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SC35M is a mouse-adapted variant of the highly patho-
genic avian influenza virus SC35. We have previously
shown that interspecies adaptation is mediated by
mutations in the viral polymerase and that it is par-
alleled by the acquisition of high pathogenicity for
mice. In the present study, we have compared virus
spread and organ tropism of SC35 and SC35M in mice.
We show that SC35 virus causes mild bronchiolitis in
these animals, whereas infection with the mouse-
adapted SC35M virus leads to severe hemorrhagic
pneumonia with dissemination to other organs, in-
cluding the brain. In SC35M-infected animals, viral
RNA and viral antigen were detected in monocytes and
macrophages, and SC35M, unlike SC35, replicated in
lymphocyte and macrophage cultures in vitro. SC35M
did not induce an adequate cytokine response but,
unlike SC35, caused severe lymphopenia in mice.
These observations suggest that the high efficiency of
the SC35M polymerase is responsible for infection
and depletion of lymphocytes and other white blood
cells, which results in immune suppression and sys-
temic virus spread. (Am J Patbol 2009, 175:1178-1186;
DOI: 10.2353/ajpath.2009.090339)

Highly pathogenic avian influenza viruses (HPAIV) have
raised concern in recent years as potential human patho-
gens. Since 1997, H5N1 viruses have spread over large
parts of Asia, Europe, and Africa and have occasionally
caused disease in humans with an excessive case-fatal-
ity rate.™? Human infection with HPAIV of the H5N1 sub-
type initially seemed to be restricted to the lung,®* but
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recent reports®’ show that it can disseminate to organs
beyond the respiratory tract with occasional involvement
of the central nervous system. Cytokine dysfunction and
high viral loads observed in H5N1-infected patients have
been reported to contribute to H5N1 pathogenesis in
humans.®>® In 2004, a HPAIV of subtype H7N7 has
caused a human outbreak. In most instances disease
was mild, but one case was fatal.® Although, all of the
H5N1 and H7N7 isolates obtained up to now are still
avian viruses, mutations have been observed that are
thought to promote adaptation to humans. Most of
these adaptive mutations are located in the hemagglu-
tinin, 281" the NS1 protein,' "¢ and the polymerase
proteins.'”18

Recent studies from our laboratory on strain SC35, an
HPAIV of subtype H7N7, and its mouse-adapted variant
SC35M have highlighted the prominent role of the viral
polymerase in interspecies transmission. We have iden-
tified seven mutations in the polymerase complex that
were responsible for enhanced transcription and replica-
tion efficiency of SC35M in mammalian cells and thus for
adaptation to mice,'” and we found that adaptation of the
polymerase proteins to the nuclear import machinery was
a crucial mechanism in this process.'® It was also clear
from these studies that the mutations in the polymerase
were not only responsible for mouse adaptation but also
for increased mouse pathogenicity of SC35M.

In the present study, we have compared SC35 and
SC35M for spread of infection and tissue tropism in mice.
We found that infection with SC35 is restricted to the lung
with mild symptoms of disease. In contrast, infection with
SC35M is characterized by an always lethal outcome with
severe pneumonia and systemic spread that is presum-
ably mediated by virus replication in T cells and mono-
cytes and a concominant lymphocyte depletion.
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Materials and Methods

Cells and Viruses

EL-4 (murine T lymphocyte) and J774 (murine macro-
phage) cell lines were provided by H. Garn (Philipps
University Marburg, Marburg, Germany). Cells were
grown in RPMI 1640 medium (PAA) supplemented with
10% fetal calf serum (Invitrogen, San Diego, CA). In
addition, J774 cells were supplemented with 1% nones-
sential amino acids (PAA). Murine lung cells (LA-4) were
grown in Ham’s F-12 (Invitrogen) supplemented with 15%
fetal calf serum (Invitrogen) and 1% nonessential amino
acids (PAA).

Influenza A viruses were propagated in 11-day-old
embryonated chicken eggs. The recombinant viruses
SC35 and SC35M were described before.'” We ascer-
tained the identity of the recombinant viruses by se-
quencing amplicons of each viral gene segment by using
RT-PCR as described previously.'”

