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The last 10 years have witnessed a spread of highly pathogenic H5N1 avian influenza A virus from Southeast Asia into
Europe and Africa, killing millions of chickens and ducks.
Mammalian species including tigers, cats, dogs, and humans
have also been infected with H5N1 virus, causing severe and
often fatal disease. Excess mortality in humans was associated
with high pharyngeal viral loads and increased cytokine and
chemokine production (12). Some evidence suggests that genetic variation among infected hosts contributes to H5N1 infection and pathogenesis. Compared to the many millions of
chickens and ducks that have been infected by H5N1 virus,
relatively few humans have been infected. Were these individuals genetically predisposed, and therefore, did they have a
greater risk of getting infected by the currently circulating
H5N1 influenza viruses? Also, among the identified clusters of
human H5N1 virus infections, more than 90% of the cases
have occurred in genetically related family members, suggesting a possible genetic susceptibility to infection or severe disease (33). Recently, genetic relatedness was shown to be a
significant risk factor for severe disease resulting from H3N2
influenza virus infection (2). However, other recent studies
either have been unable to confirm the effect of genetic variation on the outcome and severity of influenza A virus infec-
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tion (19) or have challenged the role of host genetics in H5N1
virus clusters (36).
Genetic polymorphisms in the infected host affect microbial
pathogenesis. In some host-pathogen studies, individual genes
strongly regulated disease susceptibility or severity. For example, a 32-amino-acid deletion in the CCR5 product has been
associated with increased resistance to human immunodeficiency virus infection (26), and more recently, a single amino
acid change in the TLR3 product was associated with herpes
simplex virus-induced encephalitis (50). Despite these examples, most host-pathogen interactions are more complex and
modified by several genetic determinants. In the mouse model,
disease severity after infection with viruses, bacteria, or parasites is frequently caused by multiple genetic differences, each
affecting the outcome of the disease (3, 7, 8, 17, 47). Genetic
modifiers that are associated with increased susceptibility to
influenza virus infection or disease are mostly unknown. In
humans, the duration of virus shedding was reduced in HLAA2⫹ individuals, possibly as a result of a stronger cellular
immune response (9). In mice, the resistance to influenza virus
infection was mapped to the MX1 protein (39, 44, 46). The
human MX1 protein also restricts viral replication, but its
efficacy depends on the virus strain (13).
Although much work is being done to define the viral factors
affecting H5N1 influenza virus pathogenesis, little has been
done to elucidate the effect of host genetics on H5N1 disease
outcome. This study was initiated to assess the effect of the
host’s genetic variation on H5N1 influenza virus pathogenesis
and to provide the first clues about which host genes are
responsible for the increased pathogenesis of H5N1 virus in-
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Despite the prevalence of H5N1 influenza viruses in global avian populations, comparatively few cases have
been diagnosed in humans. Although viral factors almost certainly play a role in limiting human infection and
disease, host genetics most likely contribute substantially. To model host factors in the context of influenza
virus infection, we determined the lethal dose of a highly pathogenic H5N1 virus (A/Hong Kong/213/03) in
C57BL/6J and DBA/2J mice and identified genetic elements associated with survival after infection. The lethal
dose in these hosts varied by 4 logs and was associated with differences in replication kinetics and increased
production of proinflammatory cytokines CCL2 and tumor necrosis factor alpha in susceptible DBA/2J mice.
Gene mapping with recombinant inbred BXD strains revealed five loci or Qivr (quantitative trait loci for
influenza virus resistance) located on chromosomes 2, 7, 11, 15, and 17 associated with resistance to H5N1
virus. In conjunction with gene expression profiling, we identified a number of candidate susceptibility genes.
One of the validated genes, the hemolytic complement gene, affected virus titer 7 days after infection. We
conclude that H5N1 influenza virus-induced pathology is affected by a complex and multigenic host component.
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fection. Genome-wide linkage analysis using BXD recombinant inbred (BXD RI) strains was performed to identify areas
on the chromosome that contribute to the difference in susceptibility to H5N1 virus seen between C57BL/6J and DBA/2J
mice.
MATERIALS AND METHODS

