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M A J O R A R T I C L E

Cytokine Profiles Induced by the Novel Swine-Origin
Influenza A/H1N1 Virus: Implications
for Treatment Strategies

Patrick C. Y. Woo,1,2,3 Edward T. K. Tung,3 Kwok-Hung Chan,3 Candy C. Y. Lau,3 Susanna K. P. Lau,1,2,3

and Kwok-Yung Yuen1,2,3

1State Key Laboratory of Emerging Infectious Diseases, 2Research Centre of Infection and Immunology, and 3Department of Microbiology,
University of Hong Kong, Hong Kong

Background. Given the apparent high mortality associated with the novel swine-origin influenza A/H1N1 virus
(S-OIV) in Mexico, we aimed to study the cytokine profiles induced by S-OIV and the effect of immunomodulators.

Methods. We assayed cytokines and their messenger RNA (mRNA) levels in culture supernatants of human
macrophages infected with H5N1, S-OIV California/04/2009 (S-OIV-CA), S-OIV Hong Kong/415742 (S-OIV-HK),
or seasonal H1N1 with or without celecoxib and mesalazine.

Results. Among the 12 cytokines showing detectable levels, levels of 8 proinflammatory cytokines (interleukin
[IL] 2R, IL-6, interferon [IFN] a, macrophage inflammatory protein [MIP] a, MIP-1b, IFN-induced protein 10,
regulated on activation, normal T cell expressed and secreted [RANTES], and monocyte chemotactic protein
[MCP] 1) were higher in cells infected by H5N1 but similar among cells infected with H1N1, S-OIV-CA, or S-
OIV-HK. The levels of the other 4 cytokines were similar for H5N1, H1N1, S-OIV-CA and S-OIV-HK. Among
the 8 cytokines induced by H5N1, 6 were suppressed by celecoxib and mesalazine. The mRNA levels of tumor
necrosis factor a, IFN-g, IL-6, and MCP-1 induced by H5N1 were higher than the levels of other cytokines at 12
and/or 24 h.

Conclusions. No major cytokine storm, as seen in H5N1 infection, is associated with S-OIV infection of cell
lines. The mainstay of treatment for uncomplicated S-OIV infections should be antiviral agents without immu-
nomodulators. For individual S-OIV–infected patients with severe primary viral pneumonia, severe sepsis, and
multiorgan failure, immunomodulators may be considered as an adjunctive therapy in clinical trials.

While everybody has been worrying about when the

influenza A/H5N1 virus (H5N1) will adapt well enough

in human to cause a pandemic, the emergence of a

novel swine-origin influenza A/H1N1 virus (S-OIV) has

shocked the world [1–3]. On 11 June 2009, the World
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Health Organization raised the pandemic alert level

from phase 5 to phase 6. As of 3 July, there were 89,921

laboratory-confirmed cases of S-OIV infections and 382

confirmed deaths globally. The S-OIV genome is made

up of a unique combination of gene segments that had

not been observed in previously known influenza A

viruses. Although the sequences of all the 8 gene seg-

ments are most closely related to those of swine isolates

in the last 10–20 years, some are also homologous to

those of previously found human or avian isolates, but

with lower similarities. The first report on the clinical

features of 642 confirmed cases of S-OIV infections in

the United States showed that most patients presented

with upper respiratory and systemic symptoms similar

to those of seasonal influenza [1]. Most of the cases

were self-limited, with 9% of patients hospitalized and

only 2 deaths [1]. On the other hand, more recent

reports on the epidemic in the Mexican population

described apparently higher number of deaths, espe-
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cially in persons !60 years old, although the total number of

cases of S-OIV infection, the denominator for calculating the

mortality rate, was not certain [4, 5].

Influenza viruses associated with seasonal influenza cause

tissue damage mainly through virus-induced cell death. On the

other hand, H5N1 infections in humans were associated with

a massive cytokine storm, which had resulted in a high number

of deaths [6–8]. Recently, we discovered that treatment with

the triple combination of zanamivir, celecoxib, and mesalazine

significantly decreased the mortality in mice infected by H5N1

when compared with zanamivir alone [9]. Moreover, the triple

combination of zanamivir, celecoxib, and mesalazine was also

associated with marked reduction in inflammatory markers [9].

