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Pneumonia is a world health problem and a leading cause of deh, particularly affecting
children and the elderly {, 2). Bacterial pneumonia following infection with in uenza
A virus (IAV) is associated with increased morbidity and miality but the mechanisms
behind this phenomenon are not yet well-de ned 8). Host resistance and tolerance
are two processes essential for host survival during infeitin. Resistance is the host's
ability to clear a pathogen while tolerance is the host's abty to overcome the impact
of the pathogen as well as the host response to infection4(8). Some studies have
shown that IAV infection suppresses the immune response, &ling to overwhelming
bacterial loads 9—13). Other studies have shown that some IAV/bacterial coinféions
cause alterations in tolerance mechanisms such as tissue sdience (4-16). In a recent
analysis of nasopharyngeal swabs from patients hospitakzl during the 2013-2014
in uenza season, we have found that a signi cant proportionof IAV-infected patients
were also colonized withKlebsiella oxytoca a gram-negative bacteria known to be
an opportunistic pathogen in a variety of diseasesl(’). Mice that were infected with
K. oxytoca following IAV infection demonstrated decreased survivalra signi cant
weight loss when compared to mice infected with either sing pathogen. Using this
model, we found that IAVK. oxytoca coinfection of the lung is characterized by an
exaggerated in ammatory immune response. We observed eaylin ammatory cytokine
and chemokine production, which in turn resulted in massivé ltration of neutrophils and
in ammatory monocytes. Despite this swift response, the plmonary pathogen burden in
coinfected mice was similar to singly-infected animals, beit with a slight delay in bacterial
clearance. In addition, during coinfection we observed a sft in pulmonary macrophages
toward an in ammatory and away from a tissue reparative pheotype. Interestingly, there
was only a small increase in tissue damage in coinfected luisgas compared to either
single infection. Our results indicate that during pulmorrg coinfection a combination of
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Lee et al. Resistance and Tolerance of IAW. oxytoca Coinfection

seemingly modest defects in both host resistance and tolenace may act synergistically
to cause worsened outcomes for the host. Given the prevalene of K. oxytoca detected
in human IAV patients, these dysfunctional tolerance and séstance mechanisms may
play an important role in the response of patients to IAV.

Keywords: coinfection, in uenza A virus, Klebsiella oxytoca , disease tolerance, pulmonary infection

INTRODUCTION resistance or tolerance; for exampe,pneumoniaeoinfections
are characterized by an increased bacterial burden which
During the in uenza season an average of 20% of the humagyerwhelms the host, wherelaspneumophil@oinfections cause
population is infected, with this percentage varying from yeainortality through a signi cant amount of tissue damage wtkt
to year depending on the virulence of the strains circulatingan increase in pathogen burderi4 25). IAV/S. pneumoniae
that season 1. Secondary bacterial pneumonia following coinfection may be an example of decreased resistance leading t
in uenza A virus (IAV) infection is a serious complicationwhe  jalterations in tolerance as there is also increased tissuagem
prevalence and severity correlates with the virulence of thput given the overwhelming bacterial burden it is challengio
in uenza strain @, 19). On average, 0.5% of previously healthy separate out these two mechanisri$)( Because each type of
young individuals and 2.5% of elderly or immunocompromised|Av/bacterial coinfection can cause mortality through dient
patients that contract IAV have bacterial coinfections; e, mechanisms, it is important to study them individually to
during times of in uenza pandemic these numbers climb evenyncover the best way to treat them.
higher and in the 1918 in uenza virus pandemic up to 6.1% of yUp until now, the majority of studies on IAV/bacterial
all patients with 1AV were thought to have secondary bacteriacoinfection have focused d&. pneumoniaandS. aureuswhile
infections @0). In 1918, prior to the use of antibiotics, autopsiesthese are two of the most prevalent bacteria in coinfections
conrmed the presence of bacteria in up to 95% of fatalitiesyith 1AV, there are many other bacteria that have been vastly
(3,21). Inthe 2009 pandemic between 18 and 34% of IAV patientgnderstudied (9. This includeKlebsiella spphich are gram-
in the ICU had a bacterial coinfection and up to 55% of fatedit negative, opportunistic pathogens responsible for betweerd3 an
were associated with bacterial coinfectian, (22). 7% of all nosocomial infections including UTIs, septicemia,
The bacteria that are most commonly implicatedand pneumonia {7). Pneumonia caused biglebsiella spihas
in coinfection with 1AV are Streptococcus pneumoniaeyp to a 50% fatality rate and the emergence of multi-drug-
Staphylococcus  aureusiaemophilus  in uenzae Legionella resistant strains has made it increasingly di cult to tre@f7, 27).
pneumophilaPseudomonaspecies, anlebsiellaspecies 8.  Among this genus iKlebsiella oxytocahich is a pathobiont in
The development and use of antibiotic treatment has incréasehe human microbiome and an underrecognized contributor to
the prevalence of antibiotic-resistant bacterial stragisch as hospital-acquired pneumonia in immunocompromised patients
methicillin-resistantS. aureu$MRSA), implicated in coinfection  (2g). The involvement oK. oxytocan bacterial coinfections with
as well (8). However, due to the signi cant overlap in symptoms |Av has of yet been unclear. A recent study from Gao et al.
of pneumonia caused by inuenza virus infection alone vsjdenti ed the presence of. oxytocan one H7N9 patient from a
coinfection, diagnoses of coinfection are di cult to makeé@ cohort in China in 2013%9). Data presented here indicates that
often antibiotics are inappropriately administeredd(. With jts prevalence is potentially underestimated and therefboeikl
the growing concern about antibiotic- and antiviral-résist  pe a target for further study. Our lab has detected an in@éas
pathogens, it is clear that more emphasis needs to be placggesence oK. oxytocain nasopharyngeal swabs from patients
on nding alternative therapies to treat coinfection. Cunt¢/  who tested positive for IAV in Rhode Island during the 2013
the IAV vaccine, while it does impart some protection and carp14 in uenza season and this nding prompted us to investigat
decrease the severity of symptoms, has variable e ectivenasg immunological responses that occur during coinfectigthw
due to the antigen drift that occurs each seasgh Even with  |AV and K. oxytoca
advances in treatments against pathogens such as vaccinesto study the pathogenesis of IAK/ oxytocacoinfection
antivirals, and antibiotics, bacterial coinfection stépresents a e developed a mouse model in which we observed increased
major threat to human health3, 24). mortality in coinfected animals compared to singly-infected
Host resistance and host tolerance are two important factorgontrols. Within our model system, we saw a heightened
that can determine the outcome of a patient following infeatio jn ammatory response following coinfection but despite an
(4-8). The ability to successfully detect and eliminate pathsgenncrease in immune cell in Itrate, there was a delay in baieter
is called host resistance while the ability to overcome thelearance. In addition, we observed an increase in tissoegda
damaging e ects caused by the pathogen and the immungs a result of coinfection, perhaps caused by a shiftin macgmpha
response to that pathogen is known as host disease toleranglarization away from a tissue reparative phenotype. As such,
or resilience. If the host lacks either one of these propertieshis model is an excellent vehicle to study host resistance and
it becomes susceptible to infection@). Bacterial coinfections tolerance since both are impacted as a result of coinfection.
can cause increased mortality due to alterations in eithepur work studying coinfections with 1AV and the previously
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underrecognized. oxytocahighlight the complex relationship Coinfected Mice Exhibit Increased
between host resistance and tolerance and suggest the oeed [in ammation and Cellular In Itrate Early

