Influenza and dengue virus co-infection impairs monocyte recruitment to the lung,
increases dengue virus titers, and exacerbates pneumonia
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Abstract

Co-infections of influenza virus and bacteria are known to cause severe disease, but little
information exists on co-infections with other acute viruses. Seasonal influenza and dengue
viruses (DENV) regularly co-circulate in tropical regions. The pandemic spread of influenza
virus HIN1 (hereafter HIN1) in 2009 led to additional severe disease cases that were co-
infected with DENV. Here, we investigated the impact of co-infection on immune responses and
pathogenesis in a new mouse model. Co-infection of otherwise sublethal doses of a Nicaraguan
clinical H1N1 isolate and two days later with a virulent DENV2 strain increased systemic DENV
titers and caused 90% lethality. Lungs of co-infected mice carried both viruses, developed
severe pneumonia, and expressed a unique pattern of host mRNAs, resembling only partial
responses against infection with either virus alone. A large number of monocytes were
recruited to DENV-infected but not to co-infected lungs, and depletion and adoptive transfer
experiments revealed a beneficial role of monocytes. Our study shows that co-infection with
influenza and DENV impairs host responses, which fail to control DENV titers and instead,
induce severe lung damage. Further, our findings identify key inflammatory pathways and
monocyte function as targets for future therapies that may limit immunopathology in co-
infected patients.

Graph Abstract

Single infection with pandemic influenza (H1N1) or dengue virus (DENV) induces mild airway
inflammation and mild disease. In contrast, co-infected mice (H1N1-DENV) develop lethal
disease that is characterized by lack of monocyte recruitment to the lung, truncated immune
responses, severe pneumonia, and systemically increased dengue virus titers.

Introduction

Infections with influenza or dengue virus impose large global health and economic burdens.
Clinical observations suggest that co-infection with influenza and dengue viruses may further
increase disease severity [1-4].
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Seasonal influenza viruses cause 3-5 million severe cases and 250,000-500,000
influenza-related deaths annually [5]. Influenza A virus is a member of the Orthomyxoviridae
family, with a segmented (-)-sense RNA genome, and is classified in subtypes according to
hemagglutinin (H) and neuraminidase (N) proteins [6]. After airborne transmission, influenza A
virus infects epithelial cells of the respiratory tract [7] and causes respiratory disease,
characterized by sudden onset of high fever, cough, headache, muscle pain, and severe malaise
[5]. Reassortment of influenza virus gene segments from human, avian, and swine origins can
generate new strains that cause global pandemics. The pandemic influenza A virus H1N1 that
emerged globally in 2009 spread rapidly and caused 152,000-575,000 deaths within the first
year [8].

Dengue is the most prevalent arthropod-borne viral disease in humans, with up to 390
million infections and 96 million dengue cases annually [9]. The four serotypes of dengue virus
(DENV1-4) have a (+)-sense RNA genome and are members of the Flaviviridae family. After
transmission via infected Aedes mosquitoes, DENV infects dendritic cells (DCs), macrophages,
and de novo-recruited monocytes in the dermis [10, 11] and then spreads systemically [12, 13].
Dengue is characterized by high fever, muscle pain, and headache, and can progress to severe
dengue, characterized by systemic vascular leak, hemorrhage, and/or circulatory shock [14].
While primary DENV infections usually cause uncomplicated dengue or subclinical disease,
increased disease severity can occur during subsequent infection with a different serotype [15].
Serotype cross-reactive antibodies then enhance infection of monocytes and macrophages [16,
17] or memory T cells induce immunopathology [18].

Co-infections of influenza or DENV with other pathogens commonly occur. For DENV,
co-infections with Plasmodium [19], chikungunya virus [20] or Zika virus [21] have been
reported, and 1-7% of dengue patients had bacterial co-infections [22]. During influenza A virus
infection, opportunistic bacteria cause most influenza-related deaths [23]. Little information,
however, exists regarding whether co-infection of influenza with other acute viruses affect
disease outcome. Seasonal influenza A virus and DENV epidemics regularly overlap in several
regions, including Brazil [24, 25], Thailand, and Vietnam [26-28]. During the 2009 influenza
H1N1 pandemic, additional countries, including Nicaragua [2], Puerto Rico [1] and India [29]
reported cases of co-infection with DENV, resulting in severe disease [2]. Yet, whether and how
co-infection with influenza and DENV affects pathogenesis remains unclear.

Based on these clinical observations, we established a mouse model to study how co-
infection with influenza and DENV affects immune responses and pathogenesis. We used a 2009
pandemic influenza A virus H1N1 clinical isolate from Nicaragua (hereafter “H1N1") without
adaptation to mice and the DENV2 strain D220 (hereafter “DENV”). D220 was derived via
passaging between mosquito cells and immunodeficient mice, resulting in defined mutations
and a potentially lethal vascular leak syndrome in mice that resembles key features of severe
dengue in humans [30, 31]. We establish here that co-infection of influenza H1IN1 followed two
days later by DENV augments pathogenesis and induces lethal disease at otherwise sublethal
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virus doses and define a mechanism that explains the increased severity via altered host
responses.

Results

Co-infection with influenza H1N1 and DENV causes lethal disease.