Analysis of vVRNA, mRNA, and cRNA by Primer
Extension Assay

Murine lung cells (LA-4) were infected using multiplicity
of infection 2 with recombinant virus. At 6 hours p.i., cells
were harvested, and total RNA was isolated using TRIzol
reagent (Invitrogen). After spectrophotometric quantifica-
tion and normalization of total RNA, primer extensions
were performed as described elsewhere.?%?" Briefly, 1
ng of total RNA was mixed with 1 pmol DNA primer
labeled at its 5’-end with [y-*2P]JATP and T4 polynucle-
otide kinase in 6 ul of water and denatured at 99°C for 5
minutes. The mixture was then cooled on ice, and after
addition of the reverse trancriptase SuperScriptll (Invitro-
gen) to the reaction buffer, primer extensions were per-
formed at 45°C for 1 hour. Two nucleoprotein specific
primers were used in the same reverse transcription re-
action: 5'-GATGTGTCTTTCCAGGGGCG-3" (for detec-
tion of VRNA), 5’-GCCTCCCTTCATAGTCGCTG-3' (for
detection of cRNA and mRNA), and 5'-TCCCAGGCG-
GTCTCCCATCC-3’ (for detection of 5S rRNA) for stan-
dardization. Transcription products were analyzed on 6%
polyacrylamide gels containing 7 M urea in Tris-borate
EDTA buffer and detected by autoradiography. Tran-
scription products of two independent experiments were
quantified using Aida Image Analyzer 3.27 software.

Growth Curves

EL-4 and J774 cells were inoculated with virus at a mul-
tiplicity of infection of 0.01. Virus inoculum was removed
after 30 minutes of incubation at 37°C, and cells were
washed two times with PBS. Cells were then incubated
in the appropriate medium containing 0.2% bovine
serum albumin at 37°C. At time points 0, 24, 48, 72,
and 120 hours postinfection (p.i.) supernatants were
collected and plaque forming units (PFU) determined
on MDCK cells as described previously.'” The growth
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curves shown are the average result of two indepen-
dent experiments.

Animal Experiments

The animal experiments were performed according to the
guidelines of the German animal protection law. All ani-
mal protocols were approved by the relevant German
authority, the Regierungspréasidium GieBen. We anesthe-
tized 16 female BALB/c mice per group, 4-6 weeks old
(purchased from Harlan Winkelmann, Borchen, Ger-
many) with ketamine-xylazine (100 and 10 mg/kg, re-
spectively) and inoculated intranasally with 106 PFU of
SC35 or SC35M, respectively, in 50 ul diluted in PBS. For
cytokine assays, three mice per group for each time point
were sacrificed at 3 and 6 days p.i. Virus titers were
determined in whole organ homogenates of lung, brain,
and heart tissues on day 3 p.i. of three animals by plaque
assay. To exclude any additional unwanted mutations in
the viral genome, we have sequenced the whole cDNA
from infected organ homogenisates as described be-
fore.'” The remaining animals were observed for 14 days
after infection for signs of disease, and their weight was
monitored daily.

In Situ Hybridization and Immunohistochemistry

For in situ hybridization and immunohistochemistry, 10
animals were infected with 10° PFU of SC35 or SC35M,
respectively, as described above. Several organs, in-
cluding lung, heart, brain, liver, kidney, spleen and gut of
five animals per group, were removed on days 3 and
6 p.i., fixed over night in 4% buffered paraformaldehyde,
and embedded in paraffin. Tissue sections (5-um thick)
were used for staining.

In Situ Hybridization

Influenza RNA in tissues was detected using single-
stranded 3°S-labeled RNA probes that were synthesized
from a pBluescript KS+ vector containing a fragment of
the NP gene (nt 1077 to 1442) of A/FPV/Rostock/34
(H7N1).22 Linearization of this plasmid with Hindlll and
subsequent T7 RNA polymerase transcription produced
an antisense RNA probe suited to detect NP-specific
RNA. Control RNA probes were obtained from the vector
containing the dual-promoter plasmid of coxsackievirus
B3 (pCVB3-R1).28 Pretreatment, hybridization, and wash-
ing conditions of dewaxed 5-um paraffin tissue sections
were performed as described previously.?® Slide prepa-
rations were subjected to autoradiography, exposed for 3
weeks at 4°C, and counterstained with H&E.

