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We compared the blood RNA transcriptome of children hos-
pitalized with influenza A HIN1/09, respiratory syncytial
virus (RSV) or bacterial infection, and healthy controls.
Compared to controls, HIN1/09 patients showed increased
expression of inflammatory pathway genes and reduced ex-
pression of adaptive immune pathway genes. This was vali-
dated on an independent cohort. The most significant
function distinguishing HIN1/09 patients from controls was
protein synthesis, with reduced gene expression. Reduced ex-
pression of protein synthesis genes also characterized the
HIN1/09 expression profile compared to children with RSV
and bacterial infection, suggesting that this is a key compo-
nent of the pathophysiological response in children hospital-
ized with HIN1/09 infection.
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An increased proportion of children admitted with HIN1/09
influenza A (HIN1/09) developed shock, multi-organ failure,
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and fatal disease than had done so in recent influenza A
seasons [1]. Whole blood RNA expression profiling is ideally
suited to study emerging infections as it allows interrogation of
the host response [2]. Published RNA expression studies of
HI1N1/09 focused on adults, whose response is influenced by
previous exposure [3,4]. To identify the immunopathogenic re-
sponses to HIN1/09 in children, we compared RNA expression
in whole blood of prospectively recruited children hospitalized
with HIN1/09 infections during the 2009/2010 pandemic.

METHODS

Patient Cohorts

Between July 2009 and June 2010, we recruited 165 febrile
children (<17 years) with respiratory infection admitted to St
Mary’s Hospital London. Whole blood was collected in
PAXgene tubes, together with routine clinical samples. Patients
were recruited early in their admission, before diagnostic
studies were completed, and were assigned to diagnostic catego-
ries once results were available (Supplementary Figure 1). The
study was approved by St Mary’s Research Ethics Committee
(REC 09/H0712/58). Written, informed consent was obtained.

Pathogen Diagnosis

Viral diagnostics were undertaken on nasopharyngeal aspirates
using immunofluorescence (respiratory syncytial virus [RSV],
adenovirus, parainfluenza virus, influenza A + B) and nested
polymerase chain reaction (PCR; RSV, coronavirus, adenovirus,
parainfluenza 1-4, influenza A + B, bocavirus, metapneumovi-
rus, rhinovirus). Bacterial cultures included blood, cerebrospi-
nal fluid (CSF), urine, and tissue sites. Pneumococcal antigen
was measured in blood and urine, and bacterial DNA was de-
tected by meningococcal and pneumococcal PCR.

RNA Expression Profiling

PAXgene tubes were extracted using PAXgene Blood RNA ex-
traction kits (Qiagen). After quantification and quality control,
biotin-labeled cRNA was prepared using Illumina TotalPrep
RNA Amplification kits (Applied Biosystems). 750 ng labeled
cRNA was hybridized to Illumina HumanHT-12v3 BeadChips,
and the microarrays scanned. Quality control parameters were
assessed using Genome Studio software, visual inspection of
the microarray images and principal component analysis
(PCA). Two children in the HIN1/09, RSV, and bacterial
cohorts had oral or intravenous steroids prior to blood sam-
pling but were not outliers using PCA or unsupervised cluster-
ing algorithms (data not shown).
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Figure 1.

Unsupervised clustering of the top SDE transcripts for (4) HIN1/09 and controls (B) HIN1/09 and RSV and (C) H1N1/09 and bacterial infec-

tion. Heatmaps show separation of H1N1/09 and comparator groups by unsupervised Manhattan clustering, based on top SDE transcripts. Each row repre-
sents one transcript; each column represents one patient, with a red bar below indicating HIN1/09 and a blue bar a control (4), RSV (B), or bacterial
infection (C). Curtailed transcript lists of highly significant probes were used for clarity (P value thresholds of 10~ (n =90 transcripts), .002 (n = 97), and
.001 (n=156), respectively, for control, RSV, and bacterial comparisons). Expression intensity is indicated by color (increased abundance in red, decreased

in blue, intermediate in yellow).