further study of these systems. After Bacterial Infection
In order to investigate the host response to infection duriAy
RESULTS and K. oxytocacoinfection, we developed a mouse model in
. . . which a sublethal dose of IAV was administered followed by a
Detection of Klebsiella oxytoca in sublethal dose oK. oxytocab days after IAV. First, we assessed
Nasopharyngeal Swabs From IAV Patients whether coinfection induced changes to the in ammatory

While pneumonia caused b¥. oxytocahas recently been response early following bacterial infection as has been vbeder
reported in one |AV-infected patient?d), the overall prevalence in other coinfection models § 25 30-32). We measured
of K. oxytocaamong IAV patients is as yet unknown. In order the concentrations of a panel of in ammatory cytokines and
to investigate this, we looked for the presencekofoxytoca chemokines inthe bronchoalveolarlavage uid (BALF) irdilg
in nasopharyngeal swabs from a cohort of patients admitted t¢L-6, TNFa, IFNg, CCL2, CCL3, CCL4, CCL5, CXCL1, CXCL5,
the Memorial Hospital in Rhode Island during the in uenza and CXCL10 Figure 1). These cytokines and chemokines are
season of 2013-2014. Our ndings show that among patientsssential in the innate immune response to both bacteria and
that tested positive for IAV there was a signi cantly higherviruses. On day 1 post-coinfection, there was an early irseréa
proportion that also tested positive fdK. oxytoca(14.00%) the production of TNR during coinfection that was not observed
compared to those patients that tested negative for IAV (3.88%in either singly-infected group whereas levels of IL-6 were
implying that infection with IAV increases susceptibility .  equal between IAV-infected and coinfected groupiy(re 1A).
oxytocacolonization {Table I). While these data show a clear We also saw a signi cant ampli cation in the production of
association of AV patients wittK. oxytoca it is unknown all chemokines measured during coinfection compared to any
whether these patients had an active secondary infectioh witother group Figure 1B). The only reduction in cytokine levels
K. oxytocaor whether IAV infection enhances susceptibility that we observed in the coinfection was in I§Nhowever,
to K. oxytocacolonization without causing infection. We also IFNg during coinfection was still signi cantly increased over
looked for the presence dd. pneumoniaén this cohort and the group infected withK. oxytocaalone Eigure 1A). By day
found a similar trend taK. oxytocan which a higher percentage 3, IFNg levels in the coinfected lungs overtook those seen in
of 1AV-positive patients also tested positive f8r pneumoniae the singly-infected groups and reached the level seen in I1AV-
(20.00%) compared to IAV-negative patients (8.53%ab(e ).  infected lungs on day 1, indicating a delay in the kineticE-dfg
S. pneumoniaés commonly implicated in secondary bacterial during coinfection Figure 10). At day 3 post-coinfection, most
infections with 1AV and is known to cause increased morhydit chemokines remained elevated in the coinfected lungspatth
and mortality in these cases. Our ndings showed similarthese levels were decreased overall from day 1 with the éscept
patterns in the association of 1AV patients witk. oxytocaas of CCL2 Figure 1D). Only CCL5 and CXCL5 concentrations
S. pneumoniaeyhich led us to question whethd€. oxytocais  were higher in the group withK. oxytocaalone than coinfection
likewise able to alter host responses during coinfectiohWA/  (Figure 1D). These results indicate that the coinfected lung
to cause worsened outcomes. was able to sense the presence of both pathogens and increase
production of multiple in ammatory signals in response. This
also shows that there is an early, robust response on day 1 that
tapers but remains elevated by day 3 post-coinfection.

After observing that coinfection with IAW. oxytocawas

TABLE 1 | In uenza patients are more susceptible to bacterial colonizigon by
Streptococcus pneumoniaeand Klebsiella oxytoca

In uenza— inuenza C  characterized by a signi cant ampli cation of in ammatory

cytokines and chemokines, we next investigated how this
S. pneumoniae — 9L.47% 80.00% in ammatory milieu might a ect which innate immune cells
S. pneumoniaeC 8.53% 20.00% trac to the lung and the magnitude of their recruitment as

compared to either single viral or bacterial infections. Usang

Total number of patients 129 50 . . . . .
ow cytometric panel of markers to identify di erent innate
K. oxytoca — 96.12% 86.00% immune cell subsets, we identied Ly6G48¢CD11&E
K. oxytoca C 3.88% 14.00% macrophages which include both alveolar macrophages and
macrophages that upregulate CD11c as they inltrate the
Total number of patients 129 50 lungs, Ly6GF486CD11c LygC*MHC Il in ammatory

C . .
Nasopharyngeal swabs from a total of 179 patients were tested for the presee of monocytes’ LyGGF48(?CDllc LyGCCMHC I n Itratlng
in uenza as well as S. pneumoniae and K. oxytoca. Of the 50 patients thdested positive in ammatOfy maCfOphageS, and Ly@ﬂ;480 neutrophlls
for in uenza, 10 (20.00%) also tested positive for S. pneumoniae and 714.00%) tested  (Figures 2A—-Q. For identi cation of lung macrophages, we
positive for K. oxytoca. In contrast, of the 129 patients that tested negate for in uenza, Compared expression of CD11c and SigleC_F (known alveolar
only 11 (8.53%) also tested positive for S. pneumoniae and 5 (3.88%) tested pibive . .
for K. oxytoca. These results indicate that infection with in uenzaehds to an increased macrophage markers) and found that on day 1 post—comfect_lon,
association with several bacterial species. Statistics were calated by Fishersexacttest ~ @ll macrophages that expressed CD11c also expressed Siglec-F

with P D 0.0403 for S. pneumoniae and PD 0.0391 for K. oxytoca. and were therefore all alveolar macrophages, but on day 3
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FIGURE 1 | Coinfected mice exhibit increased in ammation early after &cterial infection. Protein concentrations of a panel of agkines and chemokines were
measured in the bronchoalveolar lavage uid (BALF) of mice otlays 1 and 3 followingK. oxytoca infection (days 8 and 10 following IAV). Day 1 cytokine leve(8) and
chemokine levels(B) are depicted for all 4 groups. Day 3 cytokingC) and chemokine (D) levels are depicted for all 4 groups. # denote$®  0.05 between coinfected
and IAV groups.* denotes P 0.05 between coinfected andK. oxytoca groups. Data were analyzed with ANOVA followed by Tukey's nitiple comparison tests. Error
bars represent SEM. Data are combined from at least four ingeendent experiments with at least four mice per group.