We established a mouse model to determine whether co-infection with HIN1 and DENV affects
immune responses and pathogenesis. WT mice were susceptible to infection with the
Nicaraguan pandemic H1N1 clinical isolate without prior adaptation, as determined in dose-
response experiments (Supporting information Fig. 1). Inoculating WT mice with 15,000 egg
infectious dose-50 (EIDsg) of HIN1 per gram of body weight for females caused 5-10% weight
loss and sublethal disease (Supporting information Fig. 1). Previous studies showed that DENV
proteins block IFN signaling in humans but not in mice [32, 33], and thus WT mice do not
support DENV replication [34]. We demonstrate here that also in the context of a sublethal
H1N1 infection, WT mice did not show additional weight loss or morbidity when infected
intravenously with a high dose of 107 plaque forming units (PFU) DENV, 2 days prior or 2 days
after infection with a sublethal dose of HIN1 (Supporting information Fig. 1).

Given that WT mice are resistant to DENV infection, we used Ifnar-/- mice that are
susceptible to DENV infection and, after inoculation of a high DENV dose of 106-107 PFU or
during antibody-enhanced infection, develop key features of severe human dengue disease, such
as systemic vascular leak [30, 31, 35]. After intravenous infection with a lower dose of 3x105
PFU of DENV alone, Ifnar-/- mice lost ~10% weight (Fig. 1A), displayed only mild signs of
morbidity (Supporting information Fig. 1), and developed sublethal disease (Fig. 1B). For
influenza virus, Ifnar-/- mice were as susceptible to infection with HIN1 alone as WT mice,
showing similar weight loss (Figs. 1A and Supporting information Fig. 1) and sublethal disease.
In contrast, co-infection of Ifnar-/- mice with H1N1 followed 2 days later by DENV significantly
increased morbidity (Supporting information Fig. 1) and caused severe weight loss (Fig. 1A) and
90% lethality on day 5 (Fig. 1B). Autopsies revealed fluid accumulation in stomach and intestine
that is indicative of systemic plasma leak [30, 35]. Sequential infection with DENV followed two
days later by HIN1 caused only moderate weight loss and 44% lethality. Due to the more severe
disease outcome, we focused on co-infecting Ifnar-/- mice with H1N1 followed by DENV, which
we refer to hereafter as “co-infection” or “HIN1-DENV”.

Co-infection with H1N1 increases DENV titers.

To examine the cause of exacerbated pathogenesis, we measured genomic viral RNA titers via

gRT-PCR. Ifnar-/- mice displayed similar H1N1 titers in the lungs during co-infection or

following infection with H1N1 alone, 4 days after inoculation with HIN1 and 2 days after

inoculation with DENV (Fig. 2A). In contrast, co-infection significantly increased DENV titers in
4
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the lung (3.1-fold), liver (4.2-fold), and spleen (10.5-fold) (Fig. 2B). Small intestine or serum did
not contain detectable H1IN1 but contained DENV at levels that were similar during co-infection
or infection with DENV alone (Supporting information Fig. 2). Co-infection thus led to a
significant increase in DENV titers in lung, liver, and spleen that likely contributed to the
exacerbated disease phenotype and death that occurred one day after virus titers were
analyzed. In addition, the lung was the only tissue in which both viruses were present (Fig. 2).

Co-infection with HIN1 and DENV induces severe pneumonia.

To determine whether the presence of both viruses caused increased pathology, we examined
lungs via histology and immunohistochemistry. During co-infection or infection with HIN1
alone, lungs of Ifnar-/- mice displayed necrosis within the airway epithelium, as identified via
H&E stains (Fig. 3A). In contrast, only lungs of co-infected mice developed severe pneumonia,
characterized by marked necrosis of alveoli (Fig. 3A). Histology further revealed that co-infected
lungs contained more neutrophils and less cells with a monocyte/macrophage phenotype
compared to lungs that were infected with DENV alone (Fig. 3A). Livers of co-infected mice
contained mildly increased numbers of neutrophils in the sinusoids with occasional single cell
hepatocellular necrosis that was not observed in the mice infected with H1IN1 or DENV alone
(Supporting information Fig. 3). Lesions in the liver of co-infected mice were not pronounced
enough to be the cause of lethal disease. Spleens of co-infected mice and mice infected with
DENV alone showed hyperplastic germinal centers, which are indicative of B cell proliferation
(Supporting information Fig. 3). The splenic red pulp in co-infected mice and mice infected with
DENV alone contained increased numbers of neutrophils and monocytes / macrophages
(Supporting information Fig. 3). Co-infected lungs displayed positive staining for HIN1 antigen
in epithelial cells of the airways (Fig. 3B). The areas of severe necrosis of alveoli were, however,
negative for HIN1 antigen (Fig. 3B). Overall, livers and spleens of co-infected mice only showed
mild lesions, making severe pneumonia a second hallmark of co-infection, in addition to
increased DENV titers, and a likely cause of weight loss and mortality.

Lungs of co-infected mice express partial or intermediate responses as compared
to single infection.

The severe pneumonia and presence of both viruses in co-infected lungs led us to hypothesize
that altered immune responses may contribute to lung pathology. We compared host mRNA
responses in the lungs of single or co-infected Ifnar-/- mice via nCounter analysis (nanoString).
Hybridization with gene-specific oligonucleotide probes (conjugated to 6-color bar codes)
detected 179 selected genes that represent various inflammatory pathways. Two sets of genes
were expressed significantly differently in co-infected compared to singly-infected lungs (Fig.
4A). We identified 18 genes with differential expression between co-infection and infection with
H1N1 alone (Fig. 4B) and 25 genes with differential expression between co-infection and
infection with DENV alone (Fig. 4C) that were changed more than 2-fold compared to PBS
controls. Even though the expression of these genes was significantly different from single
infection with one virus, they were expressed at intermediate levels or similarly to infection

5

This article is protected by copyright. All rights reserved.



