawn between levels of virus production
and strength or neutralizing capacity of the induced antibody re-
sponses. In this study, we evaluated effects of two different chal-
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lenge doses on symptom development, virus production, body
temperature, and antibody response. We chose to compare the
effects of a controlled intrabronchial inoculation of a standard
dose of influenza virus of 106 TCID50, with a high dose of virus of
108 TCID50, in an attempt to develop a more robust and uniform
challenge model by increasing the clinical manifestations in the
majority of the animals, such as sneezing and coughing, thereby
disseminating the virus to the upper respiratory tract. This would
facilitate the evaluation of vaccine efficacy, reducing the number
of animals needed per group, but risking the possibility of making
the model too stringent to show protection from infection. We
demonstrated no effect of the dose on virus production but a
significant effect on the body temperature. In addition, the varia-
tion in the obtained virus titers allowed us to identify a correlation
between virus replication and induction of virus binding and neu-
tralizing antibody (NAb) responses and antibodies mediating an-
tibody-dependent cell-mediated cytotoxicity (ADCC).

MATERIALS AND METHODS
Animals, housing, and clinical observation. This study was performed in
outbred male mature Malaysian origin cynomolgus monkeys (Macaca
fascicularis). Animals were captive bred for research purposes and socially
housed at animal biosafety level III facilities at the Biomedical Primate
Research Center, Rijswijk, The Netherlands (an AAALAC-accredited in-
stitution). Animal housing was according to international guidelines for
nonhuman primate care and use (European Council Directive 86/609/
EEC and Convention ETS 123, including the revised Appendix A as well
the Standard for Humane Care and Use of Laboratory Animals by Foreign
institutions, identification number A5539-01, provided by the Depart-
ment of Health and Human Services of the U.S. National Institutes of
Health [NIH]). All animal handling was performed at the Department of
Animal Science (ASD) according to Dutch law. A large, experienced staff
was available, including full-time veterinarians and a pathologist. ASD is
regularly inspected by the responsible authority (Voedsel en Waren Au-
toriteit [VWA]) and by an independent animal welfare officer. The ani-
mals were negative for antibodies to simian type D retrovirus or simian
T-cell lymphotropic virus and were selected for absence of antibodies
directed against conserved nucleo- and matrix proteins covering all hu-
man and avian influenza A and B viruses (Serion enzyme-linked immu-
nosorbent assay [ELISA] classic influenza A/B virus IgA/IgG/IgM detec-
tion kit [ESR 1231; Serion Immunodiagnostica GmbH, Würzburg,
Germany]) and to influenza A/PR/8/34 (H1N1) viral lysate (Advanced
Biotechnologies Inc., Eldersburg, MD, USA). All animals were classified
healthy according to physical examination and evaluation of complete
blood count and serum chemistry.

During the experiment the animals were housed in pairs with a socially
compatible cage mate. Animals were kept on a 12-hour light/dark cycle
and were housed in a single room separated from the rest of the colony.
The monkeys were offered a daily diet consisting of monkey food pellets
(Hope Farms, Woerden, The Netherlands), fruit, and bread. Enrichment
was provided daily in the form of pieces of wood, mirrors, food puzzles,
and a variety of other homemade or commercially available enrichment
products. Drinking water was available ad libitum via an automatic wa-
tering system. Veterinary staff provided daily health checks before infec-
tion, and the animals were checked for appetite, general behavior, and
stool consistency. During the course of the influenza virus infection, the
animals were checked twice a day and scored for clinical symptoms ac-
cording to a previously published scoring system (27), with scores for
changes such as skin and fur abnormalities, posture, eye and nasal dis-
charge, sneezing and coughing, and respiration rate. A score of 35 or more
was predetermined as an endpoint and justification for euthanasia. Each
time an animal was sedated, the body weight was measured. Body tem-
perature was recorded on a data storage tag (DST; Micro-T; Star-Oddi,
Iceland) surgically placed in the abdominal cavity of each animal 28 days

before infection; the tag recorded body temperature every 15 min. All
possible precautions were taken to ensure the welfare of and to avoid any
discomfort to the animals. All experimental interventions (intrabronchial
infection, swabs, blood samplings) were performed under anesthesia us-
ing ketamine (10 mg/kg of body weight).