ratories (Piscataway, NJ). The average values represent data from three to six
mice per strain. This analysis was repeated in BXD73, D2, and B6 mice.
QTL mapping. Mapping of quantitative trait loci (QTL) was performed using
the WebQTL module of GeneNetwork (www.genenetwork.org). Interval mapping evaluates potential QTL at regular intervals and estimates the significance
at each location by using 1,000 permutation tests (11, 35). Mapping was done
with 66 different BXD RI strains for survival time (measured in days) after
infection with highly pathogenic H5N1 virus and for mortality rate. For the
original data set, see www.genenetwork.org (identification numbers 10865 and
10866). Five different loci associated with survival after infection were identified
and will be referred to as Qivr (QTL for influenza virus resistance). For example,
Qivr2 is the first identified locus on chromosome 2 that is significantly associated
with survival after H5N1 influenza virus infection. Linkage analysis using genetic
markers located centrally in each of the five loci identified a significant linkage
for Qivr15 with Qivr7 and Qivr11 (Spearman R2 ⬎ 0.5 and P ⬍ 0.05; data not
shown). Pair-scan and composite analysis demonstrated that the Qivr act mostly
independently and the effects of each Qivr add to the H5N1 resistance phenotype. Effect size of individual loci was determined by univariate analysis of
variance (ANOVA).
RNA isolation and functional genomics. RNA expression was analyzed in
lungs from either uninfected or HK213 virus-infected (104 EID50) D2 mice and
B6 mice and also in HK213 virus-infected (104 EID50) resistant (BXD43,
BXD68, and BXD98) and susceptible (BXD67, BXD83, BXD73 and BXD97)
BXD mice. A minimum of three RNA samples per strain or treatment group was
obtained. Following homogenization of the tissue in TRIzol (Sigma), RNA was
extracted and submitted to a cleanup protocol (Qiagen).
RNA quality was confirmed by UV spectrophotometry and by analysis on an
Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA). Total RNA
(5 to 10 g) was processed in the St. Jude Hartwell Center for Biotechnology &
Bioinformatics by using the Affymetrix eukaryote one-cycle target-labeling protocol
(http://www.affymetrix.com/support/technical/manual/expression_manual.affx). Expression analyses were performed on RNA samples from individual mice using
the Affymetrix Mouse MOE-430v2 GeneChip array, which interrogates more
than 39,000 transcripts. Signal values and detection calls were generated using
the default parameters within the statistical algorithm of the Affymetrix GCOS
software version 1.4. Signal values were scaled to a 2% trimmed mean target
value of 500. Probe set annotations were obtained from the Affymetrix website
(http://www.affymetrix.com/analysis/index.affx).
Statistical analysis. Statistical analysis of differences in survival after H5N1
virus infection was performed by a log-rank test, and P values of ⬍0.01 were
considered significant. A Student t test was used to analyze the differences in lung
virus titers between the different strains of mice following natural log (ln) transformation of the data. Chemokine and cytokine production was analyzed by
t test, and P values of less than 0.05 were considered significant.
Data from Affymetrix mouse 430v2 whole-genome arrays were summarized by
the MAS5.0 algorithm. The signal values were then ln-start transformed, ln(signal ⫹ 20), to stabilize variance across the range of intensity and approximate
normality in preparation for parametric tests. Using Partek Genomics Suite 6.3,
we applied a two-factor ANOVA model with an interaction term to the transformed signal data for each probe set on the arrays. The two model factors were
mouse breed and infection status and were treated as categorical variables in the
model. The interaction term was a test of whether a change in expression due to
infection was influenced by breed to a degree greater than that expected by
chance. The resulting full-model P values were adjusted using the false-discovery
rate method (6). Setting the acceptable false-discovery rate to 1%, we determined that 4,447 probe sets had significant changes in expression. The P values
for each model term, as well as for the interaction, were captured. By comparing
the partial P values for each probe set, we assessed which factor best explains the
expression pattern of a given transcript.
Log base-2 ratios were calculated from the log2-transformed ratio of the
geometric means of the MAS5.0 signal data adjusted by the small additive factor
of 20. The addition of 20 to the MAS5.0 signal affects a soft threshold on the
data, whereby the influence of very small numbers on the log ratios is attenuated.
Change is determined by expressing the absolute value of the log ratios as a
power of 2, i.e., a log ratio of 3 is 23 or eightfold changed. For log ratios of less
than 1, the change is noted as negative.