with the other virus. Only three genes (Il6ra, Bcl6, Csf2) were differentially expressed during co-
infection compared to infection with HIN1 alone and infection with DENV alone (Fig. 4D), but
expression of these genes changed less than 2-fold. Conversely, a separate set of 54 genes
changed significantly during infection with HIN1 and/or DENV compared to PBS controls but
were not expressed significantly differently during co-infection and infection with either virus
alone; thus, these genes were part of a common response to infection. All analyzed genes that
are not reported in Fig. 4 are listed in Supporting information Table 1. Together, these results
indicate that gene expression in the lungs of co-infected mice resembles partial or intermediate
responses to infection with either HIN1 or DENV alone. Because infection with either virus
alone (at the doses selected) caused relatively mild, sublethal disease, we presume that these
responses are beneficial. Surprisingly, co-infection did not lead to a more pronounced
expression of genes that were already expressed during single infection and that could have
caused mortality during co-infection. In contrast, a “tug of war” between the immune responses
to infection with HIN1 or DENV resulted in only partial or intermediate responses that were not
sufficient to fight co-infection with both viruses and may instead have caused severe
immunopathology.

The combined partial responses to co-infection generated a unique pattern of mRNA
expression, which was further revealed via unbiased clustering (Figs. 4E, S4). The Pearson
correlation was used as a distance metric and Wards minimum distance as the linkage method.
All but two lung samples clustered according to their schedule of inoculation (Figs. 4E, S4),
confirming that inoculation with DENV alone, H1N1 alone, HIN1-DENV, or PBS induced unique
host RNA responses that resulted in unbiased clustering. We annotated most differentially
expressed genes into families according to function. Genes that were differentially expressed
between co-infection and H1N1 infection but were shared between co-infection and DENV
infection (Fig. 4B) are involved in innate viral recognition, DC activation, or stress responses
(Fig. 4F). Two different sets of genes involved in cytokine signaling were expressed either
during infection with DENV alone and co-infection or during infection with H1N1 alone and co-
infection (Fig. 4F). Genes that were differentially expressed between co-infection and DENV
infection but were shared between co-infection and H1N1 infection (Fig. 4C) form part of the
complement system or are chemokines that regulate the recruitment of inflammatory cells (Fig.
4F). In particular, chemokines that serve to recruit monocytes via CCR2 (Ccl2,7,8), neutrophils
via CXCR2 (Cxcl1,3,5), or NK and effector T cells via CXCR3 (Cxcl10) were differentially
regulated. Differences in cytokine responses, complement activation, or cell recruitment may
thus have caused the severe pathology that we observed during co-infection.

Co-infected lungs are deficient in monocyte recruitment.

Due to the differential regulation of several chemokines in the lungs of co-infected mice, we
performed flow cytometric analysis of inflammatory cell recruitment, 4 days after HIN1 and/or
2 days after DENV infection. Ly6Chish monocytes are commonly recruited from the blood to
inflamed tissues, where they produce cytokines and phagocytize pathogens as well as damaged
cells [36]. Of all cell types and tissues analyzed, significantly less recruitment of Ly6Chigh
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monocytes to the lung was the only detectable difference during co-infection versus infection
with DENV alone (Fig. 54, B). These results are in line with our histological analyses described
above (Fig. 3). The decreased number of monocytes in the lung was not due to increased
apoptosis, as measured via Zombie Aqua staining. Monocytes were also recruited to the spleen
and liver, but no significant differences existed between co-infection and infection with DENV
alone (Figs. 5B, S5). The bone marrow contained comparable numbers of monocytes in all
conditions, including steady state, indicating that the reservoir of monocytes was not depleted
during infection (Figs. 5B, S5). Little or no monocyte recruitment occurred to any tissue
examined 4 days after infection with HIN1 alone (Fig. 5B, S5). In addition, significant numbers
of Ly6G+* neutrophils were recruited to the lung, spleen and liver during co-infection or infection
with DENV alone, but no significant differences existed between these conditions (Figs. 54, C,
S5). The bone marrow was significantly depleted of neutrophils during co-infection and
infection with DENV alone (Figs. 5C, S5). In addition, CD4+* or CD8* T cells decreased during co-
infection and infection with DENV alone, and no recruitment of NK cells to the lung was
observed (Supporting information Fig. 5). Overall, co-infected mice developed severe
pathogenesis and failed to recruit monocytes to lungs.

Monocytes play a beneficial role in the host response to co-infection.

Based on the lack of monocyte recruitment to the lungs of co-infected mice, which developed
severe pathogenesis, we hypothesized that monocytes play a beneficial role in the response to
co-infection. Adoptive transfer of WT monocytes into Ifnar-/- recipients significantly delayed
death and increased survival of co-infected mice (Fig. 6A). In contrast, monocyte depletion
accelerated pathogenesis, and co-infected mice that were treated with anti-CCR2 antibody
succumbed to infection faster than isotype-control treated mice (Fig. 6B). For neutrophils, an
equivalent adoptive transfer and depletion strategy using anti-Ly6G antibody did not affect the
survival of co-infected mice (Supporting information Fig. 6). Monocytes thus play a beneficial
role in the systemic host response during co-infection with HIN1 and DENV, and the lack of
monocyte recruitment to the co-infected lung likely contributed to exacerbating pathogenesis.

Discussion

Using a new mouse model, we establish here that co-infection with pandemic influenza HIN1
followed two days later by DENV exacerbated pathogenesis and induced lethal disease in Ifnar-
/-~ mice. In addition to increasing systemic DENV titers, co-infection induced severe pneumonia,
impaired host mRNA responses in the lung, and blocked the recruitment of monocytes.