The Institutional Animal Care and Use Committee of the Biomedical
Primate Research Centre (dierexperimentencommissie; DEC-BPRC) ap-
proved the study protocols, which were developed according to strict
international ethical and scientific standards and guidelines. The qualifi-
cations of the members of this committee, including their independence
from a research institute, is requested in Dutch law for animal experi-
ments (1996 Wet op de Dierproeven).

Experimental infection and influenza virus replication. Six male
adult cynomolgus monkeys were experimentally inoculated with 4 � 106

TCID50 of an influenza A/Mexico/InDRE4487/2009 (H1N1) (Mex4487)
virus stock that was produced on Madin-Darby canine kidney (MDCK)
cells. Another six male adult cynomolgus monkeys were experimentally
inoculated with a 100-fold-higher virus dose, that is, 4 � 108 TCID50 of
H1N1 influenza A Mex4487 virus. This virus was originally isolated from
the bronchial aspirate of a 26-year-old man from a family cluster of three
confirmed severe flu cases in Mexico (28). Infection was performed as
previously described (29) via the intrabronchial route using a broncho-
scope. The intrabronchial route of infection is very controlled in terms of
the amount of virus deposition and location. A 2-ml aliquot of a virus
suspension containing either 106 or 108 TCID50/ml was administered in
each bronchus.

During the infection procedure, animals were sedated with ketamine
(10 mg/kg). Additionally, they received medetomidine hydrochoride
(0.04 mg/kg; Cepetor) to induce further sedation and muscle relaxation.
At the end of the procedure, atipamezole hydrochloride (0.5 mg/kg; Re-
vertor) was used for faster recovery. Local anesthesia in the throat was
applied by spraying with 10% xylocaine (lidocaine).

Blood, tracheal, and nasal swabs were collected on days 0, 1, 2, 4, 6, 8,
10, 14, and 21. Swabs were taken using flocked swabs (FLOQswabs; cata-
log number 502CS01; Copan).

Virus replication was monitored in standard TCID50 assays on MDCK
cells. The detection limit of this assay was 100 infectious viral particles/ml.
Viral RNA was detected by real-time PCR, as described previously (30).
The dynamic range of the quantitative reverse transcription-PCR (QRT-
PCR) assay was 3.5 to 10.5 log RNA copies/ml.

Hematology and assessment of cytokine and chemokine protein lev-
els in serum. Hematology parameters were measured in EDTA-blood
mixtures with a Sysmex XT-2000iV automated hematology analyzer (Sys-
mex Corporation of America) as previously described (31).

Cytokine and chemokine concentrations, including granulocyte colo-
ny-stimulating factor (G-CSF), granulocyte-macrophage CSF (GM-
CSF), IFN-�, interleukin-1� (IL-1�), IL-1 receptor antagonist (IL-1Ra),
IL-2, IL-4, IL-6, IL-8, IL-12, IL-13, IL-15, IL-17, IL-18, monocyte che-
moattractant protein 1 (MCP-1), macrophage inflammatory protein 1�
(MIP-1�), MIP-1�, soluble CD40 ligand (sCD40L), transforming growth
factor alpha (TGF-�), and tumor necrosis factor alpha (TNF-�), were
determined using the Milliplex multianalyte panel (MAP) nonhuman pri-
mate cytokine magnetic bead panel kit (Millipore, Billerica, MA, USA)
and a Luminex detection system (Luminex Corporation, Austin, TX,
USA), according to the manufacturers’ instructions. For each cytokine, a
standard curve was made, ranging from 2.4 to 10,000 pg/ml. Samples were
measured on a Bio-Plex 2000 system (Bio-Rad, Herts, United Kingdom)
and analyzed by using Bio-Plex Manager software.