RESULTS
Differences in susceptibility to highly pathogenic H5N1 influenza A virus in two inbred strains of mice. To quantify the
effect of host genetics on H5N1 disease susceptibility, we in-
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Animals and viruses. Six- to 11-week-old female DBA/2J (D2), C57BL/6J
(B6), B10.D2.Hc1 (B10.D2-Hc1 H2d H2-T18c/nSnJ), and B10.D2.Hc0 (B10.D2Hc0 H2d H2-T18c/oSnJ) mice were purchased from the Jackson Laboratory (Bar
Harbor, ME) and housed at St. Jude Children’s Research Hospital according to
the institution’s Animal Care and Use Committee guidelines. BXD RI mouse
lines were derived from crosses between B6 and D2 mice and were acquired from
three different sources. BXD1-42 mice, originally generated by Taylor et al. in
the early 1980s and 1990s (42), were purchased from the Jackson Laboratory.
BXD43-100 mice were obtained from the University of Tennessee Health Science Center (Memphis, TN) or purchased from the Oak Ridge National Laboratory (ORNL; Oak Ridge, TN) (35). All mice were female and between 6 and
12 weeks of age. The genomes of the mouse strains do not encode a functional
Mx1 protein. All studies have been approved by the St. Jude Children’s Research
Hospital Institutional Review Board.
A highly pathogenic H5N1 influenza A virus was rescued by reverse genetics
as described previously (21). The virus contains seven gene segments of A/Hong
Kong/213/2003 H5N1 virus and the PB1 gene segment from A/Chicken/Hong
Kong/Y0562/2002 H5N1 virus. This highly pathogenic H5N1 virus, referred to as
HK213, was selected for its reduced lethality in B6 and BALB/c mice compared
to that of wild-type A/Hong Kong/213/2003 virus (data not shown), while retaining its lethality in D2 mice, increasing the range of our phenotypic screen.
Influenza A virus infection of mice. Mice were sedated with 2,2,2-tribromoethanol (Avertin; Sigma-Aldrich, St. Louis, MO) and inoculated intranasally with
highly pathogenic avian H5N1 influenza A virus. The 50% mouse lethal dose
(MLD50) was determined after infection with 10-fold serial dilutions of HK213
virus starting at 106 50% egg infective doses (EID50) in 30 l phosphate-buffered
saline (PBS). Morbidity, which was measured by weight loss on days 4, 7, 10, 13,
and 15 after inoculation, and mortality were monitored, and the MLD50 for each
mouse strain was calculated using the Reed-Muench method (38). LD50 assays
were done a least twice, and a minimum of five mice per dose of H5N1 virus were
used per assay. For survival times and mortality rates, we used death as an end
point. All mice included in this study were productively infected with influenza A
virus as determined by lung viral titers or a significant decrease (⬎5%) in weight
on day 4 or 7.
BXD RI strains were inoculated with an intermediate dose (104 EID50) of
HK213 virus in 30 l PBS, and morbidity and mortality were monitored for 30
days. Survival time (measured in days) and mortality rate (percentage of mice
that succumbed to infection) were calculated for each BXD RI strain.
Lung viral titers and immunohistochemistry. HK213 virus-infected lungs were
harvested on days 2, 4, and 7 after infection and stored at ⫺80°C. Lungs were
then homogenized in 2.0-ml tubes containing 1.0 ml minimum essential medium
and a stainless steel ball for two 30-s periods at maximum frequency (30 Hz;
TissueLyzer; Qiagen). The homogenate was spun for 5 min at 1,000 ⫻ g to
remove cellular debris. The virus-containing supernatant was then titrated on
MDCK cells as previously described (38).
Immunohistochemistry was performed on formalin-fixed lung tissue harvested
from HK213 virus-infected or uninfected D2 mice and B6 mice. Following
antigen retrieval using an EDTA buffer (pH 8.0; Zymed Laboratories Inc., South
San Francisco, CA), influenza virus was detected with a polyclonal goat antiinfluenza A virus antibody (United States Biological, Swampscott, MA) followed
by a secondary donkey anti-goat antibody conjugated to biotin (Santa Cruz
Biotechnology, Santa Cruz, CA) and streptavidin-horseradish peroxidase. Viral
protein was visualized using 3,3⬘-diaminobenzidine, and slides were counterstained with hematoxylin.
Cytokine analysis. Lungs from B6, D2, BXD43, BXD68, BXD73, BXD67, and
BXD97 mice infected with 104 EID50 were obtained 3 days after infection and
immediately homogenized in 2.0-ml tubes containing 1.0 ml PBS and a stainless
steel ball for two 30-s periods at 30 Hz (TissueLyzer). After a 30-s spin at
16,000 ⫻ g, the supernatant was collected, aliquoted, and stored at ⫺80°C. The
amounts of chemokine (C-C motif) ligand 2 (CCL2) and tumor necrosis factor
alpha (TNF-␣) present in the lung homogenates of infected animals were determined using Quantikine kits from R&D Systems (Minneapolis, MN). The
concentrations of alpha and beta interferon (IFN-␣ and -␤, respectively) present
in the homogenate were determined with the IFN-␣ or -␤ kit from PBL Labo-
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tranasally inoculated B6, D2, and B6D2F1 mice with various
doses of highly pathogenic H5N1 influenza A virus (HK213)
and then monitored the animals’ morbidity and mortality for
21 days. Inoculation with 106 EID50 resulted in 70% to 100%
mortality in all three mouse strains (Fig. 1A), regardless of the
age of the animal (see Table S8 in the supplemental material).
In contrast, inoculation with 102 or 103 EID50 resulted in 80%
to 100% mortality of the D2 mice, but all of the B6 and
B6D2F1 mice survived. The MLD50 for D2 (45 EID50) is
significantly lower than those for B6 (6 ⫻ 105 EID50, P ⬍
0.001) and B6D2F1 (2 ⫻ 105 EID50, P ⬍ 0.001).
Virus titers in lung homogenates of D2 and B6 mice were
determined at various time points after inoculation with 104
EID50 of HK213 virus. Lung homogenates of D2 mice contained 10 times more infectious virus at the early postinoculation time points (24 and 48 h, P ⬍ 0.05) than that seen in lung
homogenates of B6 mice. Four days after infection, the difference was only twofold; 7 days after infection, the difference
between D2 and B6 mice was again more than 10-fold (P ⬍
0.05, Fig. 1B).
Next, we quantified the amount of infectious virus present
48 h after inoculation with 102 or 103 EID50 of HK213 virus. At
these reduced doses, infectious virus was still recovered from
lung tissue of both strains of mice. Again, the virus titer was
significantly higher (10-fold, P ⬍ 0.001) in the lungs of D2 mice

