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Aberrant innate immune response in lethal infection
of macaques with the 1918 influenza virus
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The 1918 influenza pandemic was unusually severe, resulting in
about 50 million deaths worldwide'. The 1918 virus is also highly
pathogenic in mice, and studies have identified a multigenic origin
of this virulent phenotype in mice>™*. However, these initial char-
acterizations of the 1918 virus did not address the question of its
pathogenic potential in primates. Here we demonstrate that the
1918 virus caused a highly pathogenic respiratory infection in a
cynomolgus macaque model that culminated in acute respiratory
distress and a fatal outcome. Furthermore, infected animals
mounted an immune response, characterized by dysregulation
of the antiviral response, that was insufficient for protection, indi-
cating that atypical host innate immune responses may contribute
to lethality. The ability of influenza viruses to modulate host
immune responses, such as that demonstrated for the avian
H5N1 influenza viruses®, may be a feature shared by the virulent
influenza viruses.

Genes of the 1918 virus were constructed from published
sequences®"', and the virus was generated using plasmid-based
reverse genetics, as previously described'. The virus was highly viru-
lent in intranasally inoculated mice with an LDs, (dose required to
kill 50% of animals) of 10> plaque-forming units (PFU), compar-
able to that previously reported’. Cynomolgus macaques (Macaca
fascicularis), previously used to study H5N1 influenza virus patho-
genesis'>'*, were selected as a nonhuman primate model for further
analysis of virulence. Macaques (n = 7) were infected with the 1918
virus) or a conventional human virus, A/Kawasaki/173/01 (K173;
HIN1) (n=3), via multiple routes, as in the H5N1 virus experi-
ment". All 1918-virus-infected animals became symptomatic within
24 h post-infection. They appeared depressed, were hesitant to eat or
drink normal food items, and showed respiratory complications such
as nasal discharge and non-productive cough. They became progres-
sively more debilitated and eventually developed an acute respiratory
distress syndrome. Two macaques infected with the 1918 virus and
one with K173 were euthanized on each of days 3 and 6 for analysis.
Of these, one 1918-virus-infected animal had reached the predeter-
mined score for euthanasia on day 6. The remaining animals, origin-
ally scheduled for euthanasia on day 21 post-infection, were
euthanized on day 8 owing to severity of symptoms in 1918-virus-
infected animals.

In 1918-virus-infected animals respiratory signs were the most
pronounced indication of illness with an increase in respiration rate,
from a post-infection average of 26.4, to a range of 72—84 on day 8.

Decreases in lung function shown by a decrease in blood oxygen
saturation of as much as 36% compared with pre-infection levels
were detected by pulse oximetry. Consistent changes in heart rate
and blood pressure were not observed. In contrast, animals infected
with the K173 virus showed few, very mild, clinical signs.

The 1918 virus was present at high titres in both the upper and
lower respiratory tissues on days 3, 6 and 8, whereas the K173 virus
was isolated mainly from the upper respiratory tissues on days 3 and 6
atappreciably lower titres and on day 8 in only one tonsil (Fig. 1). The
1918 virus was recovered from the heart and spleen of some animals,
but neither virus was isolated from the brain, kidneys, liver or colon
of any animal. Virus was detected more efficiently with nasal or
throat swabs from 1918-virus-infected animals than for K173-
virus-infected animals (Supplementary Table 1), but neither virus
was isolated in rectal or genital swabs, or in the blood, on any day.

Lungs of the 1918-virus-infected macaques were the only tissue to
exhibit macroscopic pathologic changes as severe lesions, with 60%
to 90% of the lung tissue affected by days 6-8 (Supplementary Fig. 1).
Profuse watery and bloody liquid filled infected areas, greatly redu-
cing lung function. On day 3 with either virus, there was evidence of
some degree of alveolar damage with concomitant detection of viral
antigen (Supplementary Fig. 2a—1); however, K173 was not isolated
from the lungs, indicating low levels of replication. In contrast to
lesions of the K173-infected animal, lungs of 1918-virus-infected
animals showed infection of multifarious cells of the alveolar wall
onday 3 (Supplementary Fig. 2f, g). Common to infection with either
the K173 or 1918 virus were flattened linear alveolar cells that were
positive for viral antigen without showing desquamation into the
alveolar space (Supplementary Fig. 2d, f). A prominent characteristic
of 1918-virus-infected lungs was antigen in plump alveolar cells and
desquamation of these cells into the alveolar space (Supplementary
Fig. 2g, h). These differences in the early phase of infection between
the 1918 and K173 viruses might account for later differences in
inflammation and the eventual pathologic state of the lungs.