Microarray Analysis

Expression data were analyzed using ‘R’ Language and Envi-
ronment for Statistical Computing 2.12.1 and GeneSpringGX
11.5 software (Agilent), as described (Supplementary Methods).
The data have been deposited in NCBI’s Gene Expression Omni-
bus and are accessible through Series accession number GSE42026
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42026).

Pathway Analysis

We analyzed 800 network-associated molecules using IPA (In-
genuity Systems, www.ingenuity.com) to identify the most sig-
nificant biological pathways for differentially expressed genes in
each group.

Statistical Analysis of Cohorts

Differences between cohorts in age, proportion of white cell
type, and days from illness onset to presentation were calculat-
ed using Kruskall-Wallis tests, with Dunn post-test compari-
sons of each cohort (Graphpad Prism). Differences in gender,
severity of illness, and deaths were calculated using ¥ tests of
independence (Supplementary Table 1).

RESULTS

Our consecutively recruited cohort included 25 patients with
HIN1/09 infection (6 coinfected with other pathogens), 34
with RSV infection (11 coinfected), and 18 with bacterial infec-
tion (Supplementary Figure 1). Thirty-three healthy control
children were recruited from the outpatients department.
Patient demographic and clinical data are summarized in Sup-
plementary Table 1.

RNA Expression

When the admission blood RNA expression profile was com-
pared in HIN1/09 patients and controls, we found 1267 signifi-
cantly differentially expressed (SDE) transcripts (P <.001)
(Supplementary Data 1 and 2A) that separated patients and
controls on unsupervised clustering analysis (Figure 14). Using
Support Vector Machine (SVM) with leave-one-out validation,
strong class prediction sensitivity was achieved (96%; Supple-
mentary Data 1).

When patients with RSV or bacterial infection were com-
pared to controls, we identified 1172 and 1869 SDE transcripts
(P <.001) respectively (Supplementary Data 1 and 2B and 2C).
SVM modeling of RNA signatures had sensitivity of 95% and
98% for distinguishing RSV- and bacterial-infected patients re-
spectively (Supplementary Data 1). As the RSV patients were
significantly younger than the control or HIN1/09 patients, we
compared the RNA expression signature of RSV patients to a
subgroup of the youngest controls (n=10, median age 9
months). The 2411 SDE genes identified (corrected P <.05)
were concordant with those identified using all controls: 772 of
the top 800 SDE transcripts between RSV and youngest con-
trols were represented, with the same direction of expression, in
both data sets.

Identification of Biological Processes in HIN1/09 and
Comparator Infections

The biological pathways distinguishing HIN1/09, RSV, and
bacterial infections from controls were investigated with IPA,
which assigns SDE transcripts to known biological functions
and pathways. Biological functions of SDE were enriched for
infectious disease, respiratory disease and inflammatory re-
sponse genes in all 3 groups (Supplementary Data 3).
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In the HIN1/09 vs controls data set, the functional catego-
ry “protein synthesis” was significantly over-represented (P =
7.93 x 1072°). Furthermore, the 3 most significant canonical
pathways were related to initiation of protein translation: eu-
karyotic initiation factor 2 (eIF2 - P=3.16 x 107%°
initiation factor 4 (elF4 - P=3.24 x 10~%), and mammalian

), eukaryotic

target of rapamycin (mTOR - P=1.91 x 107°) (Supplementary
Data 4).

Transcripts with increased abundance were enriched for
immune response pathways and functions, including signaling
from pattern recognition receptors (top increased genes OAS3,
CIQB, CIQQC), interferon signaling (IFI35, IFITI1, IFT3), and
antigen presentation through MHC class I (TAPI, MR1, HLA-
B). Transcripts with reduced abundance were enriched for
pathways including antigen presentation through MHC class II
(most decreased: HLA-DQA, HLA-DPB, HLA-DOA), T-cell
signaling and protein synthesis - including those involved in
translation, elongation, and ribosomal transport (Supplementa-
ry Data 4). There was reduced expression in 63 of 69 SDE tran-
scripts in the eIF2 pathway, P <.0001. Protein synthesis-related
transcripts with increased expression included genes with
known inhibitory functions in protein synthesis, including
EIF2AK2, IFIT1/ISG56, and IFIT2/ISG54 (fold change [FC]
of 3.9, 10.0, and 4.0, respectively, in HIN1/09 relative to
controls) [5, 6].