(Fig. 1C). Highly pathogenic influenza viruses are known for
their ability to spread systemically. Therefore, we tested for the
presence of infectious virus in brain and liver tissue of these
animals. None of the tissues tested contained detectable levels
of infectious H5N1 virus (data not shown). Immunohistochemical analysis using a monoclonal antibody specific for the NP
protein of influenza A virus confirmed the difference in viral
load at 7 days postinfection (Fig. 1D).
Identification of candidate genomic loci associated with increased resistance. Phenotyping of H5N1 virus infection in B6
and D2 mice showed a clear influence of host factors on disease severity. We next applied genome-wide linkage analysis to
identify the genetic element or elements responsible for survival after inoculation with H5N1 virus. We inoculated 66
different BXD RI strains with 104 EID50 of HK213 virus and
then monitored the animals’ survival (Fig. 2; see also Table S7
in the supplemental material and www.genenetwork.org). On
average, 7.2 female mice (range, 4 to 21) were inoculated per
BXD RI strain, and the majority (80%) of the strains were
repeatedly tested. Because the BXD RI mice were acquired
from three different sources, we compared their ages and body
weights prior to infection and their mortality rates and survival
times after infection. None of the tested parameters were statistically different between the BXD RI strains obtained from
the Jackson Laboratory and those obtained from the ORNL,
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FIG. 1. Increased susceptibility to H5N1 virus infection of DBA/2J (D2) mice. (A) D2 mice (triangles), B6 mice (circles), and B6D2F1 mice
(squares) were inoculated with a 10-fold serial dilution of HK213 H5N1 virus in 30 l PBS (n ⫽ 5 mice per dilution). The mortality rate was
monitored for 30 days, and the average mortality from two independent experiments is presented. (B) B6 mice (filled circles) and D2 mice (open
circles) were inoculated with 104 EID50 of HK213 virus in 30 l PBS. The lungs were isolated at multiple time points after infection, and the virus
titer was determined. The average virus titer ⫾ standard deviation (log10 50% tissue culture infective doses [TCID50]/ml) at 8 and 24 h postinfection
represents one experiment with five mice per group; the average virus titers on days 2, 4, and 7 postinfection represent multiple experiments with
at least four mice per group. *, P ⬍ 0.001. (C) B6 mice (gray bars) and D2 mice (black bars) were inoculated with 102 or 103 EID50 of HK213 virus
in 30 l PBS. Forty-eight hours later, the lungs were isolated, and the virus titer was determined. *, P ⬍ 0.001. (D) Immunohistochemical staining
of viral nucleoprotein (brown) in lung tissue from B6 mice and D2 mice infected with 104 EID50 of HK213 virus.
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FIG. 2. Genome-wide linkage analysis for survival after H5N1 virus infection. Sixty-six different BXD RI mouse strains (derived from D2 and
B6 strains) were infected with 104 EID50 of HK213 virus in 30 l PBS. Mortality rate (measured in %) and survival (measured in days) were
recorded. (A) The average survival (⫾standard error of the mean) is shown for each strain (gray bars) and the parental B6 and D2 strains (black
bars). (B and C) QTL analysis (www.genenetwork.org) was performed on survival data (B) or mortality rate data (C). QTL associated with
influenza virus resistance (Qivr) were located on chromosomes 2, 7, and 17, as indicated by an LOD score of more than 3.8 (pink horizontal line
in QTL plot). Survival after H5N1 infection was also associated with a B6 allele on chromosome 11 and 15 with suggestive LOD scores (between
pink and gray horizontal lines).

suggesting that the two sets of BXD RI strains were compatible
for studying the role of host factors in disease severity following infection with H5N1 virus. The mice obtained from the
University of Tennessee Health Science Center were on average 2 weeks older (data not shown) and therefore significantly
larger than those obtained from the Jackson Laboratory and
the ORNL (see Table S1 in the supplemental material). The

increased body weight did not affect the survival time or mortality rate of these mice.
At 30 days post-inoculation with 104 EID50 of HK213 virus,
the 66 BXD RI strains could be separated into three groups:
group 1, containing 12 BXD RI strains, did not succumb to
infection (mortality rate ⫽ 0%, survival time ⫽ 30 days) and
was considered resistant to infection, similar to the parental B6
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TABLE 1. Increased production of proinflammatory mediators 3
days postinfection in lungs of susceptible mice
BXD RI
strain

Survival
time (days)

DBA/2J
BXD97
BXD67
BXD73
BXD43
BXD68
C57BL/6J
a

8
9
10
12
30
30
30

Cytokine/chemokine
production (pg/ml)

Mortality
(%)

100
100
100
90
0
0
0

TNF-␣

CCL2

IFN-␣

IFN-␤

340
86
165
340
53
77
46

6,000
4,371
3,518
8,000
1,834
3,307
2,000

532
387
250
250
275
91
117

800
—a
527
—
370
304
190

—, not done.

CCL2 production was approximately threefold higher (P ⬍
0.01 for all three cytokines). Production of these cytokines was
also determined 3 days after infection with 104 EID50 of
HK213 virus in three highly susceptible (BXD67, BXD97, and
BXD73) and two resistant (BXD68 and BXD43) BXD RI
strains. The amount of TNF-␣ and CCL2 produced was higher
in each of the three susceptible BXD RI strains than in the
resistant BXD RI strains. Interestingly, the overall production
of IFN-␣ and -␤ was higher in susceptible RI strains than in
resistant RI strains, but the difference was considerably
smaller, and one of the BXD RI lines (BXD43) produced
amounts of IFN-␣ and -␤ that were equal to those produced by
the susceptible RI lines.
Identification of candidate genes using RNA expression
analysis. To identify the genes located within each of the five
Qivr responsible for the observed differences in phenotype, we
quantified RNA expression in B6 and D2 mice prior to and 3
days after infection with 104 EID50 of HK213 virus. Two-factor
ANOVA identified 4,327 probes or 3,197 unique genes (reduced from 3,405 identified genes in Fig. 3A as some tran-