there was a percentage of CD%lcells in the coinfected post-coinfection in the BALF when compared to other groups

group that did not express Siglec-F, potentially representingFigures 2B,C,E,F.

a population of inltrating macrophages that upregulate We next determined changes in innate immune cells

CD11lc as they repopulate the lungs following infectionthat inltrated into the lung parenchyma during infection

(Supplemental Figure 2 (33). For complete description of (Figure 3. In the lung tissue on day 1 post-coinfection,

gating strategies s&ipplemental Figures 12. we observed a signi cantly greater number of neutrophils
We rst examined cell subsets in the BALFigure 2). The (Figures 3A,D, in ammatory monocytes Figures 3B,g, and

Ly6G F48¢'CD11& macrophage population did not show in Itrating macrophages Eigures 3C,F; however, by day 3 there

any notable changes in number throughout the course of anwere no signi cant di erences in these populations between the

single or dual infection. However, neutrophil numbers inesed infected groups which may be indicative of these cells traraki

dramatically during coinfection. One day post-coinfection through the lungs on day 1 to reach the alveolar space by day 3

coinfected lungs showed similar neutrophil numbers ko  (Figures 3C,D-F.

oxytocainfected lungs; however, by 3 days post-coinfection,

neutrophil numbers from coinfected lungs were increasedtge .

than three-fold overK. oxytocainfected animals and greater Ampll ed Innate Immune Responses Do

than seven-fold over I1AV-infected animalBigures 2A,D. This  Not Enhance Resistance in Coinfected

delayed but signi cant increase in the recruitment of neagthils  Mice

was likely in part caused by the early induction of manyFollowing our observations that coinfected lungs had a
chemokines that recruit neutrophils, such as CXCL1 and CXCL5signi cantly heightened initial immune response compared to
at day 1 post-coinfectionRigure 1B). In addition, both the singly-infected lungs, we reasoned that this response was an
in ammatory monocyte and in Itrating macrophage populations attempt by the host to eliminate the dual pathogen burden.
expanded signi cantly during coinfection at both days 1 and 3Therefore, we measured viral and bacterial loads in the lung
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FIGURE 2 | Immune cell in ltrate is increased in the BALF of coinfected roé. Innate immune cell populations were quanti ed in the BALF fomice on days 1 and 3
post-K. oxytoca infection. We identi ed neutrophils as Ly6(§ F480 cells and separated the Fa8& population according to expression of CD11c with alveolar ad
repopulating macrophages identi ed as Ly6G F480CCD11cC cells. The CD11c population was further separated by expression of Ly6C and MC Il with
in ammatory monocytes identi ed as Ly6G F480CCD11c Ly6CCMHC Il cells and in Itrating macrophages identi ed as Ly6G F480CCD11c Ly6CCMHC I€
cells (A—C). The total number of neutrophils(D), in ammatory monocytes (E), and in Itrating macrophages (F) from days 1 and 3 were calculated according to their
percentages of the total population and the total number of ells collected in each BALF. @ denote® 0.05 between coinfected and uninfected groups. # denotesP
0.05 between coinfected and in uenza groups. * denotesP  0.05 between coinfected andK. oxytoca groups. Data were analyzed with ANOVA followed by
Tukey's multiple comparison tests. Error bars represent SH. Data are combined from at least four independent experimes with at least four mice per group.
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FIGURE 3 | Immune cell in ltrate is increased in the lungs of coinfected mee. Innate immune cell populations were quanti ed in the lung of mice on days 1 and 3
post-K. oxytoca infection. We identi ed neutrophils as Ly6(§ F480 cells and separated the Fa8& population according to expression of CD11c with alveolar
macrophages and repopulating macrophages identi ed as Ly6G F480°CD11cC cells. The CD11c population was further separated by expression of Ly6C and

MHC Il with in ammatory monocytes identi ed as Ly6G F480°CD11c LyGCCMHC Il cells and in Itrating macrophages identi ed as
(Continued)
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FIGURE 3 | Ly6G F480°CD11c Ly6CCMHC I cells (A—C). The total number of neutrophils(D), in ammatory monocytes (E), and in Itrating macrophages (F)
from days 1 and 3 were calculated according to their percentges of the total population and the total number of cells caficted in each lung. @ denote?  0.05
between coinfected and uninfected groups. # denotes®?  0.05 between coinfected and in uenza groups. * denotesP  0.05 between coinfected andK. oxytoca
groups. Data were analyzed with ANOVA followed by Tukey's nitiple comparison tests. Error bars represent SEM. Data areombined from at least four independent
experiments with at least four mice per group.