Therefore, it is of both biological interest and practical im-

portance to understand the cytokine profiles induced by S-OIV

versus H5N1 and seasonal influenza virus, because this knowl-

edge will aid in the design of treatment strategies for future

cases of S-OIV infections. In this study, we compared the cy-

tokine profiles of macrophages infected by a highly pathogenic

strain of H5N1, 2 strains of S-OIV, or a strain of influenza A/

H1N1 virus (H1N1) and also evaluated the paracrine effects

on A549 cells of macrophages infected by the different viruses.

The implications of our results are discussed.

METHODS

Viruses. The 4 viruses used in this study were A/Vietnam/

HN3028, S-OIV California/04/2009 (S-OIV-CA), S-OIV Hong

Kong/415742 (S-OIV-HK) (S-OIV isolated from the first case

of S-OIV infection in Hong Kong Special Administrative Re-

gion) [10], and A/Hong Kong/403946. Each virus was inocu-

lated to Madin-Darby canine kidney (MDCK) cell monolayer

in 1 mL of minimal essential medium (Invitrogen) containing

tosylsulfonyl phenylalanyl chloromethyl ketone–treated trypsin

(2 mg/mL) (Sigma), penicillin (0.6 mg/mL), and streptomycin

(60 mg/mL) and incubated at 35�C for 1 h. Viruses were har-

vested when ∼75% of the cell monolayer manifested cytopathic

effect. The median tissue culture infective dose (TCID50) was

determined by using MDCK cells according to the Reed-

Muench method [11]. All experimental protocols followed the

standard operating procedures of the approved biosafety level

3 facilities.

Harvest of peripheral blood mononuclear cells and mac-

rophage differentiation. Unpooled buffy coats of 3 healthy

blood donors were obtained from the Hong Kong Red Cross

Blood Transfusion Service, Hong Kong Special Administrative

Region. Peripheral blood mononuclear cells (PBMCs) were sep-

arated from the buffy coats by centrifugation on a Ficoll-Paque

density gradient (GE Healthcare) and purified by adherence

[12]. The PBMCs were seeded onto 24-well tissue culture plates,

at cells per well, in macrophage serum-free medium71 � 10

(Invitrogen), penicillin (0.6 mg/mL), and streptomycin (60 mg/

mL) and incubated at 37�C and 5% carbon dioxide for 14 days

for differentiation into macrophages.

Influenza virus infection of macrophages. One hour before

virus infection, celecoxib (400 mg/mL), mesalazine (200 mg/

mL), celecoxib (400 mg/mL) plus mesalazine (200 mg/mL), or

macrophage serum-free medium was added to the wells with

differentiated macrophages. Each group of drug-treated differ-

entiated macrophages was further divided into 5 subgroups and

then infected with H5N1, S-OIV-CA, S-OIV-HK, or H1N1

(multiplicity of infection [MOI], 2) or mock-infected. After

virus adsorption for 30 min, the virus inocula were removed,

the macrophages were washed, and warm macrophage serum-

free medium was added. Culture supernatants were collected

at 12 and 24 h for cytokine assays, and macrophages were

harvested for RNA extraction. All experiments were performed

in triplicate.

Interaction between macrophages and epithelial cells. A549

(lung epithelial adenocarcinoma) cells were seeded onto 24-

well tissue culture plates, at cells per well, in minimal47 � 10

essential medium (Invitrogen) supplemented with 10% fetal

calf serum and incubated at 37�C and 5% carbon dioxide for

24 h before the experiment. Drug treatment and virus infection

of differentiated macrophages were performed as described

above. At 12 h, culture supernatant from each well was col-

lected, filtered with a 100-kDa–pore filter (Millipore), and

added to the uninfected fresh A549 cells. After further incu-

bation for 12 and 24 h, culture supernatants were collected for

cytokine assays. All experiments were performed in triplicate.