By days 6 and 8, the lungs of K173-virus-infected animals showed
signs of healing, evidenced by thickening of the alveolar wall and no
viral antigen expression (Fig. 2a—c, day 8; day 6 not shown). In
contrast, the lungs of all 1918-virus-infected animals showed wor-
sening alveolar damage and substantial viral antigen (Fig. 2d-h).
Extensive oedema and haemorrhagic exudates were prominent
(Fig. 2d-f), as reported for patients who succumbed to the ‘Span-
ish” influenza'. By day 8, expression of viral antigen was diminished
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or undetectable in consolidated alveolar areas, but still appreciable
around consolidated areas (Fig. 2g). Bronchiolitis and bronchitis
with expression of viral antigen were prominent at this time (Fig. 2h).

Among the chemokines and cytokines tested (see Methods), substan-
tial increases of interleukin-6 (IL-6), IL-8, CCL2 (monocyte chemo-
tactic protein-1) and CCL5 (RANTES) were detected in the sera
of infected animals compared with pre-infection levels. No
changes in IL-2, IL-4, IFNy or TNF-a were detected. Both IL-8
(day 6) and CCL5 (days 6 and 8) were elevated to similar levels
in animals infected with either virus (Fig. 3). CCL2 was elevated
1.4- to 1.8-fold in Kl173-infected animals on days 3 and 6,
respectively, whereas in the 1918-virus-infected animals, increases
were higher (2- to 4-fold), but did not achieve statistical signifi-
cance. The most striking changes were seen in IL-6. On day 0,
IL-6 in all macaques ranged from 2.85 to 13.04 pgml ™, except
for one animal with a baseline measurement of 251.32 pgml™".
In 1918-virus-infected animals, IL-6 increased 3- to 9-fold by day
3 post-infection (P =0.10), 6- to 19-fold by day 6 (P=0.07), and
5- to 25-fold by day 8, while remaining throughout the study
between 2.85 and 4.59 pgml ™' in the K173-infected animals. In
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Figure 1| Viral replication in nonhuman primate tissues. a—c, Virus titres
were determined in plaque assays of tissue homogenates on days 3 (a), 6
(b) and 8 (c) post-infection in animals infected with the K173 (control) or
1918 virus (1918-1 to 1918-7). Individual titres for each tissue in each animal
are reported as log;o (PFU per g tissue). Virus was not isolated from the
colon, liver, kidneys or brain of any animal.

320

NATURE|Vol 44518 January 2007

O Normal tissue

* Antigen positive
i o
1918 -

Figure 2 | Pathologic examination of lungs infected with the 1918 or K173
virus on day 8 post-infection. a, In lungs of a K173-virus-infected animal,
peribronchiolitis with lymph follicle formation was detected throughout the
lung (arrows). b, ¢, Mild thickening of the alveolar wall was observed in the
middle lobes, but antigen was not detected. d—f, Most areas of the lungs of a
1918-virus-infected animal contained consolidated lesions (d) consisting of
bronchiolitis and alveolitis (e) with fibrinous and inflammatory exudates (*)
and alveolar oedema (f) with proteinaceous fluid and haemorrhage (*).

g, h, Viral antigen (brown) was detected in the large regenerative alveolar
cells (g) and the bronchiolar epithelial cells in lesions (h). Magnifications are
X25 in a; X240 in b, ¢, g and h; and X120 in d-f.
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Figure 3 | Chemokine and cytokine levels in serum. The levels of
chemokines (CCL2 and CCL5) and cytokines (IL-6 and IL-8) in serum were
analysed by a cytometric bead array assay. The levels on days 3, 6 and 8 were
compared with the day 0 baseline to determine the relative changes within
each animal. The bars represent the average for each group.
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expression at both the site of replication and in sera directly
correlated with the extent of viral shedding and fever and is thought
to have a role in mediating the clinical manifestations of infection'®".
A similar relationship may also explain the progression to severe clin-
ical signs in macaques infected with the 1918 virus.