throughout coinfection to determine if the immune responsesigni cantly greater concentration of albumin in the lungs
was able to e ectively clear or control the pathogens. Ortoinfected mice as compared to singly-infected animals, aisd th
day 1 post-coinfection, both viral and bacterial burdens ever observation was even more profound at day 3 post-coinfection
comparable between the coinfected and respective singlgFigure 4. Additionally, we looked at lactate dehydrogenase
infected groups Kigures 4A,B. However, by day 3 post- (LDH) release into the BALF as a measure of cell death
coinfection, although viral load remained equal betweer thand found that there was also increased LDH in coinfected
coinfected and virally-infected groups, the coinfected enic BALF although this trend was not statistically signicant
displayed delayed bacterial clearance compared to Khe (Supplemental Figure 2
oxytocainfected animalsKigures 4A—-Q. While most of theK.
oxytocajnfepted mice had cleared the bacteria by d:":ly .3, OnlMacrOphage Populations in Coinfected
30% of coinfected mice had no detectable bacteria in theif .
lungs Figures 4B,G. Interestingly, despite delayed clearancj/hce Are More _Pro'ln ammator}_/
during coinfection, all of the mice with detectable baaeri COmMpared to Singly-Infected Mice
had similar bacterial burdens, regardless of whether or nof\fter observing mild defects in both host resistance and
they had a prior 1AV infection. Since neither viral load nor tolerance during coinfection, we aimed to determine how the
bacterial colonies increased between days 1 and 3 in tHenate immune cells might be contributing to this progressio
coinfected lungs Rigures 4A,B, it appears that the immune Of disease. Alveolar macrophages are the prominent cell type
response mounted was able to prevent both pathogens frolgtrolling the lungs and are therefore often the rst cells to
overwhelming the host but had a defect in the early clearafice @ncounter an invading pathogerf). Alveolar macrophages
bacteria. will recognize and phagocytose pathogens, which triggers the
release of a plethora of in ammatory cytokines and chemokine
to attract other immune cells to the lung to help ght the
Increased Innate Immune Responses infection (36). When they are not responding to pathogens,
Impact Host Tolerance During Coinfection alveolar macrophages play an important role in maintaining
To determine the e ects of delayed clearance Kof oxytoca homeostasis at steady state as well as mediating the return to
on the overall health of coinfected animals, we monitorechomeostasis at the resolution of infectioB5 37, 38). They
the survival of coinfected mice as compared to singly-inféctedo this through the release of anti-in ammatory agents and
mice and observed that while all singly-infected groups weréactors that promote tissue repair, as well as by aiding in the
able to overcome infection, there was a signi cant decreéase catabolism of surfactant3f, 37-39. We hypothesized that
survival of the coinfected animals starting just 3 days postduring coinfection alveolar macrophages and macrophages
coinfection Figure 4D). We also measured weights of thesethat repopulate the lung following infection might play
animals throughout an extended period of time followinga role in shifting the balance toward pro-in ammatory
coinfection and found that all singly-infected animalstleight and away from tissue repair processes. To test this, we
but were able to recover back to their starting weights withi explored changes in MHC Il and CD206 expression on
15 days of infection Rigure 4B. Coinfected mice exhibited a Ly6G F48% CD11& macrophages as these are two markers of
decrease in body weight comparable to the IAV-infected grountigen presenting and tissue reparative phenotypes, resphctiv
but at an accelerated rate starting 1 day post-coinfectiofil un (35). We found that in a naive lung, Ly6G48%CD11&
several of the mice succumbed to diseaBiEjure 4E). With  macrophages were almost exclusively C2@6/C 1l and
only a mild defect in host resistance as seen through delayed 1 day post-coinfection, Ly6G-48¢ CD11& macrophages
clearance ofK. oxytocain coinfected lungs, we questioned from the BALF and lungs of both singly-infected groups
whether this phenomenon was responsible for the increasegmained predominantly CD266 with a small percentage
morbidity and mortality of these mice. Another possibility expressing MHC Il as wellRigures 5A,C,D. By day 3 post-
was that the worsened outcomes observed during coinfectiotoinfection the Ly6GF48¢°CD11& macrophages from
were not as a result of uncontrolled pathogen replication buthe IAV-infected BALF exhibited higher MHC II and lower
rather an inability of the host to tolerate the damage doneCD206 expression Figures5B,B. Ly6G F486CD11&
by the massive immune response to the pathogens. To testacrophages in thé&. oxytocainfected BALF at day 3 were
this hypothesis, we measured the concentration of albumistill predominantly CD206 (Figures5B,B. In the lung
in the BALF of infected mice as an indicator of vasculatureat day 3, all infected groups showed an expansion in the
leakage and therefore tissue damage in the Ilugg.(We MHC 1I€ population Figures5B,H. In coinfected BALF,
found that as early as day 1 post-coinfection there was there was a signi cant reduction in the number of CDZ06
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FIGURE 4 | Coinfected mice exhibit increased morbidity and mortalitas well as decreased resistance and toleranceViral burden as measured by viral genome
copies in lung tissue on days 1 and 3A). Bacterial burden as measured by colony-forming units (CF) in 1 mL of lung homogenate on days 1 and 3B). Percentage
of mice with no detectable bacteria in their lungs at day 1 an® (C). Survival of naive, singly-infected and coinfected mice véeameasured over the course of 2 weeks
(D). Weights were monitored during this time and are expressedsipercentages of the starting weight of each mouse prior to ifection (E). Concentration of albumin
in the BALF on days 1 and 3 postK. oxytoca (F). In (E) # denotes P 0.05 between coinfected and IAV groups while * denote$®  0.05 between coinfected andK.
oxytoca groups. " denotes day at which coinfected mice begin to exhibit decresed survival. In(C,D,F) * denotesP  0.05 between indicated groups. Data were
analyzed with ANOVA followed by Tukey's multiple comparisotests (A,E,F), Mann-Whitney U-test on non-transformed data(B), Fisher's exact test(C), and log rank
tests (D) where appropriate. Error bars represent SEM. Data are combed from at least three independent experiments with at leafour mice per group.

macrophages on day 1, while by day 3 there was also that are in ltrating into the lung. The Ly6GF48¢CD11&

signi cantly higher number of MHC IF macrophages in the
BALF (Figures5C,B. Ly6G F486°CD11& macrophages

alveolar macrophages exhibit a signi cant increase in their
production of TNFa as compared to any singly-infected

in the lung followed this trend but these results were notgroup (Figures 6A,Q. On day 1, the Ly6GF48( CD11c

statistically signi cant. Additionally, we explored the paity

Ly6CEMHC 1€ in Itrating macrophage population is absent

of the pulmonary macrophage populations to contribute toin uninfected as well a&. oxytocainfected BALF; however,

the inammatory environment in the lung, particularly on
day 1 post-coinfection Kigure 1). To do this, we looked
for changes in TNE production by Ly6G F48¢CD11&

and Ly6G F48¢CD11lc Ly6C°MHC 1€ macrophages
on day 1 post-coinfection Higures 6A-D. On day 1 post-
coinfection, the Ly6GF48¢ CD11& macrophage population
is made up entirely of alveolar macrophages, as indicated
their Siglec-F expressionS@pplemental Figure 2 while the

comparing this population between IAV-infected and coinfected
BALF, there is a signicant increase in the production of
TNFa during coinfection Figures 6B,D. Also, it is notable
that the Ly6G F486CD11lc Ly6C°MHC 11C in ltrating
macrophages never express CD206 and are therefore not likely
to be exhibiting a reparative phenotypEigures 6B,D. These
fata indicate that both the Ly6G48¢CD11& alveolar
macrophages and the Ly6G48%¢ CD11c Ly6C°MHC 11€