Antibody titers. Serum samples from 8 weeks postinfection were
tested for the presence of anti-influenza virus antibodies using an ELISA.
Wells of a 96-well microtiter plate (Nunc Maxisorp) were coated over-
night at 4°C with 100 �l 1:100-diluted Pandemrix vaccine preparation
(split influenza virus, inactivated, containing 7.5 �g hemagglutinin
[HA]/ml of the A/California/7/2009 [H1N1] influenza virus strain prop-
agated in eggs, without ASO3 adjuvant). Wells were washed four times
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with phosphate-buffered saline (PBS) containing 0.05% (vol/vol) Tween
20 and blocked in PBS containing 1% (wt/vol) bovine serum albumin
(BSA; blocking solution) for 1 h at room temperature. Diluted serum (1%
BSA in PBS) samples were added and incubated for 1 h at room temper-
ature, and wells were washed four times with PBS– 0.05% Tween 20.
Bound anti-influenza virus antibodies were detected using alkaline phos-
phatase-conjugated protein G (Calbiochem EMD, Millipore Corporation
USA; 1:100-diluted in PBS) and incubated for 1 h at room temperature.
Wells were washed four times with PBS– 0.05% Tween 20. The reaction
was developed with the BluePhos microwell phosphatase substrate system
(Kirkegaard & Perry Laboratories, USA) for 10 min. The absorbance was
measured at 595 nm.

Influenza virus neutralization assay. To remove nonspecific inhibi-
tors of agglutination, serum samples from 8 weeks postinfection were
treated with RDE (receptor-destroying enzyme). Subsequently, 2-fold se-
rial dilutions of the serum samples were made in a 96-well flat-bottom
plate (Nunc). A total of 100 TCID50 of MDCK-grown influenza A/Mexi-
co/InDRE4487/2009 (H1N1) was added to each well containing serum
and incubated for 2 h at 37°C. The virus-antibody mixtures were trans-
ferred to a 96-well microtiter plate with confluent MDCK cells and incu-
bated at 37°C, 5% CO2, until cytopathic effect (CPE) occurred (3 days).
Virus growth and CPE were confirmed with the hemagglutination assay,
performed by transferring supernatant to 1% turkey red blood cells
(TRBC). After 45 min of incubation at room temperature, agglutination
was determined visually. The virus neutralization titer was determined as
the inverse of the last serum dilution showing 50% or more CPE or hem-
agglutination. Samples were tested in duplicate.

HAI assays. Hemagglutination inhibition (HAI) assays were per-
formed on serum samples from 8 weeks postinfection, as described in the
2002 WHO Manual on Animal Influenza Diagnosis and Surveillance (32).
To remove nonspecific inhibitors of agglutination, serum samples were
treated with RDE and subsequently washed with 1% TRBC in PBS. HAI
assays were performed by standard procedures in 96-well round-bottom
microtiter plates (Nunc) using 0.5% TRBC. Twofold serial dilutions from
sera were made from a starting dilution of 1:10 to 1:5,120 in PBS solution.
Serum dilutions were incubated with 0.5% TRBC for 45 min at room
temperature, and agglutination was determined visually. Titers were ex-
pressed as the reciprocal of the highest dilution of plasma that completely
inhibited 8 hemagglutinating units of influenza A virus strain Mex4487.
Samples were tested in duplicate.

Plate-bound antibody-dependent cellular cytotoxicity NK cell acti-
vation assay. The ADCC NK cell activation assay was performed as de-
scribed before (33) with minor modifications. Wells of a 96-well ELISA
plate (Maxisorp, Nunc) were coated overnight at 4°C with 400 ng/well
purified HA protein (influenza A H1N1 California 04/2009 or Puerto Rico
8/34; Sino Biological Inc., China) in PBS. Wells were washed 3 times with
PBS and incubated with diluted (in PBS–1% BSA) heat-inactivated sera
(56°C for 60 min) collected at 8 weeks postinfection for 2 h at 37°C. Serum
was discarded, and 0.5 � 106 thawed peripheral blood mononuclear
cells/well from a healthy macaque in R10 medium (RPMI supple-
mented with 10% fetal calf serum [FCS], penicillin, streptomycin, and
L-glutamine; Gibco, LifeTechnologies) were added. Additionally, anti-
human CD107a–allophycocyanin Ab conjugate (H4A3 clone; BD Biosci-
ences, San Jose, CA), 5 mg/ml brefeldin A (GolgiPlug; BD Biosciences),
and 5 mg/ml monensin (Golgi Stop; BD Biosciences) were added and
incubated for 5 h at 37°C with 5% CO2. Cells were then transferred to a
V-bottom plate (Greiner) and stained with LIVE/DEAD fixable violet
dead cell stain (Molecular Probes) for 15 min at room temperature fol-
lowed by incubation with anti-human CD3–fluorescein isothiocyanate
conjugate Ab (clone SP34; BD Biosciences), anti-human CD14 –phyco-
erythrin-Texas Red Ab conjugate (clone RMO52, Beckman Coulter), and
anti-human NKG2a–phycoerythrin Ab conjugate (clone Z199; Beckman
Coulter) for 30 min at room temperature in the dark. Cells were perme-
abilized with Perm/Fix solution (BD Biosciences) for 20 min and washed
with Perm/Wash solution (BD Biosciences). Finally, cells were incubated