To investigate the regulation of the host response to the 1918 virus,
we considered the global gene expression profiles in bronchi, a lower
respiratory tissue with substantial replication of both viruses (see
Fig. 1a—c), using microarray analysis (Fig. 4a, b). In general, overall
gene expression patterns of individual 1918-virus-infected animals
were similar, particularly on days 6-8 (Supplementary Fig. 3). One
striking observation was the relative constancy in gene expression
profiles in the 1918-virus-infected animals at days 3 through 8
post-infection, in marked contrast to the K173 virus-infected ani-
mals, which showed an appreciably more dynamic response during
the course of infection. The sustained host response in 1918-virus-
infected macaques is similar to that recently reported in 1918-virus-
infected mice'®, indicating that critical decisions influencing the
outcome of the infection may occur very early, as recently suggested
for H5N1 virus infection in humans'. The functional response asso-
ciated with the observed gene expression changes was analysed by
gene ontology (see Methods). This analysis demonstrated that activa-
tion of immune-response-related genes in K173-infected animals was
highest at day 3 post-infection, whereas the expression of these genes
was relatively constant throughout the course of 1918 virus infection
(Supplementary Fig. 4). Interestingly, we observed a dramatic activa-
tion of genes involved in cellular metabolism in the K173-infected
animals on days 6 to 8 post-infection, probably due to cell prolifera-
tion and tissue remodelling after clearance of the virus.

Detailed analysis of immune-response-related gene expression
changes (Fig. 4b) demonstrated that bronchi from both groups of
animals showed activation of several inflammatory chemokine and
cytokine genes, including CCLI1 and IL-6. IL-6 messenger RNA was
expressed at a high level until day 8 post-infection in the 1918-virus-
infected animals, but not the K173-infected animals, consistent with
levels detected in serum (Fig. 3). Several key cytokine genes, includ-
ing IL-8 and CXCL11, showed a delay in activation in 1918-virus-
infected animals, although several chemokines important for the
activation and recruitment of neutrophils, including CXCL6 and
CXCL1, were preferentially upregulated. Strikingly, K173-infected
animals showed a marked increase in expression of mRNAs for many
type I interferons (IFNs) and a corresponding increase in mRNA
expression of type-I-IFN-stimulated genes early in infection
(Fig. 4c), coinciding with the greatest load of the virus (Fig. 1).
This response was downregulated on days 6 and 8 post-infection,
when the K173 virus was not detected. 1918-virus-infection, in con-
trast, induced much fewer IFN-a genes, suggesting that it caused an
altered antiviral response in the bronchus. Accordingly, the 1918-
virus-infected animals also showed differential activation of type-I-
IFN-stimulated gene expression on days 3 to 8, despite viral titres in
bronchi that were 10-5,000-fold higher than in K173-virus-infected