FIG. 3. RNA expression analysis in lung tissue obtained from uninfected or H5N1 virus-infected D2 mice and B6 mice. RNA expression levels were determined and analyzed. (A) Genes with an adjusted
full-model P value of less than 0.01 (approximately 10% of the total
number of probes) were selected and separated according to the threemodel factor P values. “Strain” (red circle) indicates all genes with a
significant difference (adjusted P value, ⬍0.001) between DBA/2J mice
and C57BL/6J mice. “Infection” (green circle) indicates all genes with
a significant increase or decrease (adjusted P value, ⬍0.001) in RNA
expression level as a result of H5N1 virus infection. “Interaction”
(yellow circle) indicates all genes with a change in RNA expression
level that is dependent on the mouse strain (adjusted P value, ⬍0.001).
(B) All genes with an adjusted full-model P value of ⬍0.01 (as shown
in panel A) located within the five Qivr are shown.
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mouse strains (Fig. 2A). Group 2, containing 25 BXD RI
strains, was reminiscent of the D2 parental strain, i.e., the mice
showed clear signs of severe disease following infection with
HK213 virus and, as a result, none of the animals survived
(mortality rate ⫽ 100%, survival time ⫽ 9 to 12 days). Group
3, containing 29 BXD RI strains, had an intermediate phenotype (mortality rate ⫽ 11% to 90%, survival time ⫽ 12 to 29
days).
Genome-wide linkage analysis with disease parameters, survival time, and mortality rate identified three Qivr on chromosomes 2 (Qivr2, 33 to 52 Mb), 7 (Qivr7, 100 to 114 Mb), and 17
(Qivr17, 68 to 84 Mb) that were significantly associated with
resistance to infection (P ⬍ 0.001; Fig. 2B and C) and accounted for 7%, 5%, and 9% of the variance, respectively. Two
additional Qivr on chromosomes 11 (Qivr11, 101 to 107 Mb)
and 15 (Qivr15, 51 to 57 Mb) were not highly significant (P ⬍
0.05), but their respective LOD (logarithm of the odds) scores
suggest that they might be associated with resistance. Qivr11
and -15 accounted for 1% and 5% of the variance, respectively.
Regression analysis indicated that the B6 allele had a positive
effect on survival and mortality rate. To exclude the possibility
of linkage disequilibrium affecting the outcome of our analysis,
e.g., increasing the LOD score of unrelated peaks, we performed Spearman’s rank correlation analysis on genetic loci
centrally located on each of the five Qivr. With the exception of
Qivr15, which was linked to both Qivr7 and -11 (P ⬍ 0.05),
none of the Qivr were statistically linked, suggesting that each
locus affects survival after a highly pathogenic H5N1 virus
infection.
Increased production of proinflammatory mediators in susceptible BXD RI strains. Pathogenesis following infection with
highly pathogenic H5N1 influenza A virus has been associated
with increased production of cytokines and chemokines. To
determine whether disease severity was correlated with inflammation in our model, we measured the production of TNF-␣,
IFN-␣ and -␤, and CCL2 in D2 mice and B6 mice and in five
BXD RI strains that were previously identified as either highly
susceptible or resistant to infection (Table 1). Compared to the
production of inflammatory mediators in uninfected D2 mice
and B6 mice, that at 3 days post-infection with 104 EID50 of
HK213 virus was significantly increased (P ⬍ 0.001; data not
shown). A comparison between the strains revealed that D2
mice showed more inflammation than did B6 mice; TNF-␣
production was almost eightfold higher in virus-infected D2
mice than in B6 mice (P ⬍ 0.01), whereas IFN-␣, IFN-␤, and
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TABLE 2. Pathway analysis with genes whose expression is
significantlya upregulated or downregulated from baseline
upon infection with H5N1 virus in D2 mice and B6 mice
No. of
genes

P value

Cytokine-cytokine receptor interaction
Cell adhesion molecules
Toll-like receptor signaling pathways
Type I diabetes mellitus
Antigen processing and presentation
Extracellular matrix-receptor interaction
Cell cycle
Metabolism of xenobiotics by cytochrome P450
P53 signaling pathway
Complement and coagulation cascades
Natural killer cell-mediated cytotoxicity
Urea cycle and metabolism of amino groups
Valine, leucine, and isoleucine degranulation
Glutathione metabolism

70
46
40
22
26
28
33
22
21
22
31
11
14
14

⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.001
⬍0.001
0.002
0.002
0.003
0.006
0.01
0.02
0.03
0.03

a

Adjusted P value for infection, ⬍0.0001 (3,179 probes).