Ly6G F48¢'CD11c Ly6C°MHC 1IC macrophages are those in ltrating macrophages are likely important contributors to
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FIGURE 5 | Macrophage populations in coinfected mice have increased MC Il and decreased CD206 compared to singly-infected mice. y6G F480°CcD11cC
macrophages in the BALF and lung tissue were analyzed for thexpression of the MHC 1l and CD206 on days 1 and 3 posK. oxytoca infection (A,B). Macrophage
subsets were classi ed as CD206 MHC I€, CD206°MHC I€, CD206CMHC Il , and CD206 MHC Il and quanti ed in the BALF (C,E) and lung tissue(D,F) on
days 1 and 3 post-K. oxytoca. * denotesP  0.05 between indicated groups. Data were analyzed with ANOX followed by Tukey's multiple comparison tests. Error
bars represent SEM. Data are combined from at least four ingeendent experiments with at least four mice per group.
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FIGURE 6 | Macrophage populations in coinfected lungs produce more TRa than during single infections. Ly6G F480°CD11cC (A,C) and Ly6G F480°CD11c
Ly6CCMHC I (B,D) macrophages in the BALF were analyzed on day 1 post-coinfean for expression of CD206 and production of TN& as measured by mean
uorescent intensity (MFI). *denotes®  0.05 between indicated groups. Data were analyzed with ANOA followed by Tukey's multiple comparison tests. Error bars
represent SEM. Data are combined from at least four indepereht experiments with at least four mice per group.

the early, heightened in ammatory response during coinf@tt  association as with 1AV an®. pneumoniaghich is known to
Overall, these data showed that pulmonary macrophageagsultin severe coinfections with IAV. In additiol, oxytocavas
from coinfected mice exhibit a more accelerated shift tavar recently implicated in a study of 1AV infectior2@). Therefore,
a pro-in ammatory phenotype when compared to singly-in order to explore the e ects of coinfection with IAV and
infected macrophagesFigures5 6). These results indicate K. oxytoca we developed a mouse model of IA//oxytoca
that pulmonary macrophages play an important role incoinfection in which we observed that coinfected mice had
propagating the prolonged in ammatory response and delayingncreased morbidity and mortality when compared to singly-
the reparative processes necessary to return to homeostasifected mice, as measured by survival and weight loss. As
following coinfection. early as 1 day after coinfection, mice that had been previously
infected with IAV had increased levels of several in amnmgto
cytokines and chemokines in the lung. The early inductiothef
DISCUSSION in ammatory response that ultimately recruits innate immein
cells is likely orchestrated by early pattern recognitiocergor
Thus far the vast majority of research on IAV/bacterial(PRR) signaling from pulmonary epithelial and endothelial cells
coinfections has focused on the bactea pneumoniaeor  (40-42). It is known that prior in uenza infection can lead to a
S. aureushowever, our data demonstrate that patients withcytokine storm during secondary bacterial infection whitggins
IAV infection have a higher risk of association with the with early pathogen-sensing by the epithelial cells and leads to
previously underrecognized bacteia oxytoca Although it is  massive in Itration of immune cells40, 41). In conjunction
unknown whether this increased association is due to ireeda with these ndings, we observed an early increase in theldeve
susceptibility to infection withK. oxytocaor colonization without  of in ammatory cytokines day 1 post-coinfection in mice that
active infection, we decided to investigate the potentialcese were coinfected compared to mice with only one infection. In
of coinfection with K. oxytocasince we saw similar trends of addition, following this increase in cytokine and chemokine
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levels in our model there was an increase in cellular in livat  increased and were higher than the other groups. Elevated IFN
into the lungs in coinfected mice by day 3 post-coinfectionproduction at day 3 also corresponded to the time at which
Interestingly, this increased in ammatory in ltrate didat result  we observed a delay in bacterial clearance, which may indicate
in improved resistance to infection, as coinfected mice didl n that IFNg suppressed bacterial clearance at this later timepoint
have a signi cant reduction in either viral or bacterial lwlen. in the coinfected group. In contrask. oxytocainfected mice
Rather, 3 days after coinfection there was a decrease in tpeoduce less IFY and have no defect in bacterial clearance,
rate of clearance oK. oxytocain mice that had an ongoing supporting the notion that IFIg may hinder clearance during
viral infection compared to those that did not. These resultoinfection.
suggest a potential defect in the ability of the in Itratingmune Neutrophils are often essential in the response to bacterial
cells to clear the bacteria. Although the increased in amiora  infection, playing important roles in rapid clearance of the
in the lung during coinfection might have been expected tdbacteria; however, their role during viral/bacterial deiction
be accompanied by resultant lung damage, there was onlytes been less clear with some studies arguing their impogtanc
modest, albeit signi cant, increase in albumin in the BALFfor tissue protection while others demonstrate more pathogeni
from coinfected mice, indicating a minor increase in vascul roles @, 44, 51). Our results showed that during IAW. oxytoca
permeability compared to singly-infected lungs. It is unkmow coinfection there was massive in Itration of neutrophils hitut
if this slight increase in vasculature leakage is enougiptthe  a reduction in bacterial or viral load. One possible explaorati
balance toward increased morbidity and mortality or if teegs  for this outcome is that IAV infection impairs neutrophil
another cause of decreased tolerance. phagocytic or bactericidal functions so that the neutroplfiat
There are many examples of IAV/bacterial coinfection inare recruited to the lung following coinfection are lesseatu
which an overwhelming pathogen burden leads to a damaginglear bacteria than naive neutrophils. It has been shown that
in ammatory response ¢13). Some models of coinfection with neutrophils from IAV-infected lungs have impaired phagocysos
IAV are characterized by an early, acute in ammatory resgonsas well as production of reactive oxygen species (ROS) and that
with increased production of TN& among other cytokines. increasing production of ROS by neutrophils and macrophages
These models demonstrate that prior infection with IAV leadscan reduce susceptibility to secondary bacterial infesti@3,
to bacterial overgrowth, tissue damage due to the heiglitenet4, 52). IAV infection has also been shown to diminish the
immune response, and ultimately decreased survi%a®%, 30-  production of granulocyte-colony stimulating factor (G-ES
32). Our model of IAVK. oxytocacoinfection echoed the same which is known to activate neutrophils, and administeringsth
types of in ammatory immune responses as have been seen aytokine following IAV infection restores neutrophil baciedal
similar coinfection models. In contrast though, 1AK/ oxytoca function (9). It has also been shown that during coinfection
coinfection did not result in increased bacterial or viralrden  with IAV and S. pneumonigeneutrophils produce excessive
at early time points and bacterial burden was controlled despi neutrophil extracellular traps (NETs) which cause extensive
a delay in clearance at later time points. These results atelic lung damage without any reduction in pathogen burdéiB)(
that decreased host resistance may not be solely responsilbeaddition, neutrophils during 1AV/bacterial coinfectiohave
for decreased survival during coinfection with IA// oxytoca been shown to have accelerated apoptosis, which can cause
and that perhaps there are other mechanisms which play a rotessue damage if not e ectively clearef4]. This knowledge,
in determining the outcome of the host during this particular coupled with our results of macrophages downregulating the
coinfection. e erocytic mannose receptor CD206, may point to a source
Most studies of IAVS. pneumoniaeor IAV/S. aureus of damage in our coinfection modebf). With this in mind,
coinfections demonstrate that IAV infection suppressestiiteal it is reasonable to suspect that neutrophils in 1AV//oxytoca
innate immune response to bacteria. IAV has been shownoinfected lungs are also dysfunctional, which might exptaé
to impair neutrophil phagocytic activity and reactive oxygendelay in bacterial clearance and increase in tissue damajese
species production which leads to increased susceptibility tanimals.
bacterial infection 9, 43 44). In addition, type | IFN production Lastly, many studies show that excess damage and the igabilit
during lAV/bacterial coinfection has been shown to suppresgor the lung to return to homeostasis can cause decreased/silir
CCL2, CXCL1, and CXCL2 levels and subsequently inhibit th€1l4-16). Our data demonstrate that IAW. oxytocacoinfected
recruitment of monocytes and neutrophilé, 46). Type | IFN  lungs have increased vasculature leakage and tissue damage
has also been demonstrated to suppress type 17 immunity arddicated by a small but signi cant increase in albumin ineth
therefore increase susceptibility to secondary bacterfattion BALF as compared to IAV-infected lungs, whereas lungs ieféct
(47, 48). It has been reported that high levels of I§Nuppress with bacteria alone have virtually no lung damage. Although
the expression of the scavenger receptor MARCO leading tihis increase in tissue damage is modest, it is possible hieat t
decreased phagocytosis of bacteria by alveolar macrophages threshold for the amount of damage that can be done to
(49, 50). The only indication of immunosuppression in our the lung and still allow for function and this small di erende
model was a small drop in IFjlevels 1 day afteK. oxytoca a tipping point in morbidity and mortality during coinfection.
infection in coinfected lungs compared to IAV infection akgn One potential factor involved in the inadequate repair resgons
however, the levels in coinfected animals were higher thafollowing IAV/K. oxytocacoinfection is the shift in phenotype
those seen in animals infected with bacteria alone. Also bgf pulmonary macrophages away from their native, homeostatic
day 3 post-coinfection, IFYl levels in the coinfected mice state. Macrophages are phenotypically exible cells that can
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perform a variety of di erent roles depending on a number of spread of either pathogen (data not shown), there could be a
environmental cues. On one side of the spectrum of macrophagg/stemic e ect that compromises organ function. In addition,
phenotypes are M1 macrophages which have been de ned kalthough we see no evidence of overwhelming pathogen burden
their role in recognizing certain bacterial and viral patleog at early timepoints post-coinfection, it is also possible that
and generating in ammatory signals in responges,(56). On  there is a loss of control of either the virus or the bacteria
the other side of the spectrum are M2 macrophages, which haw later timepoints, in some mice, which may contribute to
been de ned by their role in maintaining homeostasis thrbug the death of these coinfected animals. This seems unlikely
anti-in ammatory and tissue protective actions. Howevérese though considering that the majority of mice that succumb
classi cations are very broad and often do not accuratecdbée to infection do so within the rst 3 days post-coinfection
the nuanced states that macrophages can shift betwg&n ( where we observed no evidence of overwhelming pathogen
Alveolar macrophages normally play important roles duringburdens.