Figure 4 | Microarray analysis of gene expression in the bronchi of
macaques on days 3, 6 and 8 post-infection. a, Overall gene expression
profiles in K173- and 1918-virus-infected animals. b, Expression of
chemokines and cytokines as determined by expression oligonucleotide
microarray analysis of bronchial tissue from macaques infected with the
K173 or 1918 influenza virus. ¢, Expression of type I interferon (IFN)-
stimulated genes in K173- and 1918-virus-infected macaque bronchi. For
each K173 virus infection point, the data presented are gene expression
changes calculated from technical replicate arrays (n = 4). The data shown
for the day 3 and day 6 1918 virus infections are error-weighted averages for
two animals (n = 8 arrays), whereas the day 8 1918 virus infection data are
the error-weighted averages for three animals (n = 12 arrays). Genes
included in this figure showed =2-fold (P < 0.01) differences in expression
in at least one experiment. Genes shown in red were upregulated and those
shown in green were downregulated in infected relative to mock-infected
animals. See Supplementary Table 2 for full gene names.
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animals. Although the mechanisms underlying the differences in
regulation of type I IFN responses remain elusive, our data suggest
that the 1918 virus induces an antiviral response different from that
of K173, possibly including reduced sensitivity to type I IFN res-
ponses. Finally, IFN-1 mRNA was either not induced or was down-
regulated in all samples except for a modest induction of IFN-f1 in
the K173-infected animal at day 3 post-infection (not shown). Only
limited IFN-B1 expression might be expected given that IFN-fB1 is a
first-wave interferon and would probably be induced earlier than our
first sample collection (that is, day 3).

An important pathway in activation of the antiviral response to
influenza virus infection occurs through the activities of DDX58 (or
retinoic-acid-inducible protein I) and IFIH1 (or melanoma differ-
entiation-associated gene 5)*>*'. Both genes were induced in the
K173-virus-infected, but not the 1918-virus-infected, animals
(Fig. 4d). The nonstructural protein 1 (NS1) protein of virulent influ-
enza viruses can modulate the IFN-mediated antiviral response’**
and RIG-I is a target of NS1 immunosuppressive activity’>*".
Although an immunomodulatory role for 1918 virus NS1 was not
shown in mice®, possibly owing to its species specificity, NS1
does influence the virulence of the H5N1 virus in a mammalian
model’. This supports the idea that NS1 may be a subject for
further investigation as an effector of the aberrations in the
macaque immune response to 1918 virus infection and empha-
sizes the value of development of the macaque model for study-
ing influenza pathogenesis™.

Results of the present study, the first in nonhuman primates, indi-
cate that atypical expression of the innate immune response may be a
critical determinant of the severity and outcome of infection by the
1918 virus. Better understanding of the virus—host interaction will
aid development of interventions that can interfere with the virus’
ability to modulate host innate immune responses and thus alter
outcome of severe infections due to viruses such as the H5SN1 viruses
circulating at present.

METHODS

Viruses. Genes of the 1918 (GenBank DQ208309, DQ208310, DQ208311,
AF117241, AY744935, AF250356, AY130766, AF233238) and K173 virus were
constructed with the 5" and 3" noncoding sequences of A/WSN/33 (HIN1) and
cloned into plasmid vector pPoll, as previously described’. The 1918 and K173
viruses were generated by reverse genetics'?, and titred stocks prepared’, as
previously described. All procedures with the 1918 influenza virus were per-
formed in the biosafety level 4 facility of the National Microbiology
Laboratory of the Public Health Agency of Canada.

Determination of the lethal dose for the 1918 virus in mice. Isoflurane-anaes-
thetized 6-week-old female BALB/c mice were intranasally inoculated with 10-
fold serial dilutions (five mice per dilution) of virus in 100 pl of phosphate-
buffered saline and monitored daily for disease symptoms and survival. The
LDs, was calculated using the method of Reed and Muench™.

Viral pathogenicity in nonhuman primates. Ten cynomolgus macaques
(Macaca fascicularis), 9-19 years old, weighing 3.7-12 kg, were confirmed sero-
negative against current HIN1 and H3N2 influenza reference viruses by hae-
magglutination inhibition assay. Animals were infected with K173 (n=3), as a
conventional human virus control, and 1918 (n = 7) viruses through a combina-
tion of intratracheal (4 ml), intranasal (0.5ml per nostril), intraocular (0.5 ml
per eye) and oral (1 ml) routes with suspension containing 10° PFU ml ™ (infec-
tious dose by all routes is 7 X 10° PFU). Before infection and on days 3, 6 and 8
post-infection, blood and oral, nasal, throat, genital and rectal swabs were col-
lected from anaesthetized animals and suspended in 1 ml of MEM containing
0.3% bovine serum albumin and antibiotics (MEM/BSA). Animals were mon-
itored daily for clinical signs, using an approved scoring sheet, and on days 3, 6
and 8 post-infection vital signs including pulse rate, blood pressure, temper-
ature, respiration rate and blood O, saturation, as measured by pulse oximetry,
were recorded.