at room temperature for 30 min with IFN-�–AF700 conjugate (clone B27;
BD Biosciences). Cells were fixed with 2% paraformaldehyde overnight at
4°C, and acquisition was performed on the LSRII flow cytometer (BD
Biosciences) with up to 3 � 105 lymphocyte events collected. Samples
were analyzed using FlowJo version 10. For analysis, cells within the lym-
phocyte gate were selected, and then cells negative for CD3, CD14, and
staining with the LIVE/DEAD marker and positive for NKG2A were se-
lected. Within this cell population, defined as NK cells, expression of
CD107a was plotted against IFN-�- and CD107a-positive as well as
CD107a/IFN-�-double-positive cells. To quantify the ADCC-enhancing
capacities, sera were tested in a dilution range and the dilution that in-
duced 50% of the plateau ADCC activity level was calculated as the 50%
effective concentration (EC50).

Statistical evaluation. Statistical significance of differences between
the dose groups was calculated by using the Mann-Whitney test. A two-
sided � level of 0.05 was used to determine significance. Correlations
between parameters were determined with the Spearman correlation test.

RESULTS
An increased influenza virus inoculation dose does not induce
more clinical symptoms. During the course of the influenza virus
infection the animals were scored twice a day for clinical symp-
toms according to a previously published scoring system (27) that
included scores for skin and fur abnormalities, posture, eye and
nasal discharge, sneezing and coughing, respiration rate, tremor,
etc. Only a few clinical symptoms were observed upon influenza
virus infection in any of the animals (Fig. 1). Most frequently, a
loss of appetite and changes in stool consistency were observed
(Fig. 1A), while only 4 animals showed influenza virus infection-
related symptoms (Fig. 1B), such as shortness of breath or cough-
ing (animals 5 and 7), hunched posture (animals 7 and 9), unten-
ded fur (animals 9 and 12), and tremor (animals 5 and 7).
Although the total clinical score did not statistically differ between
animals infected with a normal or high influenza virus dose (area
under the curve [total clinical score versus time; AUC], 22.2 � 5.3
versus 22.2 � 9.3 [mean total score � SD]), the number of ani-
mals showing specific influenza virus-related clinical symptoms
was higher in the group infected with a high influenza virus dose
(3 out of 6 animals) than in animals that received a normal influ-
enza virus dose (1 out of 6) (Fig. 1B).

Development of earlier and higher fever after infection with
the high dose of influenza virus. Body temperature was recorded
every 15 min on a data logger (Star-Oddi) surgically implanted in
the abdominal cavity of each animal (28 days before infection) and
removed at the end of the study. This method of body temperature
registration allowed accurate measurements throughout the study
period without sedation, and we obtained valuable information
that would have otherwise been lost.

Each animal showed a clear circadian body temperature pat-
tern, with lowest temperatures around midnight and highest
around 15:00 in the afternoon. The mean 24-h circadian pattern
was calculated by taking the mean of the body temperatures re-
corded at the same time of the day during a period of 3 weeks
before infection. In Fig. 2A, the mean recorded preinfection body
temperatures, with 95% confidence intervals, are shown in gray.
Each animal developed a fever, defined as an increase in temper-
ature above the circadian pattern recorded before infection, which
peaked around day 2 after infection (Fig. 2A, in black). Some
animals showed a second fever peak around day 7 (animals 5, 6, 8,
and 11). The increase in body temperature after infection was
significantly higher in cynomolgus macaques who received the
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highest influenza virus dose (AUC of net temperature [mean tem-
perature, with the mean circadian temperature plus the upper
level of the 95% confidence interval subtracted[) (Fig. 2B) during
the first day (P � 0.008) and first 3 days after infection (P �
0.008). Fever developed directly after infection with a high influ-
enza virus dose, while infection with a low influenza virus dose
resulted in delayed fever development by 1 day (Fig. 2A).