Our finding that co-infection augmented disease severity in mice extends the clinical
reports that initiated our study. Simultaneous circulation or co-infection with seasonal influenza
A virus and DENV1-4 were reported in India [37], Puerto Rico [38], and Thailand [39]. In
addition, several reports confirmed cases of co-infection with 2009 pandemic H1N1 and DENV-
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1 or DENV-3, in some instances leading to severe disease [1, 2, 4]. Here we establish a causal
relationship between co-infection and increased disease severity, as HIN1-DENV co-infected
mice succumbed to infection at otherwise sublethal virus doses. Consequently, co-infection is a
risk factor for severe disease in tropical regions, such as Brazil [24, 25], Thailand, and Vietnam
[26-28], where influenza and dengue viruses regularly co-circulate.

Co-infection increased DENYV titers in the spleen, liver, and lung, suggesting that host
responses were not able to control systemic DENV titers. The accumulation of fluid in the
stomach and intestine that co-infected mice developed were similar to the systemic vascular
leak syndrome that we commonly observe in our mouse model after lethal infection with higher
DENV doses or during antibody-enhanced infection with a low viral dose [30, 31, 35].
Systemically increased DENV titers have thus likely contributed to exacerbate pathogenesis
during co-infection.

Our data are in line with reports showing that HIN1 and DENV can both infect the lung.
We confirm that influenza A virus targets epithelial cells of the respiratory tract [7] and confirm
the presence of DENV in the serum, spleen, liver, intestine, and lung. Previous studies have
identified monocytes, macrophages, and DCs as main targets of DENV replication in these
tissues [12, 13]. We establish here that the lung of co-infected mice was the only tissue that
contained, both, HIN1 and DENV.

Influenza as well as dengue patients can experience lung pathology. Vascular leak in
dengue shock cases can lead to pleural effusion in the lungs [14]. Intravenous administration of
fluids is an effective therapy to compensate for plasma leak; however, excessive or too rapid
intravenous fluids can also lead to pleural effusion [14, 40]. Other lung abnormalities are less
common in dengue [41] and mostly occur with co-morbidities [14, 42]. Most severe cases of
pneumonia resulting from influenza A infection are due to opportunistic bacterial infections
that usually occur after influenza A virus is cleared but still has immunomodulatory effects [23].
We determined here that Ifnar-/- mice developed severe pneumonia with necrosis of alveoli
only during co-infection. These findings have implications for diagnostic or therapeutic
approaches. Patients who present with severe respiratory symptoms should be tested for
influenza and DENV in regions where both viruses co-circulate. The hypothesized interaction
between HIN1 and DENV infections has already triggered adaptation of treatment protocols.
The Ministry of Health guidelines in Nicaragua during the 2009 H1N1 pandemic called for early
but moderate fluid therapy that may have prevented more severe disease during the HIN1
pandemic, which overlapped with the dengue epidemic that year [2, 3]. Vaccination may be
another option to lower the risk of severe co-infection.

As we did not observe T-cell recruitment to the lung and mice succumbed to co-infection
by 5 days after infection, more immediate immune responses may have contributed to
exacerbate pathogenesis. Monocytes can play beneficial or detrimental roles during viral
infections. Early after DENV transmission, monocytes are recruited to the dermis and serve as
targets for DENV replication [10]. Further, DENV-infected monocytes were found in the blood of

8
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acute dengue patients [43]. While these studies suggest a detrimental role for DENV-infected
monocytes in dengue pathogenesis, non-infected monocyte-derived DCs pulsed with DENV
envelope protein stimulated DENV-specific memory T cell responses [44], and CD14+ CD16+*
monocytes promoted DENV-specific B-cell responses [45]. During infection with influenza A
virus, CCR2-deficient mice lacked monocyte recruitment to the lung and developed less
immunopathology and mortality than WT mice [46]. In contrast, CCL2/7-mediated recruitment
of monocyte-derived DCs to the influenza-infected lung supported virus-specific CD8+* T cells
and virus clearance [47]. Thus, while excessive monocyte recruitment causes
immunopathology, moderate monocyte responses are necessary to defend against influenza
virus [36]. In our study, ligands for CCR2 (Ccl2, -7, -8) were upregulated during co-infection and
H1N1 infection, but only infection with DENV alone led to significant recruitment of monocytes.
Lack of monocyte recruitment to the lung was the only significant difference in the cellular
immune response between infection with DENV alone and co-infection, of which only the latter
caused severe pneumonia. Because systemic depletion of monocytes accelerated pathogenesis
and adoptive transfer rescued some mice from lethal disease, we conclude that monocytes play
a beneficial role in the systemic response to co-infection.

A limited number of studies have addressed the role of neutrophils in dengue
pathogenesis, showing recruitment of neutrophils to the DENV-infected dermis [10] or
degranulation of neutrophils in dengue patients [48]. We observed neutrophil recruitment to
the lung and increased expression of 118rb (Cxcr2), the main receptor regulating neutrophil
migration, during co-infection or infection with DENV alone. The cognate ligands (Cxcl1, -3, -5)
were upregulated during co-infection or infection with H1N1 alone. The relatively mild infection
with HIN1 alone likely explains why no increase in monocytes or neutrophils was detectable in
the lung 4 days post-inoculation. Moderate recruitment of neutrophils to the lung was beneficial
for influenza-specific CD8* T cell responses [49], but excessive recruitment of neutrophils
resulted in pathogenesis [50]. Histology revealed more neutrophils in co-infected lungs
compared to infection with DENV alone, while flow cytometry did not detect significant
differences. Modulating neutrophil numbers via adoptive transfer of neutrophils or depletion
did not affect disease outcome during co-infection. Thus, whether neutrophils contributed to
augment lung pathology remains to be determined.