the resolution of infection to clear in ammatory agents and While other models of coinfection point to major
apoptotic cells and to remodel tissugcc38 55-57). However, perturbations to either host resistance or tolerance as the
pulmonary macrophage populations are also altered duringause of increased mortality, |1AK/ oxytocacoinfection is

in ammatory states, including infection and damage8(60). instead characterized by more subtle alterations in both of
The changes that occur to macrophage populations duringhese host responses that work synergistically to decrease
IAV/bacterial coinfection have not been well studied. Dhgi survival. These data, in conjunction with previously pubdidh
coinfection with 1AV/K. oxytocaalveolar macrophages increasestudies, demonstrate that the impact of 1AV infection on
their production of TNR and take on a more in ammatory host resistance and tolerance responses is dependent on the
phenotype. In addition, there is also a signi cant inux of bacteria that comprises the secondary infection. Although w
macrophages and monocytes to the alveolar space durir@bserved similar trends as have been previously reportechierot
coinfection that tend to have a more in ammatory phenotype coinfections, our data demonstrate that even slight dysfonc
and likely also contribute to a shift in the macrophage populatio of these host responses can lead to poor disease outcomes and it
away from a reparative phenotype. Regardless of the origis likely that there are other mechanisms of both host resista

of the pulmonary macrophages, whether they are alveolaand tolerance that factor into determining the outcome of
macrophages or macrophages that have inltrated and areoinfection. Understanding how IAV impacts the response
repopulating the lung, it is evident that the population as ato a secondary bacterial infection is crucial in producing
whole takes on a new role during coinfection that is directedmore e ective treatments for these complex pulmonary
more toward driving in ammation and is likely less condueiv infections.

to repair. Several studies have demonstrated the important

functions that macrophages play during lung infection. It ha ATERIALS AND METHODS

been demonstrated that the return to homeostasis mediate

by macrophages is essential to survival of in uenza infectio Nasopharyngeal Swab Sampling

and that mice suer worsened outcomes in the absence ofhe survey study was approved by the IRB (institutional
macrophages that promote tissue repairl,(62). In addition, review board) at Memorial Hospital of RI before any samples
CD206 expression on macrophages is known to play importantere obtained. The study samples were residual, spent,
roles in removing potentially harmful extracellular enzymesclinical samples of nasopharyngeal washings obtained in
generated during infection such as myeloperoxidases whidh9% normal saline from patients with in uenza-like illness

are produced by neutrophils and cause tissue damé&ge ( These patient samples were obtained through the emergency
CD206 is also an important mediator of phagocytosis ofoom and acute care outpatient clinics during the in uenza
pathogens including in uenza virus anidlebsiella pneumoniae season of 2013-2014. The clinical laboratory performed rapid
a bacterial species related ko oxytoca(64-66). We observed diagnostic antigen detection methods and by standard PCR
downregulation of the mannose receptor CD206 in macrophagasethodologies for in uenza virus. The research samples were
from coinfected lungs which could be indicative of a largerobtained from spent samples prior to their nal disposal. A
functional defect in important repair processes as well awaiver of informed consent by IRB approval was granted
recognition and clearance of pathogens. The overall shift ias the samples were patient de-identied by the clinical
pulmonary macrophages toward a pro-in ammatory phenotypelaboratory sta before providing the samples for the research
could be part of an ongoing e ort to clear the bacteria thatstudy. The samples were maintained aBOC until further
persists during coinfection. It is also likely that the inusf  study.