The level of virus replication does not correlate with influ-
enza virus inoculation dose. Virus levels, as detected by PCR,
were highest in the tracheal swabs and only occasionally detected
in nasal swabs (Fig. 3). The total cumulative virus load over time
(area under the curve) in the trachea was not significantly different
between animals receiving the low or high influenza virus dose,
although virus was present at higher levels in 2 out of 6 animals
(animals 7 and 12) and for a longer duration in 3 out of 6 animals
(animals 7, 10, and 12) that received the high influenza virus in-
oculation dose.

Early decrease of neutrophilic granulocytes upon infection
with a high influenza virus dose. Evaluation of circulating white
blood cells upon influenza virus infection revealed a prominent
and early decrease in the number of lymphocytes, with the lowest

counts reached at day 1 after infection (Fig. 4). This decrease was
similar in animals infected with a low or high dose of influenza
virus. The absolute number of neutrophilic granulocytes also de-
creased upon infection, but the decrease was seen earlier in the
high-dose than the low-dose group (P 	 0.01; Mann-Whitney test
comparing absolute numbers at day 1 postinfection of both
groups). The effect of influenza virus infection dose on the num-
ber of circulating monocytes was more complex, with increases
and decreases in animals from both groups (Fig. 4).

Cytokine and chemokine expression levels after influenza vi-
rus Mex4487 infection. Infection with Mex4487 influenza virus
induced increased blood levels of IL-6, MCP-1, IL-15, and IFN-�
(Fig. 5). Animals infected with a high influenza virus dose tended
to show higher peak levels of IL-6 (P � 0.06) and had significantly
higher peak levels of IFN-� (P 	 0.01) in the blood than animals
infected with a low influenza virus dose. One animal from the
high-dose infection group (A11) already showed very high IFN-�
levels before infection (Fig. 5). Even when data from this outlier
were excluded, peak levels were still significantly higher in animals
infected with a high influenza virus dose than in animals infected
with a low influenza virus dose. Levels of IL-8 also increased and
peaked (range, 1,350 to 11,000 pg/ml) at 6 days postinfection in
the majority of the animals (data not shown), but the changes did
not statistically differ between groups. Other cytokines analyzed
were either below the detection limit of 2.4 pg/ml (GM-CSF, IL-
1�, IL-2, IL-4, IL-13, IL-17, IL-18, MIP-1�, MIP-1�, TNF-�) or
were present at levels not affected by the dose of influenza virus
inoculation (G-CSF, IL-1Ra, IL-12, sCD40L, TGF�) (data not
shown).

Antibody titers correlated with cumulative virus produc-
tion. All animals developed antibody responses against the ho-
mologous influenza California/7/2009 virus by 8 weeks postinfec-
tion. In addition to virus binding antibodies, as detected by ELISA
(Fig. 6A), all animals also developed influenza virus Mex4487
NAb (Fig. 6B) as well as HAI antibodies (Fig. 6C). There were no
significant differences between the groups in any of these antibody
responses. Interestingly, the virus-binding, virus-neutralizing,
and HAI antibody titers were positively correlated with cumula-
tive virus production (AUC) in the trachea (Fig. 6D to F). The
heterologous influenza virus A/Puerto Rico/8/34 (H1N1) strain,
for which the HA sequence shows 76 amino acid differences with
HA of Mex4487, was not neutralized by any of the postinfection
sera (tested at a 1:10 dilution) (data not shown). ADCC was eval-
uated by measuring expression of CD107a on NK cells, as a mea-
sure of NK cell degranulation and activation, after incubation on
plate-bound purified influenza virus HA protein in the absence or
presence of serum, as recently described as a valid method by
Jegaskanda et al. (33). Because we did not have purified HA pro-
tein from the Mex4487 challenge virus available, we used the HA
protein from the highly homologous influenza A/H1N1/Califor-
nia/04/2009 strain, which has a difference of only 2 amino acids. In
all animals, the sera collected postinfection (solid lines) were able
to induce CD107a expression on NK cells, while sera collected
preinfection (dotted lines) did not show any activity (Fig. 7A and
B). The ADCC-enhancing capacity was quantified by testing sera
over a dilution range. There was no significant difference between
the low- and high-dose groups in terms of EC50s (Fig. 7C). How-
ever, similar to the binding antibody and virus NAb titers, the
ADCC EC50s were positively correlated with the cumulative virus
load (Fig. 7D). A subset of CD107a-expressing cells, induced by