Additional pathways likely contributed to lung pathology. On the one hand, co-infection
induced a partial gene expression profile that was similar to infection with DENV alone,
increasing innate viral recognition (TIr6, Myd88), decreasing DC activation (CD40lg, Csf2, Ccr7),
and increasing cellular stress responses (Maff, Itgb2, Hspb1). On the other hand, co-infection
induced a gene expression profile that was partially similar to infection with HIN1 alone,
increasing cytokine responses (116, Tnf, Il1rn) that take part in DENV pathogenesis [15] and
upregulating components of the complement system (C1qa/b, C3ar1, C8b, Cfb). Complement can
neutralize DENV infection [51], contribute to dengue pathogenesis [52] or augment HIN1
pathogenesis via immune complexes [53]. We expected that co-infection would exacerbate the
expression of inflammatory genes that would then cause mortality, as likely occurs after
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inoculation with a lethal dose of one virus. Surprisingly, none of the examined genes was
expressed significantly more pronounced compared to single infection even though co-infection
significantly increased DENV titers. This gene expression profile suggests a “tug of war”
between otherwise beneficial host responses against HIN1 or DENV infection. These partial
responses fail to control DENV titers, instead causing immunopathology, tissue damage, and
lethal disease.

Apart from worldwide reports of clinical co-infections [1, 2, 29], more distantly timed
infections may affect pathogenesis. In Nicaragua, the 2009 H1N1 pandemic overlapped with the
annual DENV epidemic [3]. Multivariate analysis adjusted for age, sex, and dengue immune
status showed that cases in 2009/10 had a 2.6-fold higher risk of developing dengue with
compensated shock than cases in the seasons 2005-09 or 2010/11, even though DENV3 was the
dominant serotype from 2008-11 and the virus sequence did not change [3]. More individuals
who carried H1N1-specific antibodies and thus had been infected with the pandemic strain
since its recent introduction into Nicaragua presented with shock than individuals without prior
exposure [3]. Longer-term effects of a HIN1 infection on innate or adaptive immune responses
may thus help explain the large and atypical dengue epidemic that Nicaragua experienced in
2009/2010.

IFN signaling may further modulate the susceptibility to secondary virus infections.
DENV NS2B3 and NS5 proteins [32, 54] and influenza virus NS1 [55] are strong suppressors of
the IFN response in infected human cells. In contrast, DENV proteins are not able to suppress
IFN signaling in mice [32], making WT mice resistant to DENV infection [10, 34]. Our finding
that WT and Ifnar-/- mice were similarly susceptible to HIN1 infection may be strain-specific, as
we used a Nicaraguan pandemic H1N1 isolate whereas prior studies have reported an increased
susceptibility of Ifnar-/- mice to infection with influenza virus A/PR/8/34 or A/FM/1/47 (both
H1N1) [56] but not to infection with strain X31 (H3N2) [57]. Our data that WT mice were
resistant to DENV infection also after infection with H1N1 indicates that HIN1-mediated
suppression of IFN signaling was not sufficient to allow for DENV replication, likely because
both viruses mostly infect different cell types. Ifnar-/- mice mimic key features of human dengue
disease [30, 31, 35] and currently are the best available model to study infection with HIN1 and
DENV. Co-infection of Ifnar-/- mice led to strong upregulation of Ifnb1 and Stat1, although the
mice are deficient in IFNAR signaling. Our data thus show that co-infection of HIN1 and DENV
can exacerbate pathogenesis independently of IFN signaling. Nevertheless, IFN-o/B-mediated
signals may well play an additional role in co- or sequential infections with HIN1 and DENV in
humans. Future studies in patients or refined animal models need to assess the role of [FNAR
signaling in exacerbated disease severity during co-infection or after sequential HIN1-DENV
infection [3].

In summary, we established that co-infection of pandemic HI1N1 followed two days later
by DENV caused lethal disease in Ifnar-/- mice. Inmune responses during co-infection failed to
control the pathogen burden, leading to the increased DENV titers that likely contributed to
augment systemic pathogenesis. In addition, lungs generated only partial host-RNA responses
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against infection with either virus that were not sufficient to fight co-infection and instead
caused severe tissue damage. Co-infected lungs lacked the recruitment of monocytes that was
part of a beneficial response and was characteristic of infection with DENV alone. Our findings
provide novel insight into disease mechanism of co-infection and encourage prompt diagnostics,
therapeutic intervention, and vaccination to prevent severe disease in regions where dengue
and influenza viruses regularly co-circulate. Providing data on the largely understudied field of
co-infections with acute viruses, our study should encourage further research on co-infections.

Materials and methods

Ethics statement

Mice were bred in the animal facility, and fertilized chicken eggs were incubated in the
laboratories at the University of California, Berkeley. Experiments were performed strictly
following guidelines of the American Veterinary Medical Association and the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health. The University of California
Berkeley’s Animal Care and Use Committee pre-approved all experiments (protocol AUP-2014-
08-6638).