Immunohistochemical Stainings

Before immunohistochemical stainings of deparaffinated
lung tissue with a monoclonal ferret antibody recognizing
influenza A/Vic/3/75 (H3N2) (provided by the World
Health Organization, Geneva, Switzerland) (1:500) slides
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were pretreated with 0.1 M citrate buffer, pH 6.0. A bio-
tinylated anti-ferret antibody (1:200; Rockland) was used
followed by the Zytochem-Plus horseradish peroxidase
(Zytomed) kit and AEC as substrate under the conditions
described by the manufacturer. Controls using normal rat
serum were run to exclude nonspecific staining.

Automated Blood Count

Blood samples of animals infected with 10° PFU of SC35
or SC35M, respectively, were collected on days 3 and
6 p.i. in K;EDTA tubes. For the automated blood cells
count, 500 wl of blood was analyzed with the Animal
Blood Counter ABC Vet scil (Vet Novations). Frequencies
of white blood cells, red blood cells, platelets, as well as
hemoglobin and hematocrit, were measured. Recom-
mended settings and calibrations for mouse hematology
were set according to the manufacturer’s operation man-
ual. The data presented are average results from three to
five infected mice for each time point.

FACS Analysis

Blood (100 ul) from either naive C57BL/6 mice or
C57BL/6 mice infected with influenza virus (see above)
for 3 days was diluted in 5 ml of FACS buffer (PBS 2%
fetal calf serum, EDTA) and centrifuged at 300 X g for 5
minutes at 4°C. The pellet was incubated with a 1:100
dilution of anti-CD3 FITC, anti-CD8 CyChrome, and anti-
CD11b PE (BD Biosciences) in 100 ul of FACS buffer for
30 minutes at 4°C. Thereafter the cells were washed
once. Before FACS analysis, erythrocytes were lysed,
and cells were fixed with FACS lysing solution (BD Bio-
sciences). Flow cytometry was performed on a dual-laser
FACSCalibur and analyzed with CellQuest software (BD
Biosciences).

Cytokine Assay

A mouse cytokine antibody array (RayBiotech, Inc.) was
used according to the manufacturer’s protocols to detect
a panel of cytokines and chemokines from the lung and
spleen homogenates of influenza infected mice. Organs
were homogenized in 1 ml of PBS, centrifuged at 1000
rpm for 10 minutes, and the supernatant was aliquoted
and frozen at —80°C. Samples were not thawed more
than once for this assay. The array tests for the following
cytokines and chemokines: granulocyte colony-stimulat-
ing factor, granulocyte-macrophage colony-stimulating
factor, interleukin (IL)-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10,
IL12-p40p70, IL12-p70, IL-13, IL-17, interferon-y, mono-
cyte chemoattractant protein (MCP)-1, MCP-5, regulated
on activation normal T cell expressed and secreted, stem
cell factor, soluble tumor necrosis factor « receptor |
(sTNFRI), TNF-a, and vascular endothelial growth factor.
Briefly, membranes with bound cytokine antibodies were
incubated with 200 pg of lung or spleen homogenate.
After incubation, each membrane was washed three
times and incubated with biotin-conjugated anti-cytokine
antibody and then with horseradish peroxidase-conju-
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Figure 1. Weight loss of mice infected with PBS, SC35, and SC35M.
Groups of 10 mice were infected intranasally with 10° PFU of recombinant
SC35 or SC35M, respectively. Animals were weighed daily and observed
for illness for 14 days (A). Transcription and replication activity in murine
lung cells (LA-4). LA-4 cells were infected with SC35 or SC35M and as a
control with PBS using an multiplicity of infection 2. At 6 hours p.i., total
RNA was isolated, and primer extension assays were performed as de-
scribed in Materials and Methods (B). Error bars indicate SD of three
independent experiments.

gated streptavidin. Cytokine levels were then detected by
chemiluminescence and revealed on X-ray film. Intensity
of signals was quantified by TINA 2.0 software. Back-
ground signals comparable with PBS infected animals
were set 1. Each column represents three independent
assays.