FIG 1 Total clinical scores. (A) The total clinical score over the period of 21
days after infection of animals that received a low-dose challenge (4 � 106

TCID50) and animals that received a high-dose challenge (4 � 108 TCID50).
During the course of the influenza virus infection, the animals were checked
twice a day and scored for clinical symptoms according to a previously pub-
lished scoring system (27) that included changes such as loss of appetite, stool
consistency, skin and fur abnormalities, posture, eye and nasal discharge,
sneezing and coughing, and respiration rate. (B) Total clinical scores for indi-
vidual animals after infection, excluding scoring of appetite and stool consis-
tency.
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FIG 2 Body temperature of individual animals after low- and high-dose Mex4487 influenza virus inoculation. (A) Shown in black is the actually recorded
temperature over time after infection for each individual animal. These temperatures are plotted on top of the circadian temperature pattern recorded before
infection (gray area). The circadian pattern was calculated from the temperatures recorded during 3 weeks before infection. Gray areas represent the mean
temperatures with the 95% confidence intervals. Animals 1 to 6 (A1 to A6) received a low-dose challenge (4 � 106 TCID50), and animals 7 to 12 (A7 to A12)
received a high-dose challenge (4 � 108 TCID50). (B) Cumulative temperature increase, calculated as the AUC from the actually recorded temperature after
infection, minus the mean circadian temperature pattern and the upper level of the 95% confidence interval recorded before infection during 1 day, 3 days, or 14
days after infection. Squares represent animals 1 to 6 (4 � 106 TCID50), and circles represent animals 7 to 12 (4 � 108 TCID50). Statistical differences between
groups were determined with the Mann-Whitney test.

pH1N1 Replication Correlates with NAb in Macaques

January 2016 Volume 90 Number 2 jvi.asm.org 1027Journal of Virology

http://jvi.asm.org


incubation with postinfection sera, also showed IFN-� expression
(Fig. 7E and F). However, IFN-� was only observed on 1 to 5% of
the NK cells, and although the percentage of positive cells de-
creased when sera were diluted, there was no sigmoid dilution
curve, and EC50s could not be calculated. CD107 expression on
NK cells was also induced when postinfection sera were tested
against the HA subunit of the heterologous influenza A Puerto
Rico/8/34 strain (Fig. 7G and H). However, even at a 1:10 dilution,
a plateau level was not reached, and EC50s could not be calculated.
Nonetheless, the serum dilution at which the curves for CD107a
induction started to increase above baseline was about 100 to
300 times higher for the Puerto Rico/8/34 virus than for the
California/04/2009 influenza virus strain for all animals, with
the exception of animal 9. Hence, although there is substantial
cross-recognition, the strain homologous to the challenge
strain was recognized best.

DISCUSSION

In this study, we evaluated the effects of a standard-dose and high-
dose influenza virus inoculation administered intrabronchially in
cynomolgus macaques in an attempt to develop a more robust and
uniform challenge model, potentially increasing the frequency
and severity of clinical manifestations in the majority of the ani-
mals, such as sneezing and coughing, thereby spreading the virus
to the upper respiratory tract. This would facilitate the evaluation
of vaccine efficacy, reducing the number of animals needed per
group, but risk the possibility of making the model too stringent to
show protection of infection. Unfortunately, a 100-fold-higher
influenza virus dose did not result in a significant increase in clin-
ical symptoms in the majority of the animals or in terms of virus
production in the trachea or nasal cavities. However, animals that

received the high-dose inoculation developed more fever, a more
rapid decrease in granulocyte counts in the blood, and a higher
peak in IFN-� production in serum at day 1 after infection. Induc-
tion of virus-specific ELISA Ab titers, virus neutralization titers,
HAI titers, and ADCC EC50s were not significantly different be-
tween the groups at 8 weeks postinfection. However, Ab binding,
virus neutralization, and HAI titers and also ADCC EC50s were
positively correlated with total virus production in the trachea,
implying a quantitative relationship between initial virus replica-
tion and immune induction measured later. ADCC activity was
also detected against the distantly related influenza A/PR/8/34
(H1N1) strain, with an HA globular domain containing 76/328
different amino acids compared to Ca04, whereas there was no
serum-neutralizing activity detected against this strain.