in ammatory cells is not only contributing to the damage den

in the lung but also preventing the return to homeostasis byMice

propagating and prolonging the in ammatory response. It isAll animal studies were approved by the Brown University
also possible that there are other factors that lead to deerka Institutional Animal Care and Use Committee and carried out
survival in conjunction with the increased lung damage satth in accordance with the Guide for the Care and Use of Animals of
lung function may be compromised independently of vasculathe National Institutes of Health. The University is accitediby
leak. Another possibility is that additional organs are imjgac  the Association for Assessment and Accreditation of Latmoya

by the coinfection. Although there is no evidence of systemiAnimal Care International (AAALAC). Brown University's PHS
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Assurance Number: D16-00183 (A3284-01), expiration date Jutemoving the needle and inserting a 1 mL syringe with PBS. 1mL
31, 2022. The USDA Registration Number is 15-R-0003. Browof PBS was ushed into the lung and collected. BALF was then
University IACUC was approved on September 28, 2016, ancentrifuged to isolate cells which were counted on a Moxi Z
the animal protocol number is 1308000011. C57BL/6J mice wefautomated Cell Counter (Or 0) and used for ow cytometry
purchased from The Jackson Laboratory. Mice used were femaleaalyses and cell-free supernatants were collected for iogtok
and 7-9 weeks old. analyses and albumin content quanti cation.

Pulmonary Infection Lung Tissue Cell Collection

Mice under anesthesia and analgesia by ketamine (70-1@%@r isolation of cells from lungs, the right superior and
mg/kg) and xylazine (20-40 mg/kg) injection were administe  middle lobes were perfused with 15ml of PBS. The lung
IAV intranasally in a volume of 30mL using a sterile saline tissue was cut into small pieces and incubated for 60 min at
vehicle. Mice were infected with 300 PFU inuenza A viru337 C in 2ml of digestion media containing type 4 collagenase
(A/WSN/33 (H1N1)) strain. In uenza A virus was obtained fro  (worthington Biochemical Corporation) and DNAse | (Sigma-
Akiko Iwasaki at Yale University. It was propagated using MDCKa|drich). Digested lung tissue was then sieved passed throug
cells using standard procedurédebsiella oxytocaas cultured g 70mM cell strainer and washed with PBS. After washing the
from glycerol bead stocks in 50 mL Todd-Hewitt broth ovetnig  cell pellet was resuspended in 1.5ml 44% Percoll/0.15M NacCl
The next day 1 mL of the overnight culture was diluted in 50 mLand layered over 1 ml of 56% Percoll/0.15M NaCl. Percoliriaye
Todd-Hewitt broth and allowed to grow to log phase beforewere centrifuged at room temperature for 20 min at 600 g with
being washed and resuspended in a sterile saline vehicle. Migfinimal acceleration and deceleration to form a gradienthwit
were infected intranasally with $&CFU in a volume of 301L. 4 band of cells at the interphase which were then collected and
Coinfected mice were administered 300 PFU IAV followed by/vashed with 10 mL PBS. Isolated |ung cells were counted on
1P CFUK. oxytocab days later. Mice were monitored daily for 3 Moxi Z Automated Cell Counter (Or o) and used for ow

a minimum of 3 days, and every other day for the remainder otytometry analyses.

the experiment, except for survival and weight monitoring e¥hi

was conducted daily. BALF Albumin Content Quanti cation

C . Klebsiella O Id . Cell-free supernatants taken from BALF were tested for the
on rming Klebsiella Oxytoca ldentity concentration of albumin using the BCG Albumin Assay Kit

Bacterial DNA was isolated from a culture grown as describegSigmal Aldrich) according to the manufacturers instracts
above using the QIAamp UCP Pathogen Mlnl Kit (Qlagen)-using a dilution series of albumin standard to determine a
Genomic DNA was sonicated to a median size of 300 bp Usingandard curve which was used to calculate measurements of
a Covaris 5220 instrument. Fragmented DNA was subsequently,;min in each sample. Absorbances were measured for each

prepared into sequencing libraries usilng the Ovation UI'[ralov\%a”.nlme at 620 nm on a SpectraMam3 Multi-Mode Microplate
Library System V2 from Nugen according to the manufactsrer' g5 der (Molecular Devices) using SoftMax Pro 6.4 software.
instructions. The library was then sequenced on an lllumina

HiSegX machine in the 2x150 bp con guration, yielding a tota \ /; ; ;

of 3,234,751 paired end reads. Raw reads were deposi'[ed¥r|1ral Quanti Ca_ltIOI’I . .
the NCBI Short Read Archive (SRA) under accession numberIral genome CODI?S Wgre measured us_lng RNA |sol_ate;?ﬂ from
SRP148653. Reads were trimmed of lllumina adapters and Idi§¢ unperfused right inferior lobe using the ReliaPrep .
quality bases using Trimmomatié{) and then assembled using RNA Tissue Miniprep System according to the manufacturers
SPAdes (version 3.11.0)g). Preliminary Sanger sequencing of instructions (Prpmega). RNAthen underwept PCR with random
the 165 rRNA gene and Blastn analysis of individual contigd€*amers (Invitrogen). Viral genome copies from the cDNA
suggested that this strain was related Kiebsiella oxytoca Were then measured via gPCR using the forward p”"_‘& G
Therefore, we calculated average nucleotide identity af OLP'STGGAATGGCTAAAGACAAGACC'3' the reverse primer
scaolds (ANI) based on MUMmer §9) using the web-based (° *CCATTAAGGGCATTTTGGACA-S), and the probe (@[6-

tool JSpeciesWS () using four completely sequenced genomeé_:A'\/l]-lanGI—_GCCCA[B"'Qla’Q]'® speci c for the M gene of

of K. oxytoa as a reference. This analysis found that our strainll UenZa A viruses. gqPCR was run on a Roche LightCytI66
which we named JKO1, was in fakt oxytocaand shared Real-Time PCR System and analyzed with the LightC¥cks
>99% average nucleotide identity with strains CAV1335 angoftware.

CAV1099. However, this strain was less similar to CAV137d an . . .