scripts were represented in two sections of the diagram) with
an adjusted full-model P value ⬍ 0.01 and a significant difference in one or more model factors (P ⬍ 0.001; Fig. 3A). Prior
to infection, 792 genes were differentially expressed and reflected inherent differences in RNA expression between lungs
of D2 mice and B6 mice (“Strain” [red section], Fig. 3A).
Thirty-six genes were located within the Qivr (Fig. 3B; see also
Table S2 in the supplemental material), including some that
had at least a fourfold difference: Trpc2 (transient receptor
potential cation channel, subfamily C, member 2) and Trim12
(tripartite motif-containing 12).
At 3 days post-infection with 104 EID50 of HK213 virus, the
RNA expression profile was drastically altered. Of the 3,197
genes identified by the two-factor ANOVA, 1,833 were significantly up- or downregulated after infection (“Infection,” P ⬍
0.001 [green section]; “Strain” and “Interaction” P values ⫽
not significant) including 226 genes whose expression changed
at least fourfold after infection in either B6 or D2 mice. Sixtyeight of the 1,833 genes were located within the Qivr (Fig. 3B;
see also Table S3 in the supplemental material). Among those
were 11 whose expression changed more than fourfold:
Trim30, Eif2ak2 (eukaryotic translation initiation factor 2-alpha kinase 2), and Dhx58 (DEXH [Asp-Glu-X-His] box
polypeptide 58). Clustering based on functional characteristics
revealed that many of the upregulated genes were involved in
cytokine-cytokine receptor signaling and Toll-like receptor signaling (Table 2); however, strain-dependent differences were
observed (see Table S5 in the supplemental material).
A subset of genes (521 genes) were statistically different
between B6 mice and D2 mice after infection with H5N1 virus;
however, the changes in expression level following infection
were similar between the two mouse strains (overlap between
red and green circles, Fig. 3A). Many genes related to cytokine
and chemokine signaling, as well as apoptosis, were represented in this group. A total of 25 genes were among the Qivr,
including hemolytic complement (Hc), Trim34, interferon-induced protein 35 (Ifi35), and Prkrir (protein-kinase, interferoninducible double-stranded RNA-dependent inhibitor, repressor of P58) (Fig. 3B; see also Table S4 in the supplemental
material). In addition to the 521 genes, 122 genes were iden-
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tified for which the expression varied between D2 mice and B6
mice due to infection with H5N1 virus, but the change in
expression level upon infection varied significantly between the
two strains (“Interaction,” overlap between red, green, and
yellow circles). Many of the genes, including Ifna4, Tnf, Cxcl11,
Cxcl2, and Irf1 (interferon regulatory factor 1), were associated
with inflammation and antiviral immunity. Five of the 122
genes were located on a Qivr (Fig. 3B; see also Table S4 in the
supplemental material) and included a Trim30-like gene
(AI451617), Plekhb1 (pleckstrin homology domain-containing,
family B [evectins] member 1), Ifi35, granulin (Grn), and
Cox7a2l. Finally, 95 genes were identified with significant P values for “Infection” and “Interaction,” but their expression
level was not significantly different between the two strains
(overlap between yellow and green circles, Fig. 3A). Only one
gene, xanthine dehydrogenase (Xdh), was located on a Qivr
(Fig. 3B). To summarize, RNA expression analysis identified
121 unique candidate genes (reduced from 136 as shown in Fig.
3B, as some genes were represented in more than one section
of the diagram) whose genetic polymorphisms or differences in
expression level can have a significant effect on H5N1 pathogenesis.
Expression profiling in H5N1 virus-infected BXD RI lines.
RNA expression profiling was performed on several BXD RI
lines infected with HK213 virus for 72 h. The four susceptible
BXD lines (-67, -73, -83, and -97) had an average survival time
of 10.5 days, and all mice succumbed to infection. Resistant
BXD RI lines (-43, -68, and -98) had an average survival time
of 29.3 days, and their mortality rate was less than 2%. Comparison of RNA expression between resistant and susceptible
mice, including the parental D2 and B6 strains, identified many
genes whose expression differed significantly (⬎2-fold, P ⬍
0.01). These genes included several immune response-related
genes like Ifn-␤ and CCL5 (see Table S6 in the supplemental
material). Of the 121 Qivr genes previously identified by our
full-model analysis using B6 mice and D2 mice, 30 candidate
genes were also differentially expressed (P ⬍ 0.001) between
the susceptible and resistant BXD RI strains (Table 3). Qivr2
has three candidate genes: Hc, gelsolin (Gsn), and a sialidase
transferase gene (St6galnac4). The largest locus, Qivr7, has 14
candidate genes including Trim12 and Trim34, as well as several other interesting gene candidates such as Plekhb1, Prkrir,
and Trpc2. Qivr11 contained five genes whose expression differed significantly between the susceptible and resistant mouse
strains: Grn, Ifi35, Med1, Pitpnc1, and Ubtf. Only two candidate
genes on Qivr15 were identified by this analysis, Nov and
Depdc6. Finally, for Qivr17, six candidate genes were identified, including Prkcn, Qpct, Dlgap1, and Mta3, whose polymorphisms or expression levels may alter the outcome after infection with H5N1 viruses.
Effect of hemolytic complement on survival following H5N1
virus infection. To partially validate our approach for identifying functionally relevant host genes, we chose one gene for
further analysis, Hc, whose expression segregated with disease
severity and was located on Qivr2. D2 mice, as well as many
other inbred strains, do not produce mature, functional Hc
protein (30, 34). Hc deficiency was previously reported to increase susceptibility to other infectious agents, including mouseadapted influenza A virus (20, 43). To study the effect of Hc on
survival after inoculation with a highly pathogenic H5N1
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TABLE 3. Qivr candidate genes based on RNA expression differences between susceptible and resistant micea
Qivr

Gene symbol

Gene name

Probe identifier

Gsn
Hc
St6galnac4

Gelsolin
Hemolytic complement
GalNAc-alpha-2,6-sialyltransferase

1415812_at
1419407_at
1418074_at

7

A530023O14Rik
EG667823
Fam168a
Myo7a
Phca
Plekhb1
Prkrir

1444179_at
1442693_at
1434375_at
1421385_a_at
1438435_at
1416178_a_at
1426482_at

Rassf10
Rnf121
Rps3
Slco2b1
Trim12
Trim34
Trpc2

Hypothetical protein
Hypothetical protein
Hypothetical protein
Myosin VIIA
Phytoceramidase, alkaline
Pleckstrin homology domain-containing, family B (evectins) member 1
Protein kinase, interferon-inducible double-stranded RNA-dependent
inhibitor, repressor of (P58 repressor)
Ras association (RalGDS/AF-6) domain family (N-terminal) member 10
Ring finger protein 121
Ribosomal protein 3
Solute carrier organic anion transporter family, member 2b1
Tripartite motif-containing 12
Tripartite motif-containing 34
Transient receptor potential cation channel, subfamily C, member 2