Cytokine assays. Culture supernatants of macrophages and

A549 cells, collected at 12 and 24 h, were assayed for 25 cy-

tokines by using the Human Cytokine Twenty-Five-Plex Panel

according to the manufacturer’s instructions (Invitrogen). The

assay plate was analyzed with the Bio-Plex Luminex 200 XYP

instrument (Bio-Rad Laboratories). Cytokine concentrations

were calculated using Bio-Plex Manager software (version 5.0;

Bio-Rad Laboratories).

RNA extraction. Total RNA was extracted from the mac-

rophages using the RNeasy Mini Spin Column (Qiagen). The

RNA was eluted in 50 mL of RNase-free water and was used

as the template for real-time reverse transcription-polymerase

chain reaction (RT-PCR).

Real-time RT-PCR. Reverse transcription was performed

using the SuperScript III kit (Invitrogen). Real-time RT-PCR

assays for tumor necrosis factor (TNF)–a, interferon (IFN)–

g, interleukin (IL)–6, IL-8, monocyte chemotactic protein

(MCP)–1, and cyclooxygenase (COX)–2 were performed as

described elsewhere, with the primers listed in Table 1 and with

glyceraldehyde 3-phosphate dehydrogenase for normalization

[10, 13]. Complementary DNA (cDNA) was amplified in a

LightCycler 2.0 instrument (Roche) with 20-mL reaction

mixtures containing FastStart DNA Master SYBR Green I Mix



348 • JID 2010:201 (1 February) • Woo et al

Table 1. Primers and Conditions for Real-Time Reverse Transcription-Polymerase Chain Reaction (PCR)

Cytokine

Primers PCR conditions

Forward Backward

Magnesium
chloride

concentration,
mmol/L Denaturation Annealing Extension

TNF-a 5′-GCCAGAGGGCTGATTAGAGA-3′ 5′-CAGCCTCTTCTCCTTCCTGAT-3′ 2 95�C, 10 s 60�C, 5 s 72�C, 5 s

IFN-g 5′-TCAGCTCTGCATCGTTTTGG-3′ 5′-TGTTTTAGCTGCTGGCGACA-3′ 4 95�C, 10 s 55�C, 5 s 72�C, 17 s

IL-6 5′-TACCCCCAGGAGAAGATTCC-3′ 5′-GCCATCTTTGGAAGGTTCAG-3′ 4 95�C, 10 s 55�C, 5 s 72�C, 8 s

IL-8 5′-AGCTGGCCGTGGCTCTCT-3′ 5′-CTGACATCTAAGTTCTTTA-
GCACTCCTT-3′

2 95�C, 10 s 55�C, 5 s 72�C, 5 s

MCP-1 5′-GCAATCAATGCCCCAGTCA-3′ 5′-TGCTGCTGGTGATTCTTCTATAGCT-3′ 2 95�C, 10 s 55�C, 5 s 72�C, 5 s

COX-2 5′-GGTCTGGTGCCTGGTCTGATGATG-3′ 5′-GTCCTTTCAAGGAGAATGGTGC-3′ 2 95�C, 10 s 65�C, 5 s 72�C, 35 s

GAPDH 5′-ATTCCACCCATGGCAAATTC-3′ 5′-CGCTCCTGGAAGATGGTGAT-3′ 2 95�C, 10 s 55�C, 5 s 72�C, 5 s

NOTE. COX, cyclooxygenase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN, interferon; IL, interleukin; MCP, monocyte chemotactic protein;
TNF, tumor necrosis factor.

reagent kit (Roche), 2 mL of cDNA, 2- or 4-mmol/L magnesium

chloride, and 0.5 mmol/L primers at 95�C for 10 min, followed

by 50 cycles of denaturation, annealing, and extension (Ta-

ble 1).

RESULTS

Virus titers. The titers of viruses released from MDCK cells

infected with H5N1, S-OIV-CA, S-OIV-HK, or H1N1 infected

cells were measured when ∼75% of the cell monolayer mani-

fested cytopathic effects. The titers of S-OIV-CA, S-OIV-HK,

and H1N1 were 108 TCID50/mL, and that of H5N1 was 107

TCID50/mL.