Results

Pathogenicity of SC35 and SC35M Correlates
with Viral Polymerase Activity in Mice

Groups of 16 mice were infected with either SC35 or
SC35M virus as described in Materials and Methods.
SC35-infected mice underwent a temporary weight
loss of 20 to 30%, but all infected animals survived
infection (log,oMLD50 > 6.0 PFU). In contrast, mice
infected with SC35M started to die on day 4 p.i., and all
infected animals succumbed to infection by day 7 p.i.
(log;o,MLD50 = 2.8 PFU) (Figure 1A). It has to be pointed
out that SC35 and SC35M used throughout this study
were recombinant viruses generated by reverse genet-
ics.” Nonrecombinant SC35 differed from SC35 used
here by a higher pathogenicity (10 to 25% lethality at the
same inoculation dose).?* Although not completely un-
derstood, this phenomenon may reflect differences in
quasispecies equilibria. We have also compared the
polymerase activities of SC35 and SC35M in mouse lung
cells by primer extension assay. As shown in Figure 1B,
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the transcription and replication activity of SC35M was 3
to 10 times higher in these cells than that of SC35. These
results confirm our previous observations indicating that
the enhanced pathogenicity of SC35M for mice is the
result of increased polymerase efficiency in murine
cells.?°

Tissue and Cell Tropism of SC35 and SC35M
Virus in Mice

We have determined virus titers in organ homogenates of
mice sacrificed at various times after infection. At 3 days
p.i., SC35M was recovered from lung, brain, heart, liver,
kidney, spleen, and gut (Figure 2A). In contrast, signifi-
cant amounts of SC35 were only observed in the lung, but
titers were about 100 times lower when compared with
SC35M infection (Figure 2A). Virus was also detected at
low titers (<102 PFU/m) in the serum 3 and 6 days after
infection with SC35M but not in SC35-infected animals
(Table 1).

Table 1. Virus Titers in Serum of Infected Mice

Virus titer 3 days Virus titer 6 days
Virus p.i. (PFU/mI) p.i. (PFU/mI)
PBS 0 0
SC35 0 0
SC35M 30 60

Mice were infected with 10° pfu of SC35 and SC35M. As a
control, PBS-inoculated mice were used. On days 3 and 6 p.i.,
blood was collected from three infected mice at each time point by
retroocular puncture. Virus titers in serum were detected by plaque
assay.

liver kidney spleen

Organ tropism was also analyzed by radioactive in situ
hybridization. At day 3 p.i.,, SC35 was only observed in
single cells of the lung. Also, at day 6 p.i., a few alveolar
cells were found to contain viral RNA; however, further
development of the infection was not observed in the
lung. Pulmonary damage and inflammation was only mar-
ginal, both at days 3 and 6 p.i. SC35 RNA, inflammation,
or necrosis/apoptosis was neither detected in brain nor in
heart liver, kidney, spleen, and gut tissues (Figure 2B). In
contrast to mice infected with SC35, in situ hybridization
revealed numerous alveolar and bronchial epithelial cells
positive for viral RNA in SC35M-infected animals at days
3 (Figures 2B and 3) and 6 p.i. (Figure 2B). Furthermore,
at day 6 p.i., the lungs of SC35M-infected mice revealed
typical pulmonary lesions with desquamation and de-
struction of epithelial cells and inflammation with hemor-
rhages (Figure 2B). Viral RNA was not only detected in
the lung but also in the brain where it was specifically
located in the temporal lobes. Neither inflammatory and
other histological lesions nor viral RNA could be detected
in heart, liver, kidney, spleen, and gut (Figure 2B). These
observations suggest that SC35M infects parenchymal
cells only in the brain and that infectious virus recovered
from other organs (Figure 2A) originates from blood
present in these tissues.