1457140_s_at
1426504_a_at
1455600_at
1433933_s_at
1437432_a_at
1424857_a_at
1430485_at

11

Grn
Ifi35
Med1
Pitpnc1
Ubtf

Granulin (proepithelin)
Interferon-induced protein 35
Mediator complex subunit 1
Phosphatidylinositol transfer protein, cytoplasmic 1
Upstream binding transcription factor, RNA polymerase I

1448148_at
1424617_at/1459151_x_at
1448708_at
1428879_at
1455490_at

15

Depdc6
Nov

DEP domain-containing 6
Nephroblastoma overexpressed gene

1453571_at
1426852_x_at/1426851_a_at

17

2410091C18Rik
Cdc42ep3
Dlgap1
Mta3
Prkcn
Qpct

Hypothetical protein
CDC42 effector protein (Rho GTPase binding) 3
Discs, large (Drosophila) homolog-associated protein 1
Metastasis-associated 1 family, member 3
Protein kinase D3
Glutaminyl-peptide cyclotransferase (glutaminyl cyclase)

1427904_s_at
1450700_at
1436076_at
1421402_at
1426622_a_at

a
RNA expression was compared between susceptible (D2 and BXD67, -73, -83, and -97) and resistant (B6 and BXD43, -68, and -98) strains of mice after infection
with H5N1 virus.

virus, we infected two mouse strains, one that expressed Hc
(B10.D2.Hc1) and one that did not (B10.D2.Hc0). Inoculation
of B10.D2.Hc0 mice with 104 EID50 of HK213 virus resulted in
74% mortality, while all of the B10.D2.Hc1 mice survived (Fig.
4A; P ⬍ 0.001). Increased survival of Hc-positive mice was also
observed at a 10-fold-higher initial inoculum (105 EID50), supporting the role of Qivr2 in resistance to H5N1 infection. Several members of the complement cascade have been shown to
influence the adaptive immune response to infectious agents
including viruses (25, 29). Efficient immune responses are associated with the clearance of the virus, and low viral loads at
later stages of the infection are indicative of this. At 7 days
post-infection with 104 EID50 of HK213 virus, the viral load in
the lungs of the B10.D2.Hc0 mice was significantly higher than
that in the lungs of the B10.D2.Hc1 mice (Fig. 4B; P ⬍ 0.05),
while the viral load on day 4 was similar. These data suggest
that Hc significantly affects the outcome of infection with
highly pathogenic H5N1 virus.
DISCUSSION
The current study was designed to assess the effect of genetic
variation in the host on survival after infection with a highly
pathogenic H5N1 influenza virus. Applying the murine model

of H5N1 influenza virus infection, we showed that genetic
variation significantly contributes to survival. QTL mapping
identified five loci associated with severity of disease after
H5N1 virus infection, indicating that multiple genes are responsible for the observed difference. RNA expression analysis
has resulted in several candidate genes whose function is potentially linked to infection or inflammation.
Following the initial observation that certain mouse strains
are more susceptible to severe disease after infection with
highly pathogenic avian H5N1 influenza A virus but that other
strains are resistant to disease, we sought to identify the underlying mechanism responsible for this difference. Susceptible
mice that succumbed after infection had high viral loads and
increased production of proinflammatory cytokines early after
infection. In contrast, resistant mice that effectively cleared the
infection had reduced virus titers and produced lower levels of
proinflammatory cytokines. This link between disease severity
and high viral loads plus increased production of proinflammatory cytokines was previously found in humans infected with
H5N1 viruses (12). de Jong et al. (12) observed in a cohort of
H5N1 virus-infected individuals that high viral loads in throat
swabs and the presence of high concentrations of TNF-␣ and
CCL2 in serum were associated with poor prognosis. In studies
comparing pathogenicities of different influenza A virus
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strains, high viral load combined with increased levels of proinflammatory cytokines was also associated with severe disease
and increased mortality (22–24).
An important and novel finding of this study is that H5N1induced pathology is greatly affected by genetic polymorphisms
in the genome of the infected host. We have also found that, at
least in mice, H5N1 pathogenesis is a complex genetic trait
with multiple genes affecting disease outcome. This result is
reminiscent of many other microbial diseases including human
immunodeficiency virus infection and Mycobacterium tuberculosis infection (3, 7, 8, 15, 17, 47). A possible explanation for
the observed complexity is the nature of the pathogen, e.g.,
viral, requiring a host cell for propagation. Following attachment, fusion, replication, and assembly of progeny virus in the
host cell, an innate and adaptive immune response is initiated
to eliminate the pathogen in a time- and energy-efficient manner. The many genes involved in this process can all greatly
influence the outcome of the disease. Our approach of combining QTL mapping with RNA expression analysis at day 3
has shifted the focus to identifying genes involved in viral
replication or early innate immune responses. However, the
identification of Hc, the candidate gene on Qivr2, is an example
of a protein involved and required for effective adaptive immune responses.
The highly pathogenic A/Hong Kong/213/03 influenza A virus was used to identify host genes and gene networks promoting survival after infection. It was selected from several H5N1