Cytokine levels in macrophages infected with H5N1, S-OIV-

CA, S-OIV-HK, or H1N1 and lung epithelial cells inoculated

with supernatants of virus-infected macrophages. Among

the 25 cytokines assayed using the Human Cytokine Twenty-

Five-Plex Panel, 12 showed detectable levels at 12 and/or 24 h

in macrophages and/or A549 cells (Figures 1 and 2). Among

these 12 cytokines, the levels of 8 (IL-2 receptor [IL-2R], IL-

6, IFN-a, macrophage inflammatory protein [MIP]–1a, MIP-

1b, IFN-g–induced protein 10, regulated on activation, normal

T cell expressed and secreted [RANTES], and MCP-1) were

markedly higher for H5N1 than for H1N1, S-OIV-CA, or S-

OIV-HK (Figures 1A–1H and 2A–2F). The levels of each of

these 8 cytokines were similar among cells infected with H1N1,

S-OIV-CA, or S-OIV-HK. For the other 4 cytokines (IL-1 re-

ceptor antagonist, IL-12p40/p70, IL-8, and monokine induced

by IFN-g ), their levels were similar among cells infected with

H5N1, H1N1, S-OIV-CA, or S-OIV-HK (Figures 1I–1L and

2G–2J). Six of the 8 cytokines induced by H5N1 (IL-6, IFN-

a, MIP-1b, IFN-g–induced protein 10, RANTES, and MCP-

1) were suppressed by celecoxib (400 mg/mL) plus mesalazine

(200 mg/mL).

Messenger RNA levels in macrophages infected with H5N1,

S-OIV-CA, S-OIV-HK, or H1N1. Among the 6 cytokines as-

sayed, the messenger RNA (mRNA) levels of 3 (TNF-a, IFN-

g and IL-6) were markedly higher for H5N1 than for H1N1,

S-OIV-CA, or S-OIV-HK at 12 h, and the levels of 4 (TNF-a,

IFN-g, IL-6, and MCP-1) were markedly higher for H5N1 at

24 h (Figure 3). The mRNA levels of all 6 cytokines induced

by S-OIV-CA were higher than those induced by S-OIV-HK at

24 h (Figure 3).

DISCUSSION

We documented that no major cytokine storm, as in H5N1

infection, is associated with S-OIV infection. Since its first re-

port in 1998, H5N1 has been associated with very high case

fatality rates of 160% [6, 8]; the cytokine storm produced by

the NS gene segment of H5N1 leads to severe systemic inflam-

matory response and multiorgan failure [7]. Although the data

available so far suggested that the present S-OIV is not asso-

ciated with particular high mortality rates, the rate associated

with the ancestor of S-OIV, the classic swine influenza A

(H1N1) virus, was higher than that associated with seasonal

influenza [14]. In a review of 50 cases of apparent zoonotic

swine influenza virus infection, a case fatality rate of 14% was

observed [14]. Because no animal model was available for S-

OIV infection during the time of our study, we used human

macrophages harvested from healthy blood donors to deter-

mine whether S-OIV infection is associated with more marked

cytokine induction than seasonal influenza, although not as

severe as in H5N1 infection.

With this model, both mRNA and cytokine assays showed

that H5N1 infection was associated with major cytokine storms

at 12 and 24 h in macrophages and lung epithelial cells. Among

the 5 cytokines for which both mRNA and cytokine levels were

assayed, only 3 (IL-6, IL-8, and MCP-1) had detectable levels

with the Luminex assay, all with good correlation between the

2 assays. For IL-6 and MCP-1, levels were highest in H5N1-

infected macrophages (Figures 1B, 1H, 3C, and 3E), but the



Figure 1. Induction of cytokines in mock-infected macrophages and macrophages infected with H1N1, swine-origin influenza A/H1N1 virus California/
04/2009 (S-OIV-CA), S-OIV Hong Kong/415742 (S-OIV-HK), or H5N1 (multiplicity of infection, 2). Levels of interleukin (IL)–2R (A), IL-6 (B), interferon
(IFN)–a (C), macrophage inflammatory protein (MIP)–1a (D), MIP-1b (E), IFN-g–induced protein 10 (F), regulated on activation, normal T cell expressed
and secreted (RANTES), (G), monocyte chemotactic protein 1 (H), IL-1 receptor antagonist (I), IL-12p40/p70 (J), IL-8 (K), and monokine induced by IFN-
g (L) were assayed by Luminex assay. Means of triplicate assays are shown. C, celecoxib; CM, celecoxib plus mesalazine; M, mesalazine.