The data obtained by in situ hybridization were com-
plemented by immunohistochemical analysis of viral pro-
teins in lung tissue. The patterns of SC35M-infected cells
that were obtained with both procedures in alveolar and
bronchial epithelia were similar (Figure 3, A-D). Interest-
ingly, the viral RNA (Figure 3A, arrow) and protein (Figure
3C, arrow) were also present in mononuclear inflamma-
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Figure 3. Cell tropism in the respiratory tract and in peripheral blood. Visual-
ization of virus RNA (A and B) and protein (C-E) in lungs of SC35M-infected
mice 3 days p.i. by in situ hybridization and immunohistochemistry. Groups of
five mice were infected with 10° PFU of recombinant virus. Numerous bronchial
(A and C) epithelial cells as well as alveolar epithelial cells (B and D) were found
to be positive early in infection. Also, mononuclear immune cells in the lung (A
and C (arrows)) and in the blood (E) were found to be infected. Noninfected
lungs were consistently negative in immunohistochemistry (F).

tory cells in the lung. In addition, infected monocytes

were detected in peripheral blood (Figure 3, E and F).
Taken together, these data show that SC35 causes a

mild infection in mice restricted to the lung, whereas

Table 2. Blood Parameters of Infected Mice

SC35M causes lethal hemorrhagic pneumonia with sys-
temic virus spread and infection of the central nervous
system.

SC35M Infection Leads to Lymphocyte
Depletion in Mice

We have then compared blood parameters in infected
mice and control animals. On days 3 and 6 p.i., blood
was collected by retroocular puncture and analyzed for
white blood cells, red blood cells, hemoglobin, hemato-
crit, platelets, lymphocytes, monocytes, and granulo-
cytes (Table 2). In mice infected with SC35, levels of
monocytes, lymphocytes, and granulocytes as well as
total white blood cells increased over the period of 6
days, while platelet counts dropped transiently at day
3 p.i. On the other hand, in SC35M-infected mice, a
substantial drop of hemoglobin and hematocrit were ob-
served on day 6 p.i., which is most likely due to blood loss
as the result of the hemorrhagic pneumonia (Figures 2B
and 3, A-F). SC35M infection further led to a constant
reduction of white blood cell numbers, which was already
apparent at day 3 p.i. and further continued until day
6 p.i. The decrease was most prominent with lympho-
cytes. Their number dropped by >50% at day 3 p.i. and
stayed at this low level throughout the period of observa-
tion. To shed light on the response of individual subsets
of lymphocytes to infection with SC35 and SC35M, we
performed FACS analysis of blood on day 3 p.i. using
specific antibodies targeting CD3", CD4", and CD8" T
cells and CD11b monocytes as described in Materials
and Methods. In SC35M-infected mice, about 50% of
CD8™" T cells and >70% of CD4™ T cells were depleted
3 days p.i. (Figure 4, A and C), whereas SC35 infection
resulted only in a moderate shift in T-cell proportions
(Figure 4B). These data are compatible with the view that
infection with SC35 that is confined to the lung elicits
protective T-cell response in mice. In contrast, systemic
infection with SC35M is characterized by a rapid and
severe depletion of T cells.

SC35 SC35 mol/L
Blood cell count PBS 3 days p.i 6 days p.i. 3 days p.i. 6 days p.i.
WBC (10%/mm?) 6.4 6.7 9.2 5.0 3.8
+0.7 +3.0 +0.9 +0.1 1.2
RBC (10%/mm?) 7.9 9.1 8. 10.4 5.8
+0.8 +1.3 +0.9 +0.3 1.1
HGB (g/dl) 14.1 16.3 14.5 17.6 9.6
+1.1 +1.8 1.7 +0.3 1.7
HCT (%) 44.4 45.4 471 56.2 30.5
+3.8 +6.4 +5.3 +1.6 +6.0
PLT (10%/mm3) 1161 447 782 1348 446
+157 =179 =141 +68 +234
LYM (10%/mm?®) 4.8 3.1 5.9 2.1 1.9
+0.6 +0.5 +0.4 +0.1 +0.7
MO (10%/mm?®) 0.01 0.2 0.1 0.1 0.05
+0.0 +0.3 +0.0 +0.0 +0.1
GRA (10%/mm?®) 1.6 3.9 3.3 2.8 1.9
+0.2 +0.4 +0.4 +0.3 +0.4