Evaluation of different doses for viral inoculation has been
described for mice, ferrets, and occasionally in humans, but not
yet for nonhuman primates (5–10, 17–21). These studies were

FIG 3 Virus replication in throat and nose swabs after low- and high-dose
Mex4487 influenza virus inoculation. The virus loads, measured by RT-PCR in
tracheal swabs and nose swabs, over time are shown. A1 to A12, animals 1 to
12. Gray areas at the bottom of the graphs indicate the lower limit of detection
of the assay (3,162 RNA copies/ml).

FIG 4 Lymphocyte, neutrophil, and monocyte counts in blood of cynomol-
gus macaques after low- and high-dose Mex4487 influenza virus inoculation.
Shown are the absolute counts (per 109 cells per liter of whole blood) for each
individual animal over time postinfection with Mex4487 influenza virus at day
0. A1 to A12, animals 1 to 12.
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either directed at finding the minimal infectious dose or minimal
lethal dose or, in case of evaluation of attenuated viruses in hu-
mans, at finding the dose that resulted in adequate levels of infec-
tion while limiting development of clinical symptoms and fever.
While we have seen no increase in clinical symptoms in the high-
dose challenge group, other studies performed in ferrets and hu-
mans have shown increasing illness at a high virus inoculation
dose (17–21). In agreement with these previous reports in humans
(17, 19–21), we did observe more fever in the high-dose challenge
group. The lack of clinical symptoms in our study may be related
to the intrabronchial inoculation used by us, which is in contrast
to the combined inoculation route in other animal studies (28) or
the intranasal application used in most human studies. However,
also in humans infected with pathogenic influenza virus, clinical
manifestations may vary from asymptomatic to severe pneumo-
nia (34). We previously reported that although the intrabronchial
inoculation does result in lung pathology and virus production in
the trachea and fever, virus replication in the nasal cavity is low,
and sneezing, nasal discharge, or coughing are almost never seen
(29), limiting dissemination of the virus to the upper respiratory
tract. It could be argued that the intrabronchial infection is not the
most representative for the human situation. However, the natu-
ral route of infection is still under debate and, as discussed by
Killingley et al. (23), antiviral prophylaxis studies indicate that the
pharynx and tracheo-bronchial tree are key sites for virus acqui-
sition.

In agreement with previously published results (28, 29), we
observed an increase in IL-6, MCP-1, and IL-15 in the blood,

peaking at day 1 after infection. While MCP-1 and IL-15 were
induced at similar levels in the low- and high-dose groups, IL-6
tended to be somewhat higher in the high-dose group, although
statistical significance was not reached (P � 0.06). In addition, we
observed a peak in IFN-� production at day 1 after infection,
which was significantly higher in the high-dose group. This early
induction could be related to an early triggering of Th1 cells or NK
cells, in agreement with their rapid depletion from the blood (Fig.
5 and data not shown). Triggering of NK cells may have been
induced via binding of the influenza virus HA subunit to NKp46
(35). However, since IL-12 was not increased (data not shown), it
is not clear how these cells might have been stimulated to produce
IFN-�.

Neutrophils were decreased after infection (Fig. 4), as reported
previously (29, 36). However, the decrease was faster in the high-
dose group, and the neutrophil blood count was negatively corre-
lated with temperature increase during the first 3 days after infec-
tion (data not shown). Possibly the high virus dose induces more
local tissue damage, resulting in enhanced migration of granulo-
cytes from the blood to the lung. Enhanced granulocyte activation
may subsequently have led to a higher fever.