Comparison to an Independent Validation Data Set

To validate our findings, we used a publically available adult
data set for HIN1/09 and controls [4]. There was complete seg-
regation of HIN1/09 patients and controls when SDE tran-
scripts from our data were used for clustering (Supplementary
Figure 2A). When using the SVM prediction model trained on
our HIN1/09 vs control data, and applying this to the indepen-
dent data set, there was 100% sensitivity and specificity of
disease and control status. Of 69 transcripts in the top canoni-
cal pathway (EIF2 signaling), 32 were SDE in the validation
data set (31 with the same direction of regulation; Supplemen-
tary Figure 2B).

Comparison of the HIN1/09 Host Response With RSV and
Bacterial Infection

To identify unique aspects of the transcription profile of
H1N1/09 infection, we compared expression in HIN1/09, RSV,
and bacterial infection. Transcripts that were SDE between
HIN1/09 and RSV (n=601 of 7295 transcripts, corrected
P <.01) and between H1N1/09 and bacterial infection (n =734
of 6808 transcripts, corrected P <.01) were used for unsuper-
vised clustering and for classification, HIN1/09 patients were
distinguished from RSV (Figure 1B) and bacterial patients
(Figure 1C) with accuracy of 93% and 92% for HIN1/09 vs
RSV and HIN1/09 vs bacteria, respectively (Supplementary
Data 1 and 2D and 2E).

“Protein synthesis” was the most significant functional cate-
gory in both the HIN1/09 vs RSV, and HIN1/09 vs bacterial
infection data sets (corrected P=2.73 x 10™'% and 1.6 x 107",
respectively). The most significant canonical pathways were
related to protein synthesis: eIF2 pathway (P =2.0 x 107>° and
9.0x107"), elF4 (P=47x10"° and 0.006), and mTOR
(P=8.1x10"7 and 0.016) for HIN1/09 vs RSV, and HIN1/09
vs bacterial infection, respectively (Figure 2 and Supplementary
Data 3 and 4).

DISCUSSION

Marked differences were observed between RNA transcription-
al profiles in HIN1/09-infected patients compared to RSV and
gram-positive bacterial infection or controls. Patients with
HIN1/09 showed increased expression in well-established
pathways of the innate antiviral immune response, including
pattern recognition receptor, interferon signaling, and myeloid
cell activation pathways. Many interferon-induced genes with
anti-viral roles showed increased differential expression, in-
cluding IFI27 (P=5.8 x 107", FC 72.3), and genes implicated
in repression of protein synthesis including EIF2AK2, and also
IFIT1 and IFIT2, whose anti-viral roles may be mediated
through effects on translation [7, 8]. In vitro and murine
studies have implicated IFITM3 in restricting influenza replica-
tion [9]. Our finding of increased IFITM3 expression
(P=3x10%, FC 6.25) supports its role in HIN1/09 infection.

Differences in whole blood RNA expression can reflect altered
proportions of cell types and/or altered transcript abundance.
Lymphocyte proportion differed significantly only between
HINI1/09 and controls (fold change 2.1), whereas the fold
change of the top 800 SDE genes used for Ingenuity varied
between —6.2 and 72.2. Therefore, differences in lymphocyte
proportion do not explain the observed differences, although a
role for lymphocyte subset populations is not excluded.

HIN1/09 patients showed reduced expression in adaptive im-
mune response pathways, including T-cell activation through
NFAT, B cell activation, and MHC class II antigen presentation.
Reduced expression of adaptive T- and B-cell pathways may
represent a host negative regulatory feedback mechanism [3],
or viral-induced immune subversion [10], analogous to viral in-
hibition of antigen presentation by inhibition of the MHC class
II transactivator.