One K173- and two 1918-virus-infected animals were euthanized on day 3 and
on day 6 post-infection; all remaining animals were euthanized on day 8 post-
infection for complete necropsy. Tissue samples were placed in RNAlater
(Ambion) for subsequent RNA extraction (Qiagen RNAlater kit). The remaining
tissue was fixed in 10% phosphate-buffered formalin. Fixed tissues were dehy-
drated, embedded in paraffin, cut into 5-um-thick sections and stained with
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standard haematoxylin and eosin. For viral antigen detection, sections were
processed for immunostaining by the two-step dextran polymer method
(DAKO), with a rabbit polyclonal antibody to WSN.

All animal experiments were performed under an approved animal-use docu-
ment and according to the guidelines of the Canadian Council on Animal Care.
Expression microarrays. Equal masses of total RNA isolated from bronchi
collected from infected macaques were amplified with a Low RNA Input
Linear Amplification Kit (5188-5339; Agilent Technology) according to the
manufacturer’s instructions and as previously described*. Global gene express-
ion in infected bronchi was compared to pooled RNA prepared from equal
masses of total RNA from whole lung tissue of three uninfected macaques.
Mock-infected intact lung was used as a reference for the microarrays because
of a lack of mock-infected bronchus tissue. Probe labelling and microarray slide
hybridization were performed as previously described”® with custom rhesus
macaque (Macaca mulatta) oligonucleotide microarrays containing 22,000 rhe-
sus probes corresponding to ~18,000 unique rhesus genes (designed in collab-
oration with Agilent Technologies). Raw microarray image files were processed
using Feature Extraction 8.1 software (Agilent Technologies) and entered into a
custom-designed relational database (Expression Array Manager) and analysed
with Rosetta Resolver System 5.1 (Rosetta Biosoftware, Seattle, Washington) and
Spotfire Decision Site for Functional Genomics 8.1 (Spotfire, Somerville,
Massachusetts). Primary data are available at <http://expression.microslu.
washington.edu> in accordance with proposed MIAME standards®. Gene
ontology analysis was performed using FatiGO (http://fatigo.bioinfo.
cipf.es/) as described in reference 30.

Serum cytokine analysis. Serum was obtained from blood collected in K,EDTA
vacutainer tubes (BD Biosciences) that were centrifuged at 1,540¢ for 10 min
and 7y-irradiated (5Mrad) for removal from biosafety level 4 containment.
Commercial kits for detection of human cytokines and chemokines (IL-2, IL-
4,1L-5, IL-6, IFN-y, TNF-o, IL-8, IL-10, IL-1f3, IL12p70, CCL2, CCL5, M1G and
IP-10) were screened for cross-reactive detection of homologous macaque pro-
teins. Of these, IL-2, IL-4, IL-6, IL-8, CCL2, TNF-a, IFN-y and CCL5 exhibited
significant cross-reactivity and were detected in supernatants of lipopolysacchar-
ide or phorbol 12-myristate 13-acetate/ionomycin-stimulated macaque peri-
pheral blood mononuclear cells. Levels of each were assayed using the Human
Chemokine CBA KitIand the human IL-6 Flex set (BD Biosciences) according to
the manufacturer’s instructions. The samples were acquired with the LSRII (BD
Biosciences) flow cytometer. Chemokine and IL-6 samples were analysed with
BD Biosciences’ CBA and FCAP software, respectively.

Virus titration. Tissue homogenates (10% w/v) were prepared in MEM/BSA.
Debris was pelleted by centrifugation (2,000g 5 min) and virus titres determined
in 10-fold serial dilutions of supernatant by standard plaque assay on MDCK
cells, in duplicate for each dilution. Virus was similarly determined in the blood
and swab suspensions.
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