viruses for its extremely large difference in LD50 (⬎10,000fold) between the two parental mouse strains B6 and D2.
Other H5N1 viruses, including A/Vietnam/1203/04 virus, demonstrated increased lethality to B6 mice, effectively reducing
our difference in LD50 and potentially compromising our genetic screen. Preliminary studies were also done with the
mouse-adapted A/Puerto Rico/8/34 virus (PR8) (data not
shown). For this particular virus, the difference in LD50 between D2 and B6 mice is approximately 100-fold (data not
shown) (32). Also, we measured survival in 13 BXD RI strains
after infection with an intermediate dose of PR8. BXD strains
with severe PR8-induced pathology were also among the most
susceptible to HK213 virus, suggesting that some of the candidate genes identified in this study are important for survival
after influenza virus infection in general. The identification of
Hc supports this, as it was first shown to be important for
survival after infection with A/PR/8/34 influenza A virus.
It is tempting to speculate that certain genetic deficiencies
identified in this study are universally associated with increased
susceptibility to influenza virus and potentially other viruses
like Sendai virus. An example of this is Hc, which was shown to
affect survival after inoculation with a highly pathogenic H5N1
influenza virus, supporting a previous publication demonstrating a similar effect of Hc after inoculation with PR8 or X31 (an
H3N2 virus with the internal genes of PR8). Our study, however, is also likely to identify genes whose deficiency affects
specifically H5N1 influenza A virus-induced disease because of
the difference in pathology between highly pathogenic and
low-pathogenic influenza A viruses (4).
To identify candidate genes within each of the five Qivr, we
analyzed the pattern of RNA expression. This methodology
has been effective in the past and allows for the identification
of genes responsible for infectious diseases or immune systemrelated phenotypes (16, 27). One of the three candidate genes
on Qivr2, Hc, was previously shown to be involved in both the
innate and adaptive immune responses to infectious agents
including low-pathogenic mouse-adapted influenza viruses
(20). We have now shown that Hc is also important for adequate adaptive immune responses to H5N1 viruses, as indicated by the higher viral loads in Hc-deficient mice (Fig. 1B
and 4B). Although this is not surprising, considering the previously identified role for Hc in the inflammatory response to
low-pathogenic viruses, the confirmation illustrates the usefulness of RNA expression analysis to identify the gene within a
QTL responsible for the increased resistance to infection.
The identity of the underlying genetic variation in the other
three loci (Qivr7, -11, and -17) is currently unknown; however,
we have identified several candidate genes based on expression
levels, the presence of a single nucleotide polymorphism encoding an amino acid change, and previously published literature. The main candidates for Qivr7 are Trim12, Trim34,
Trim30-like (AI451617), and Gvin1 (very large interferon-inducible GTPase). Trim30 limits the response of macrophages
to Toll-like receptor stimuli through binding to TBK1 (40);
other Trim proteins were shown to have antiviral properties
(10, 31, 45, 48). Several Trim genes, including Trim30 and
Trim34, were upregulated in macrophages and dendritic cells
maintained in culture upon exposure to influenza A virus
(H1N1) (37). For Qivr11, we identified three potential candidate genes: Grn, Ifi35, and Dhx58. Ifi35 is induced upon expo-
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FIG. 4. Effect of hemolytic complement on mortality after infection
with highly pathogenic H5N1 influenza A virus. (A) Hemolytic complement (Hc)-deficient mice (B10.D2.Hc0, solid symbols) and Hc-sufficient mice (B10.D2.Hc1, open symbols) were infected with 104 EID50
(circles) or 105 EID50 (squares) of a highly pathogenic H5N1 influenza
A virus (A/Hong Kong/213/03 [HK213]), and survival was determined
for 21 days postinfection. (B) At 4 and 7 days post-infection with 104
EID50 of HK213 virus, lungs were isolated from B10.D2.Hc0 mice and
B10.D2.Hc1 mice. The viral load on day 7 in the Hc-deficient lungs was
significantly higher than that in the Hc-sufficient lungs. TCID50, 50%
tissue culture infective dose.
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sure to interferon and is reported to modulate cytokine signaling (49). Ifi35 also has antiviral properties against bovine
foamy virus (41). Qivr17 contains several candidate genes including Eif2ak2 and Xdh, two genes with known roles in influenza virus infection (1, 5). However, neither protein contains
any single nucleotide polymorphism encoding an amino acid
change. Other candidate genes on Qivr17 are Emilin2 (elastin
microfibril interfacer 2), encoding a protein that has affinity for
the protective antigen of the anthrax bacterium and is involved
in the extrinsic apoptosis pathway (14, 28), and Ipaf, an intracellular pattern-recognition receptor (18).
A more detailed analysis of expression levels and identification of important gene networks differentially expressed following infection enable further selection of genes among the
relatively large number of candidate genes. A significant drawback of this approach is that the gene of interest must demonstrate a difference in expression level, certainly not a prerequisite for differential activity, and that the gene of interest
or a splice variant must be detected by the microchip. When
genetic changes affect function but not expression level, downstream effects of this particular change can then be used to
identify the gene of interest. Overall, this technique, despite its
limitations, is considered an important tool for selecting candidate genes within a QTL and one which we have used here.
Collectively, our results show that host genetic variation has
a significant impact on survival after infection with a highly
pathogenic H5N1 influenza A virus, which is associated with
lower viral loads and reduced levels of proinflammatory cytokines, both of which are hallmarks of a mild H5N1 virus infection in humans. Gene mapping and RNA expression analysis have identified several candidate genes, whose genetic
variation may ultimately determine the outcome after infection. Our study has convincingly shown a dramatic effect of
host genetics on H5N1 virus infection, supporting those studies
claiming a genetic predisposition in humans. This study provides a list of priority genes which should be closely examined
in family clusters of H5N1 virus infection in humans.
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