The 3 most significant pathways are involved in protein syn-
thesis and translation initiation (eIF2, eIF4, and mTOR), and
within these, most genes showed reduced expression. In con-
trast, inhibitors of translation including EIF2AK2 (which encodes
PKR) were upregulated. PKR phosphorylates eukaryotic initia-
tion factor 2 alpha (eIF2a) to cause the arrest of translation ini-
tiation [11], suggesting that protein synthesis in HIN1/09
patients may be impaired by repressed transcription of genes re-

quired for the translation apparatus, and by increased
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Figure 2. Top canonical pathways differing between H1N1/09 and controls, RSV and bacterial infection. Each bar is colored in proportion to the number
of SDE H1N1/09 transcripts increased (red) or decreased (green) in abundance relative to the comparator cohort. The total bar length is proportional to P
value. Colored blocks next to each pathway are coded according to biological function. Protein synthesis pathways (yellow) were the most significant in all
3 comparisons, with predominant decreased expression in HIN1/09 patients relative to the comparator group. Innate immune pathway transcripts (brown)
were increased in H1N1/09 patients, whereas adaptive immune transcripts (pink) were reduced relative to controls.

transcription of translation inhibitors. Reduced expression of
protein synthesis genes was significant between HIN1/09 and
controls (P=7.9 x 1072°) and also between HIN1/09 and RSV or
bacterial infection (P=2.73x 107"* and 1.6 x 10™"", respectively;
Figure 2). In an influenza A challenge study of adult volunteers,
differential expression of translation initiation pathway genes was
identified in symptomatic but not subclinical infections [12], sup-
porting a role for altered protein synthesis as a key component of
the host response to HIN1/09 infection.

Increased expression of protein synthesis-inhibiting genes
with reduced expression of translation initiation genes is likely to
impair protein synthesis. Influenza virus has been observed to
shut-off protein synthesis and decrease mRNA levels in infected
cells [13], but the phenomenon we have observed in peripheral

blood suggests a widespread alteration affecting cells distant
from the site of infection. We hypothesize that suppression of
protein synthesis may be a distinctive feature of HIN1/09 infec-
tion and may play a role in the prolonged debility, fatigue, and
delayed recovery seen in severely affected patients. Many of the
fatal HIN1/09 cases had acute respiratory distress syndrome re-
quiring prolonged ventilation [1], and late pulmonary hemor-
rhage or persistent respiratory failure, with death weeks after the
acute illness. Suppressed protein synthesis might result in poor
tissue recovery and may provide an explanation for the pro-
longed illness and poor outcome in some patients.

In pigs, sepsis impairs protein synthesis through inhibition
of mTOR and eIF2 pathways [14]. In culture, H5N1 influenza
virus impairs mTOR signaling leading to autophagic cell death
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[15]. Further studies are required to establish whether the
changes we observed in peripheral blood RNA expression are
associated with inhibition of protein synthesis and to confirm
the role of this phenomenon in severe illness.

The changes in expression of genes involved in protein syn-
thesis we have observed may reflect a response to viral compo-
nents entering the bloodstream, or an indirect effect mediated
by host inflammatory molecules. There may be advantages to
both virus and host in inhibiting protein synthesis, as immune
subversion may occur through impaired leukocyte function, and
limitation of production of viral proteins may favor recovery.

Limitations in this study include the younger age of the RSV
cohort and ethnic variation in the population studied, which
was not matched between groups. Furthermore changes in
RNA expression during disease may result from altered cell
type proportions, as well as upregulation or downregulation of
genes. The association of influenza with bacterial infection is
well known, and occult bacterial infection may have contribut-
ed to disease in some patients.

Our comparative study of RNA expression in children with
HIN1/09 infection provides information on host response to
the pandemic strain. The finding that altered expression of
genes involved in protein synthesis is a key feature distinguishing
H1N1/09 from other common childhood infections offers a new
avenue for investigating the immunopathogenesis of influenza.
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