All animals in the low-dose as well as high-dose group became
virus positive in the trachea, and although virus production was
higher in 2 out of 6 animals between days 1 and 6 after infection
and was detected for a longer period in 3 out of 6 animals in the
high-dose group, there was no significant difference in total virus
production between the dose groups. A relation between inocula-
tion dose and virus replication in nasal washes has been reported

FIG 5 Cytokine and chemokine expression levels in serum of cynomolgus macaques after low- and high-dose Mex4487 influenza virus inoculation. Shown are
the amounts of IL-6, MCP-1, IL-15, and IFN-� (in picograms per milliliter) in serum, for each individual animal, at each time point. A1 to A12, animals 1 to 12.
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in several human studies (17, 18, 21), but other studies have
shown no relation (19, 20). Also, in ferrets conflicting results on
the relation between virus inoculation dose and levels of virus
replication have been reported (6, 8–10).

Few studies have addressed the induction of immune re-
sponses in relation to virus inoculation dose or virus replication,
and these studies have yielded conflicting results (10, 18–20). We
observed a positive correlation between total virus production in
the trachea and induction of Ab binding titers, neutralizing anti-
body and HAI titers, and ADCC EC50s directed against influenza
A virus Mex4487 or closely related strains. These data provide a
clear indication that induction of an effective humoral immune
response against the virus is directly related to the level of virus

replication achieved. In agreement with recently published results
showing that ADCC is associated with control of pandemic H1N1
influenza virus infection in macaques (37), we observed that in-
fection with pH1N1 influenza virus resulted in induction of
ADCC antibodies against the HA subunit. Furthermore, while
virus neutralization was only seen against the homologous pH1N1
Mex487 virus and not against a distantly related influenza A/PR/
8/34 H1N1 virus, ADCC activity was more cross-reactive, since
both viruses were recognized. However, it must be noted that
ADCC was observed at 100- to 300-fold-lower serum virus con-
centrations against the homologous Mex4487 strain than with the
PR/8/34 strain. Titers of functional antibodies, including virus-
neutralizing, HAI, and ADCC-inducing antibodies, were posi-

FIG 6 Antibody responses in serum of cynomolgus macaques after low- or high-dose Mex4487 influenza virus inoculation. Antibody responses were determined
in serum collected 8 weeks after infection. Results are depicted either as a comparison between the low-dose (4 � 106 TCID50; circles) and high-dose (4 � 108

TCID50; squares) challenge groups (A to C) or are plotted against the cumulative virus load in the tracheal swabs (D to F). (A) ELISA antibody titers measured
against the influenza A/California/07/2009 H1N1 HA subunit. (B) Neutralizing antibody titers measured against the Mex4487 challenge strain. (C) HAI titers
measured against the Mex4487 challenge virus. (D to F) ELISA antibody titer, neutralizing antibody titer, and HAI titer plotted against cumulative virus load in
the tracheal swabs. Cumulative virus load was calculated for each animal as the AUC for the virus load, measured via RT-PCR in tracheal swabs (depicted in Fig.
2). Statistical analysis of differences between the low- and high-dose challenge groups was performed with the Mann-Whitney test. Correlation with virus load
was calculated with the Spearman correlation test. The black line represents interpolated data, as a semilog standard curve.
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tively correlated with the level of total pH1N1 virus binding anti-
body titers. Hence, it appears that induction of a higher total
virus-specific antibody response translates into a similar increase
in induction of functional antibodies, and these may form a rela-
tively constant fraction of the total response.

Our studies have shown that a 100-fold-higher virus inocula-
tion dose does not necessarily translate to increased virus produc-
tion and clinical symptoms and that the previously applied dose
range of 106 to 107 TCID50 appears adequate for this model. The
correlation between amount of virus produced and induction of
functional antibody responses against the virus and mutual rela-
tionship between total antibody response and induction of func-
tional antibodies may provide a basis for analyzing vaccine effec-
tiveness in relation to natural infection in humans. For instance,
Jegaskanda has already demonstrated that ADCC is associated
with control of pandemic H1N1 influenza virus infection in ma-
caques (37), but ADCC antibodies were not induced following
standard trivalent influenza virus protein vaccination (25). These
data may also be relevant in view of the discussion of appropriate
correlates of protection, identifying which immune responses are
responsible for viral clearance. Ideally, these responses will have to
be induced by vaccination and may therefore be relevant for cri-
teria used for licensing by the European Union (38) and the
United States (33, 39–44).
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