Influenza virus

A clinical isolate of Influenza A virus A/NI1/5227/2009 of the HIN1 subtype from the 2009
pandemic in Nicaragua (here termed H1N1) was expanded in embryonated chicken eggs, as
previously described [58]. In brief, fertilized research grade eggs (Charles River) were
incubated at 37.7°C at 63% relative humidity in a circulated-air incubator (2365 Hova-Bator,
GQF), automatically turning the eggs every 12 h. On day 10, eggs with viable embryos (as tested
via a light bulb candle) were used for infection. A hole was drilled above the air sac line and 100
ul of HIN1 in 10-fold serial dilutions in PBS with 2,000 units/ml Penicillin G, 200 units/ml
Polymyxin B, and 0.4 mg/ml Streptomycin (Sigma) was injected into the allantoic fluid. After
sealing the hole with paraffin wax and incubating for three more days, the unhatched chicken
embryos were euthanized via cooling overnight at 4°C and puncturing the egg membranes. The
allantoic fluid was harvested and tested for the presence of HIN1 via hemagglutination assay
using 0.25% turkey red blood cells (Colorado Serum Co). Titers of HIN1 stocks were
determined in embryonated chicken eggs and calculated as egg infectious dose-50 (EIDso)/ml
following the Reed-Muench method.

Dengue virus

The DENV2 stain D220 (here termed DENV) was previously derived from the Taiwanese clinical
isolate PL046 via 20 passages between C6/36 Ae. albopictus cells and serum of 129/Sv mice
deficient in [FN-o./B and -y receptors, acquiring defined mutations that increase its virulence in
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mice [30, 31]. DENV stocks were grown in C6/36 cells that were cultured at 28°C in M199
medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin/streptomycin,
and GlutaMax (LifeTechnologies) and infected with DENV for 2 h in serum-free RPMI 1640
medium and then adjusted to 2% FBS. Supernatants containing DENV were harvested on days 5
to 8, concentrated via Amicon Ultra-15 Centrifugal Filter Units (Millipore) with a 100 kDa
molecular weight cut-off, and pooled at the last day of harvest [10]. Virus titers were
determined via plaque assay using BHK-21 clone 15 cells cultured at 37°C and 5% CO: in a-
MEM medium with 5% FBS, 100 U/ml penicillin/streptomycin, and GlutaMax
(LifeTechnologies). Ten-fold serial dilutions of DENV stocks were used to inoculate BHK-21 cells
in 12-well plates (Becton Dickinson) for 2 h before overlaying with 10% low-melting Agarose
(Cambrex). After 7 days, the cells were fixed with 10% buffered formalin phosphate (Fisher
Scientific) and stained with 2.5% crystal violet in 30% ethanol. DENV titers were calculated as
plaque forming units (PFU)/ml.

Mice

Wild-type (WT) C57BL/6 mice were purchased from the Jackson Laboratory. C57BL/6 mice
deficient in the IFN-a/p receptor-1 (Ifnarltmidgt here termed Ifnar-/-) were obtained from Dr.
Daniel Portnoy (University of California, Berkeley). Mice were infected with one virus or co-
infected with HIN1 and DENV within two days of each other. Isoflurane-anesthetized female
WT or Ifnar-/- mice received 15,000 EIDso H1N1 intranasally per gram body weight and males
received 75,000 EIDso/g, each leading to a weight loss of 5-10%. Ifnar-/- mice received 3 x105
PFU DENV intravenously and WT mice 107 PFU DENV. Control mice received equivalent
inoculations of PBS. Infected mice were weighed and monitored for morbidity using the
standardized 5-point scale [10, 31]: 1, healthy; 2, mild signs of lethargy; 3, fur ruffling, hunched
posture; 4, increased lethargy, limited mobility, ruffled fur, hunched posture; 5, moribund with
minimal mobility and inability to reach food or water. Mice that lost >20% weight or became
moribund were euthanized immediately for ethical reasons. Before collecting tissues for
analysis, euthanized mice were perfused with PBS.

Quantification of virus genomes

Tissue samples were stored at -80°C in RNAlater (Ambion). A piece of <20 mg tissue was
homogenized for 1 min with 1-mm zirconia-silica beads using a Mini-Beadbeater-8
(BiospecProducts). RNA was extracted from tissues using the RNeasy Mini Kit or from 20 pl
serum using the QIAamp Viral RNA Mini Kit (Qiagen). For quantification of virus genomes via
gRT-PCR, we used the pandemic influenza A H1N1-specific standard kit (Genesig) or DENV2
NS5 primers and probes (synthesized by Eurofins Operon), the Verso one-step qRT-PCR Kit
(Thermo Scientific), and a 7300 Real-Time PCR System (Applied Biosystems). DENV2 NS5
primer and probe sequences were as follows: forward primer 5’ACA AGT CGA ACA ACC TGG
TCC AT; reverse primer 5’GCC GCA CCA TTG GTC TTC TC; probe 5’-Fam TGG GAT TTC CTC CCA
TGA TTC CAC TGG Tamra-Q. The Thermal Cycler was set to the following profile: reverse
transcription at 50°C for 30 min, hot start at 95°C for 12.5 min, and 40-50 PCR cycles consisting
12
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of denaturation at 95°C for 15 sec and annealing/extension at 60°C for 1 min. During
quantification of virus titers, one out of n=11 co-infected mice had no detectable levels of HIN1
in the lungs and was omitted from the analysis due to unsuccessfully infection. The TagMan
Rodent Gapdh Control Reagent (Applied Biosystems) served to normalize virus genome
equivalents to tissue Gapdh mRNA as a relative approximation for total cellular RNA. The Gapdh
gene was stably expressed between all experimental groups, as determined via nCounter
analysis (nanoString) described below.

nCounter gene mRNA expression

The nCounter GX Mouse Inflammation Kit was used to perform mRNA expression analysis in
lung tissue of 179 genes that represent inflammatory pathways (nanoString). One hundred ng of
RNA were hybridized overnight with gene-specific capture and detection probes that bind
mRNA at exon-exon borders and carry 6-color barcodes for detection. Probe-mRNA complexes
were then immobilized onto solid-support cartridges via the capture probes, and non-specific
RNA was washed away. Without any amplification, mRNA copies were counted using the digital
analyzer, and data were analyzed using the nSolver 2.0 software (nanoString). For
normalization of RNA content between samples, six genes (Cltc, Gapdh, Map2k1, Shcl, Ly96,
Traf2) with low variation overall and between experimental groups were selected based on the
NormFinder algorithm V20. Genes with an average count <25 were excluded from further
analysis (see Supporting information Table 1).