KONIH1 ( 92.6% ANI). This Whole Genome Shotgun projectBacterial Quanti cation

has been deposited at DDBJ/ENA/GenBank under the accessibtiperfused superior lobes of mouse lungs were harvested and
QMBOO00000000. The version described in this paper is versidmomogenized by a gentIeMA(T:“é Dissociator (miltenyi Biotec)

QMBO01000000. in ImL of PBS. The homogenate was immediately serial diluted
_ by 10-fold up to six times. &L of each dilution were then plated
BALF Collection on a sheep's blood agar plate per sample. The plates were then

Bronchoalveolar lavage uid (BALF) was collected via expgpsi incubated under 37C overnight and the colonies were counted
the trachea, inserting a BD Ven on IV catheter into the trazhy  as a measurement for the bacterial load in the infected lungs
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Flow Cytometry Analysis of Cell Subsets Statistical Analysis

The following antibodies were used to identify cell subsetsStatistical analysis was performed using GraphPad Prism
Ly6C eFluoP 450 (clone HK1.4, eBioscience), F4/80 eFRior software. Fishers exact test, log rank, ANOVA followed by
660 (clone BMS8, eBioscience), CD1lc Brilliant Viblet Tukey's multiple comparison tests, amdests were performed
711 (clone N418, BioLegend), MHC Il PercP-eFfHlo710  where appropriate.

(clone M5/114.15.2, eBioscience), CD206 PE-D&%zI894

(clone C068C2, BioLegend), THFAlexa Fluorr 488 (clone AUTHOR CONTRIBUTIONS

MP6-XT22, eBioscience), Siglec-F PE (clone E50-2440, BD

Biosciences) and Ly6G PE/Cy7 (clone 1A8, BioLegend). De#d- and AJ contributed to the conception and design of the
cells were excluded from analyses using Fixable Viabilig D study; KL performed the animal experiments, analyzed the
eFluof® 506 (eBioscience). For surface staining, cells wei@@ta, performed statistical analysis, and made the guresl.JM-
rst washed with 1x PBS then incubated with Fixable Viakilit DC, and_ PB identi ed_ and sequenced the oxytocastrain;
Dye diluted in 1x PBS for 20 min at room temperature. CellsSO obtained and provided the nasopharyngeal patient samples;
were washed again with 1x PBS and then treated with antil and AJ wrote the manuscript; All authors contributed
CD16/CD32 Fc receptor blocking antibody (clone 2.4G2) in 1,0 manuscript revision, read and approved the submitted
PBS (1% FBS) for 10 min on ice. Surface staining antibodiees we/€rsion.

then added and incubated for 30 min on ice. Cells were washed,

then xed and permeabilized with BD Cyto x/Cytoperf¥ for FUNDING

20min on ice (BD Biosciences). Then cells were washed and .
stained with intracellular antibodies in the permeabilipat Defense Advanced Research Projects Agency (DARPA) YFAALS

bu er from the BD Cyto x/Cytoperm™ kit on ice for 30min D15AP00100, NIGMS COBRE Award P20GM109035, National
before undergoing a nal wash and resuspension with 1HeartLung Blood Institute (NHLBI) 1RO1HL126887-01A1, and
PBS (1% FBS). Samples were acquired on an Attune NBTown Respiratory Research Training Program (BRRTP) NIH
Acoustic Focusing Cytometer (Thermo Fisher) or a FACSArial 32HL134625.

Flow Cytometer (BD Biosciences) and downstream analyses

were performed using FlowJo v10 software (Tree Star, Inc ACKNOWLEDGMENTS

Isotype, uorescence minus one, and unstained samples were . )

used as controls to determine positive and negative gating dine authors would like to thank Dr. Meredith Crane for helpful
experimental samples. Viable cells were determined by rsgommentary on the manuscript, as well as Kevin Carlson at the
gating out doublets and debris using forward and side statteBrown University Flow Cytometry and Sorting Facility for use o
properties and then selecgg for cells with low staining withthe FACS Aria, and Holly Tran for lab management support.
Fixable Viability Dye eFluot 506 Supplemental Figure 1A.

Total cell numbers of each cell subset were determine@uF:’PI-EMENTARY MATERIAL

by multiplying initial cell counts obtained on the Moxi Z
Automated Cell Counter (Or 0) by the percentage of total viab
cells.

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.388nmu.
2018.02377/full#supplementary-material

Cyto kine AnalySiS Supplemental Figure 1 | Flow cytometry gating strategy. First, viable cells were
Cytokine concentrations were determined in BALF using '“dmi"ﬂgiib.ﬁ ga‘(ij"i‘)“t di’lulk"e;cz”? /Zasedd °’I‘| FSC'A’FT%';T;’

. - - -H and then cellular debris/dead cells were gate n
CUSIOITI. LEGENDp|6X bead_paSEd I,mmunoassay (BIOLegenﬁjoAISSC—A. From there, viable cells were gated on their lowtaining of viability
accordlng to manufacturer instructions. The samples Wer@ye (A). Viable cells were further separated into cell subsetéB). First, viable cells
acquired on an Attune NXT Acoustic Focusing Cytometerwere gated based on Ly6G and F4/80. Ly6& F4/80 cells were called
(Thermo Fisher) and the data les were ana|yzed by‘:eutrophils. Ly6G F4/80C cells were further gated on CD11c.
LEGENDPlex Data Analysis Software (Vigenetech). |LLY6G F4/80CCD11cC cells were called alveolar and repopulating macrophages.
6 concentrations in BALF were determined via the BDLyGG F4/80C€CD11c were further separated based on expression of Ly6C and

o ) ) ) MHC II. Ly6G F4/80€CD11c LyBCCMHC Il cells were called in ammatory
OptEIA™ ELISA set according to manufacturer instructions monocytes and Ly6G F4/80°CD11c Ly6CCMHC I were called in ltrating

(BD Biosciences). macrophages. Ly6G F4/80€CD11cC macrophages and
Ly6G F4/80 CDlilc LyGCCMHC Ic macrophages were further separated by
LDH Cyt0t0X|C|ty Assay their expression of CD206 and MHC Il or TN&in order to determine polarization.

o . ) A . c c :
The LDH cytotoxicity assay was conducted using the Pl&rce T° establish the identity of Ly6G F4/80~ CD11c™ cells, we compared their

.. L . . expression of Siglec-F, a known alveolar macrophage markeand CD11c on days
LDH Cytotoxicity Assay Kit according to the manufacturers (C) and 3 (D) post-coinfection in the BALF

instructions on BALF samples from days 1 and 3 post- .

coinfection. Absorbances were measured for each sample JfPiemental Figure 2| AnLDH assay was conducted on BALF from days 1
MBxXM3  Multi-Mod and 3 post-coinfection as a measure of cytotoxicity in the Ings. denotes P

490nm and 680nm on a SpeCtra X ult-iviode 0.05 between indicated groups. Data were analyzed with ANOA followed by

Microplate Reader (Molecular Devices) using SoftMax Pro 6.4ukey's multiple comparison tests. Error bars represent SE. Data are combined
software. from at least four independent experiments with at least faumice per group.
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