Mice were infected with 10° PFU of SC35 and SC35M. Blood of three to five infected animals was collected 3 and 6 days p.i. by retroocular
puncture and analyzed using an ABC blood counter for detection of white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), hematocrit
(HCT), platelets (PLT), lymphocytes (LYM), monocytes (MO), and granulocytes (GRA). As a control, PBS-inoculated mice were used. SDs (=*) are

indicated underneath the bold measurements.
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Figure 4. Lymphopenia in mice. Groups of six mice were infected with 10° pfu of SC35 (B) and SC35M (C) or PBS control (A). At 3 days p.i., blood was collected
from mice. CD4™ and CD8™ T cells and monocytes were detected using FACS analysis. Error bars indicate SD of independent experiments.

Cytokine and Chemokine Response indicate that SC35M replicates in these cells, whereas

SC35 is recovered only at very low titers or not at all.
To assess the cytokine and chemokine response in mice

on infection with the two different influenza viruses, we
have screened lungs and spleens of infected animals

using a panel of antibodies specific for 22 different cyto- Discussion
kines and chemokines. As shown in Figure 5, A-D, four of Il irus infection | . | is localized i
them. STNFRI, IL-4, IL-12. and MCP-1, were moderately nfluenza virus infection in man, in general, is localized in

the respiratory tract. On some occasions, however, infec-
tion disseminates to other organs. Systemic spread is
characteristic for human H5N1 infections,>”?> and in-
volvement of the central nervous system was often ob-
served in the 1918 outbreak of the Spanish influenza and
less frequently in the pandemics of 1957 and 1968.26-2°
Polymerase, hemagglutinin, and neuraminidase have

elevated in lung and spleen early after infection with
SC35. In contrast, SC35M-infected animals showed only
increased sTNFRI levels. These data demonstrate that
SC35M is unable to induce an adequate cytokine and
chemokine response in mice.

SC35M, unlike SC35, Replicates in Murine T previously been reported to be important determinants
Cells and Macrophages in Vitro for these differences in the course of infection.®° In the
system analyzed in the present study, the polymerase
Since SC35M infects macrophages (Figure 3) and in- including the nucleocapsid protein is the only critical
duces lymphocyte depletion in mice, it was of interest to factor. We show that the polymerase of SC35 has a low
find out if these cells allow production of infectious prog- efficiency in murine lung cells. As a result, the virus load
eny virus. We have therefore infected cultured murine T is low, and infection is restricted to the respiratory tract. In
cells (EL-4) and macrophages (J774) and determined contrast, the high efficiency of the polymerase of SC35M
virus titers in the supernatant of these cultures by plaque is responsible for high virus loads in the lung that allow
assay. The growth curves shown in Figure 6, A and B, hematogenic spread of the infection to the brain and
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Figure 6. Virus growth in EL-4 murine T cells (A) and J774 murine macro-
phages (B) after infection with SC35 and SC35M at a multiplicity of infection
of 1072, At time points 24, 48, 72, and 120 hours p.i., supernatants of infected
cells were collected, and virus titers were determined using plaque assay.
The figure shown is representative of two independent experiments.

other distant organs. These observations confirm our pre-
vious findings indicating that pathogenicity depends on
the efficiency of the polymerase, which, in turn, is a
host-dependent trait, since the efficiency of the SC35M
polymerase is only high in mammalian cells but not in
avian cells."”2°

The observation that infectious virus was recovered
from all organs analyzed indicates that SC35M infection
was widely disseminated. However, it was not clear
whether virus replicated in each of these organs since
most of them did not show tissue lesions or inflammatory
infiltrations. Deposits of viral RNA and viral antigens were
only observed in brain and in mononuclear cells of the
lung and of the peripheral blood, and direct evidence for
virus replication in monocytes and lymphocytes was also
obtained when cell cultures were infected. Thus, some
tissues may be better targets than others, and in addition
to a high virus load flooding the entire organism, cell
tropism may be another determinant of pathogenicity.
Using another HPAIV of subtype H7, we have previously
shown that endotheliotropism plays a crucial role in sys-
temic infection of the chicken embryo.?23" In the present
study, there was no evidence for infection of endothelia in

any of the analyzed organs. Thus, endotheliotropism can
be ruled out as a mechanism promoting systemic spread
of SC35M infection in mice.