Histology & immunohistochemistry

Formalin-fixed tissues were embedded in paraffin, cut into 5-um sections, and stained with
Hematoxylin and Eosin (H&E). For staining HIN1 antigen, paraffin wax was removed using
Bond Dewax solution (Leica), and antigen was retrieved via incubation for 5 min with
Proteinase K (Dako). Then, primary influenza-A USSR H1N1-specific antibody (USBiological)
was applied for 60 min, followed by rabbit anti-goat secondary antibody (Vector Labs) for 15
minutes and anti-rabbit horseradish peroxydase polymer (Leica) for 15 min at room
temperature. Stained slides were visualized using the Bond Polymer Refine detection system
with 3,3’-diaminobenzidine chromogen and hematoxylin counterstain (Leica). Histological
sections were stained using the Bond-Max immunohistochemistry system (Leica) and imaged
using the Eclipse 50i microscope (Nikon).

Flow cytometry

Lungs were washed in PBS, cut into small pieces using scissors in RPMI 1640 medium
containing 10% FBS, and digested for 45 min in 1.6 mg/ml collagenase type-1
(LifeTechnologies) and 10 U/ml DNase-1 (Roche) at 37°C while shaking at 220 rotations per
minute. Spleens and livers were squashed and digested in 1 mg/ml collagenase type-1 and 10
U/ml DNase-1 for 30 min at 37°C and 5% CO. Homogeneous cell suspensions were generated
via pipetting and filtration through 100-pm nylon meshes (ELKO). Red blood cells of bone

13

This article is protected by copyright. All rights reserved.



marrow and spleen samples were lysed using Red Blood Cell Lysis Buffer (eBioscience). Staining
samples with Zombie Aqua (BioLegend) excluded dead cells. Cell surface markers were stained
using the following monoclonal antibodies (BioLegend or BD): B220 (RA3-6B2), CD11c (N418),
CD11b (M1/70), CD45 (30-F11), Ly6C (AL21), Ly6G (1A8), MHCII (I-A/I-E, M5/114.15.2),
which were conjugated to PacificBlue, Brilliant Violet 605, Alexa Fluor 488, PE, PE-CF594, Alexa
Fluor 647, Alexa Fluor 700, APC-Cy7, or biotin. Cells stained with biotinylated antibodies were
visualized using Brilliant Violet 605- or PE-Cy7-conjugated streptavidin (BioLegend). Data were
recorded with an LSR Fortessa (BD) and analyzed using Flow]o 8.8.7 software (TreeStar).

Cell depletions

Co-infected (H1N1-DENV) Ifnar-/- mice were depleted of monocytes via inoculation of 20 pg
anti-CCR2 (MC-21) antibody intraperitoneal on days 1, 2, 3, and 4 after HIN1 infection [59]. To
deplete neutrophils, 500 pg of anti-Ly6G (1A8) antibody (BioXCell) was inoculated
intraperitoneal on days 1 and 3. Control animals were injected with equivalent amounts of rat
IgG2b isotype-matched control antibody (BioXCell or UCSF).

Adoptive transfers

Bone marrow cells were obtained by crushing femurs, tibias and vertebral columns of WT mice
with mortar and pestle in PBS without Ca2*/Mg?* containing 2% FBS and 2 mM EDTA. After
centrifugation on Ficoll-Paque (GE Healthcare), cells from the interphase were used for
monocyte isolation, and cells from the pellet for neutrophil isolation. For neutrophils, red blood
cells were lysed using Red Blood Cell Lysis Buffer (eBioscience) in the presence of 20 U/ml
DNase-1 (Roche) to prevent clumping. Monocytes or neutrophils were each isolated using MACS
Kits (Miltenyi) via depletion of other cell types, and adding 5% normal rat serum served to
block nonspecific binding. MHCII- CD11b* Ly6G- Ly6C+ monocytes were enriched from an
average of 12% in the bone marrow to 82% and 88% in two experiments; and MHCII- CD11b*
Ly6G* neutrophils were enriched from an average of 54% in the bone marrow to 92% and 98%,
respectively. A total of 9-10 x10¢ monocytes or 12-14 x106 neutrophils were transferred
intravenously into co-infected Ifnar-/- mice on day 2 after H1N1 infection.