Figure 2. Induction of cytokines in lung epithelial cells by soluble mediators secreted by mock-infected macrophages and macrophages infected
with H1N1, swine-origin influenza A/H1N1 virus California/04/2009 (S-OIV-CA), S-OIV Hong Kong/415742 (S-OIV-HK), or H5N1 (multiplicity of infection,
2). Expression of interleukin (IL)–6 (A), interferon (IFN)–a (B), macrophage inflammatory protein (MIP)–1a (C), MIP-1b (D), IFN-g–induced protein 10
(E), monocyte chemotactic protein 1 (F), IL-1 receptor antagonist (G), IL-12p40/p70 (H), IL-8 (I), and monokine induced by IFN-g (J) were assayed by
Luminex assay. Levels of IL-2R and regulated on activation, normal T cell expressed and secreted (RANTES) were not detectable and are not shown.
Means of triplicate assays are shown. C, celecoxib; CM, celecoxib plus mesalazine; M, mesalazine.
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Figure 3. Induction of cytokine genes expression in macrophages infected with H1N1, swine-origin influenza A/H1N1 virus California/04/2009 (S-
OIV-CA), S-OIV Hong Kong/415742 (S-OIV-HK), or H5N1 (multiplicity of infection, 2). Expression of tumor necrosis factor–a (A), interferon-g (B),
interleukin (IL)–6 (C), IL-8 (D), monocyte chemotactic protein 1 (E), and cyclooxygenase 2 (F) were assayed by real-time reverse-transcription polymerase
chain reaction. Data shown are n-fold changes of gene expression relative to mock-infected macrophages, after normalization to glyceraldehyde 3-
phosphate dehydrogenase in each sample. Means of triplicate assays are shown.

IL-8 level was highest in S-OIV-CA–infected macrophages (Fig-

ures 1K and 3D), which may imply strong neutrophil recruit-

ment in S-OIV-CA infection. Among the 12 detectable cyto-

kines, all 8 markedly induced by H5N1 are proinflammatory

cytokines, whereas 1 of the other 4 that showed similar levels

among the 4 viruses, IL-1 receptor antagonist, is a major anti-

inflammatory cytokine. On the other hand, neither S-OIV

strain was associated with such a cytokine storm, with overall

mRNA and cytokine levels similar to those seen in seasonal

H1N1 (Figures 1–3). This finding is in line with the apparent

relatively low mortality observed currently in most countries

outside Mexico in the present influenza pandemic.

Interestingly, a study using a recently developed animal

model, showed significant induction of IFN-g, IL-4, IL-5, and

IL-10 in the lungs of mice infected with S-OIV-CA compared

with animals infected with seasonal H1N1 strain KUTK-4 [15].

In addition, markedly higher levels of MCP-1, MIP-1a, IL-6,

and IL-18 were observed in the lungs of 2 of 3 macaques

infected with S-OIV-CA [15]. The apparent difference between

these in vitro data and ours could reflect different viral loads

used in the 2 studies. We used an MOI of 2, but high doses

of viruses were used in the animal studies. It is possible that

high cytokine levels, reactive hemophagocytosis, and multior-

gan failure could be present in patients with severe S-OIV in-

fections with high viral loads. Additional experiments using

higher MOIs would be necessary to determine whether higher

cytokine responses could be associated with higher viral load

in the present cell line model. Additional experiments using

PBMCs from more healthy blood donors will also reveal

whether there is much interindividual variability in immune

and cytokine responses of human macrophages in response to

influenza virus infections.
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Our results imply that the mainstay of treatment for un-