It is clear from our data, however, that infection of
lymphocytes and monocytes in the blood plays a crucial
role in the spread of SC35M in mice. Mononuclear inflam-
matory cells infected with SC35M were also detected in
the lungs of infected animals by in situ hybridization and
immunohistochemistry, suggesting that not only circulat-
ing immune cells may function as carriers for influenza
virus. Similar observations were made in other studies.
Autopsy studies of H5N1-infected patients revealed viral
RNA and viral antigens in T lymphocytes present in lymph
nodes and cerebral neurons and in fetal macrophages of
the placenta.® It was also reported that the H5N1 virus as
well as the pandemic 1918 influenza virus infect immune
cells like macrophages and dendritic cells.323% Taken
together, these findings underline the important role of
immune cells in virus dissemination.

Another important factor in pathogenesis is lympho-
cyte depletion. In mice infected with SC35M, we ob-
served a severe drop in the number of circulating lym-
phocytes as well as lymphocytes resident in the lung.
Both CD4" and CD8" T cells were affected. Infection
with SC35 did not induce lymphocyte depletion. Infection
of mice with the HPAIV of the H5N1 subtype has also
been associated with severe lymphopenia, whereas
white blood cell counts were not altered after infection
with a low pathogenic variant.®* Furthermore, autopsies
of two H5N1-infected patients revealed extensive lym-
phopenia in spleen, lymph nodes, and mucosal tissue of
the gastrointestinal tract.° These observations indicate
that SC35M as well as H5N1 viruses use immunosup-
pression resulting from lymphocyte depletion as a mech-
anism to fuel the infection process.

It has been reported that infection with HPAIV and
1918 virus causes a “cytokine storm” that significantly
contributes to pathogenicity.® With SC35M, we did not
observe this phenomenon. There was a cytokine re-
sponse to SC35 infection yet at a low level. Interestingly,
Tumpey et al®* made similar observations with H5N1
viruses. They compared the mouse-lethal A/HK/483/97
isolate with the nonlethal A/HK/486/97 isolate for their
effects on the murine immune system and found a reduc-
tion of CD4* and CD8™ T cells and a reduced synthesis
of y-interferon and macrophage inflammatory protein in
lung and lymphoid tissue of A/HK/483/97-infected
mice.®* Their data and our results presented here sug-
gest that the inability of the immune system to combat
infection with these viruses is, in part, due to poor cyto-
kine response.

The cytokines and chemokines induced by low patho-
genic SC35 virus were IL-12p70, IL-4, and MCP-1. IL-
12p70 is important for the differentiation of T helper cells
and cell-mediated immunity.®® Indeed, IL-12 was previ-
ously shown to be important for resistance to influenza
virus infection in mice.®” IL-4 has an important role in
regulating antibody production, inflammation, and the
development of effector T-cell responses.®® Furthermore,
IL-4 stimulates the production of the MCP-1, which re-
cruits macrophages to eliminate infected cells.>® The



only chemokine found to be up-regulated early in SC35M
infection was sTNFRI. Although the exact role of sSTNFR is
still a matter of speculation, soluble forms of the TNF
receptor released from monocytes were shown to inhibit
TNF-a action in vitro and in vivo and to down-regulate the
inflammatory response.“®*! The soluble form of the TNF
receptor also down-regulates TNF-« activity during lung
response.*® Whether the ability of HPAIV to modulate
shedding of sTNFR from the surface of monocytes inter-
feres with TNF-a action, and thus contributes to patho-
genesis, remains to be seen.

In conclusion, we have shown that the efficiency of the
polymerase is an important determinant for the dissemi-
nation of influenza virus within the organism. High poly-
merase efficiency leads to high virus loads in the respi-
ratory tract that enable the virus to enter the vascular
system and to spread via infected lymphocytes and
mononuclear cells to distant organs. As a result of infec-
tion, there is a depletion of lymphocytes and an impaired
immune response. Reduction of high virus loads by tar-
geting the viral polymerase may play an important role in
the treatment of human influenza with systemic virus
spread.
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