Statistical analysis

Statistical significances for survival data were determined using the Log-rank (Mantel-Cox) test.
Unpaired t-tests were used to determine significant differences for weight loss, gene mRNA
expression, or flow cytometry. Analyses that included more than two experimental groups were
performed using one-way ANOVA. Unpaired Mann-Whitney tests were used to determine
significant differences for non-parametric data, such as morbidity or viral load. The Holm-Sidak
method was used to correct for multiple comparisons when comparing mRNA expression of
infected samples to PBS controls. P-values were considered significant at values <0.05. Data
were plotted and analyzed using Prism 6.0 (GraphPad) software.
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Figure legends

Figure 1. Lethal disease during co-infection with influenza HIN1 and DENV. (A and B) Female
Ifnar-/- mice were infected with HIN1 or DENV and, two days later, were co-infected with the
other virus or inoculated with PBS for single-infected controls. (A) Graphs showing mean
percent weight +SEM over time of mice infected with HIN1 or DENV alone or co-infected with
H1N1 followed two days later by DENV (H1IN1-DENV) or DENV followed by HIN1 (DENV-
H1N1). (B) Kaplan-Meier graphs showing percent survival of mice. (A and B) Data are pooled
from three experiments (n=10-11 per group). * p<0.05; ** p<0.01; ***p<0.001; and
*#**¥p<0.0001 or non-significant (n.s.); (A) unpaired t-test or (B) the Log-rank (Mantel-Cox) test.
For weight (A), significant differences between co-infection and infection with H1N1 alone are
marked and were compared at the same time points after inoculation with H1N1.
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Figure 2. Increased DENV titers in mice with prior HIN1 infection. (A) HIN1 and (B) DENV
titers in the lungs, and (B) livers or spleens of Ifnar-/- mice infected with H1N1 for 4 days
and/or DENV for 2 days. (A and B) Graphs show single data points and median viral RNA
genome equivalents normalized to pg mRNA of the Gapdh gene as measured by qRT-PCR in
three experiments (n=9-11 per group). * p<0.05; unpaired Mann-Whitney test. The dotted
horizontal lines mark the limit of detection.
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Figure 3. Histological analysis of spleens and livers of singly infected- and co-infected mice. (A)
Histological sections stained with Hematoxylin and Eosin (H&E) of lungs from Ifnar-/- mice
infected with H1N1 for 4 days and/or DENV for 2 days or inoculated with PBS. Black squares
indicate enlarged areas. Solid arrows indicate areas of severe necrosis. (B)
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Immunohistochemical staining of HIN1 antigen (brown) in lungs of the mice infected in (A).
Dotted arrows indicate areas of H1N1-positive epithelial cells. Solid arrows indicate areas of
necrosis. Data are representative for two experiments (n=6 per group).
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Figure 4. Partial mRNA responses against HIN1 or DENV infection in the lung. (A) Lungs of
Ifnar-/- mice infected with H1N1 for 4 days and/or DENV for 2 days were analyzed for mRNA
expression of 179 selected genes (nanoString). The Venn diagram shows that 29 genes were
expressed significantly differently (unpaired t-test) between co-infection and single infection
with HIN1 (but not single infection with DENV alone); 51 genes were expressed significantly
differently between co-infection and single infection with DENV (but not single infection with
H1N1 alone); and only 3 genes were expressed significantly differently between co-infection
and single infection with either virus alone. (B-C) Clusters of genes for which co-infection
induced significantly different mRNA expression compared to single infection with H1N1 (B) or
DENV alone (C) that changed at least 2-fold compared to PBS controls and, when not correcting
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for multiple comparisons, were significantly different from PBS controls. Genes marked in bold
font and with a black asterisk were expressed significantly differently from PBS controls also
after correcting for multiple comparisons (Holm-Sidak method). (D) Clusters of genes for which
co-infection induced significantly different expression compared to single infection with HIN1
as well as single infection with DENV. (E) Heat map showing genes that were significantly
changed during infection compared to PBS controls after correction for multiple comparisons.
Tree showing unbiased clustering of samples (horizontal) or gene mRNA expression (vertical)
after normalization via z-scoring by genes and samples (for labeling of genes see Suppl.
Supporting information Fig. 4). Only one co-inoculated sample (i) and one sample inoculated
with HIN1 alone (ii) did not cluster with the other samples from the same schedule of
inoculation. (F) Gene families that during co-infection were expressed significantly differently
from infection with HIN1 alone and followed a DENV signature (blue) are grouped on the left.
Gene families that during co-infection were expressed significantly differently from infection
with DENV alone and followed an H1N1 signature (red) are grouped on the right. Gene families
that were shared between DENV and H1N1 signatures are illustrated in the center (black). Data
were pooled from two experiments (n=6 per group).
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Figure 5. Impaired monocyte recruitment to co-infected lungs. (A) Contour plots showing
CD45+ cells in lungs of Ifnar-/- mice that were infected for 4 days with HIN1 and/or for 2 days
with DENV and were analyzed via flow cytometry. Untreated mice served as steady-state
controls. Consecutive gating identified CD11bhigh Ly6G* neutrophils, Ly6G- CD11c* MHC II* DCs
and macrophages, and Ly6G- CD11c- MHC II- CD11b* Ly6C* monocytes. (B and C) Bar graphs
showing the mean +SEM total number of (B) monocytes or (C) neutrophils in the lung, spleen, or

bone marrow. Data are representative (A) or were pooled (B, C) from two experiments (n=6 per
group). ** p<0.01; **p<0.001; and ****p<0.0001 or non-significant (n.s.); one-way ANOVA
(marked on top). If this test determined significant differences, one additional unpaired t-test
determined whether significant differences existed between co-infection and infection with
DENV alone (indicated below).
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Figure 6. Monocyte numbers affect pathogenesis during co-infection. (A) Survival of co-infected
Ifnar-/- mice that were adoptively transferred with monocytes 2 days after inoculation with

H1N1 compared to controls not receiving transfer. Data were pooled from two experiments

(n=6-9 per group). (B) Survival of co-infected mice that were depleted of monocytes via

injection of anti-CCR2 antibody on days 1, 2, 3, and 4 after inoculation with HIN1 compared to
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mice treated with isotype-matched control antibody. (A and B) Data were pooled from two

experiments (n=6-9 (A) or n=6-7 (B) per group). * p<0.05; Log-rank (Mantel-Cox) test.
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