complicated S-OIV infections should be antiviral agents instead

of antiviral plus immunomodulators. Recently, we documented

that zanamivir plus celecoxib (COX-2 inhibitor) and mesala-

zine (inhibitor of inflammation widely used for treatment of

inflammatory bowel disease) significantly decreased the mor-

tality associated with H5N1 infection, compared with zanamivir

alone in a mouse model [9]. This was due to a modulation of

the cytokine storm associated with H5N1 infection, indicated

by a suppression of the inflammatory markers [9]. This finding

is in line with those in our study, which showed that celecoxib

plus mesalazine suppressed 6 of the 8 proinflammatory cyto-

kines markedly induced by H5N1 (Figures 1 and 2). Others

have also shown that selective COX-2 inhibitors suppressed the

hyperinduction of cytokines in the proinflammatory cascade

in H5N1-infected macrophages [16]. Because our study showed

that S-OIV was not associated with a major cytokine storm

and S-OIV infections were not clinically associated with major

mortality, most patients should be treated with oseltamivir or

zanamivir. However, for individual patients with S-OIV infec-

tion who have severe primary viral pneumonia with severe

sepsis and multiorgan failure, immunomodulators may be con-

sidered as an adjunctive therapy in clinical trials. Because we

previously showed that the addition of immunomodulators 48

h after H5N1 challenge were very effective in decreasing both

the mortality rate and cytokine storm in a mouse model [9],

such adjunctive treatment may theoretically be useful even after

the start of a severe systemic inflammatory response.

There may have been attenuation of S-OIV during the early

phase of the pandemic when the virus was adapting to the host.

S-OIV-CA was isolated from a patient in California on 1 April

2009, whereas S-OIV-HK was isolated from a patient in Hong

Kong on 30 April [10]. For the 6 cytokines with mRNA ex-

pression levels assayed, the levels of all 6 were higher for S-

OIV-CA–infected macrophages than for S-OIV-HK infected

macrophages (Figure 3). Although this phenomenon was

shown by the cytokine assay only for the IL-8 level, this may

be because relatively small differences can be picked up only

by the more sensitive RT-PCR assay. This explanation is in line

with the fact that TNF-a and IFN-g expressions were detected

only by RT-PCR and not by the cytokine assays for all 4 viruses.

We speculate that this attenuation of the virus may explain the

relatively higher number of deaths in the Mexican population

during the early phase of the pandemic. Sequencing the S-OIV-

HK genome and comparative genomic analysis would reveal

whether the virus was rapidly evolving in April 2009.

Close monitoring of S-OIV strains as the pandemic evolves

is important. It has been observed that the 1918 Spanish flu

pandemic was also mild initially, but the mortality was mark-

edly increased in the second wave during the influenza season

[17]. As a temporal series of the virus is not available, we do

not know if this was due to an increase in virulence of the

virus. However, the reverse genetically reconstructed 1918

H1N1 virus was shown to induce lethal pneumonia with pro-

inflammatory damage and cytokine storm similar to that of

the H5N1 virus in mouse, ferrets and monkey models [18, 19].

The present S-OIV was a result of multiple reassortment. There-

fore, it would not be surprising if there is further reassortment

and/or mutation, giving rise to more virulent phenotypes as

the pandemic evolves in the coming months.

One major concern at the moment is the acquisition of

antiviral resistance, and in recent weeks oseltamivir resistance

has emerged in S-OIV [20]. This is similar to the situation in

the 2008–2009 influenza season, when most H1N1 viruses that

circulated were resistant to oseltamivir though still susceptible

to zanamivir [21, 22]. Another scenario that would be at least

as disastrous would be acquisition of virulence genes, such as

NS or PB1-F2, from viruses such as H5N1, giving rise to a

highly infectious and fatal virus. Therefore, as the pandemic

evolves, strains of S-OIV should be monitored not only for

antiviral resistance but also for their virulence potential, using

the present cell line model as an alternative to the less available

animal models [23, 24]. Because ferret and mice models of S-

OIV infection showed marked viral replication in lungs and

seasonal influenza replicated mainly in the nasopharynx, there

is reason to believe that more cytokine induction may occur

in S-OIV, because the lung is a large organ with many reticulo-

endothelial cells. Because mRNA levels can be detected more

sensitively than the corresponding cytokine levels, detection of

mRNA levels with RT-PCR would be more sensitive for mon-

itoring the evolving the virulence potential of the virus. Mon-

itoring its genome sequence in the coming second wave in

winter is also important to determine whether there is contin-

ued attenuation or increased virulence in correlation with the

clinical scenario.
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