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Abstract

Bacterial co-infections represent a major clinical complication of influenza. Host-derived
interferon (IFN) increases susceptibility to bacterial infections following influenza, but the rel-
ative roles of type-I versus type-ll IFN remain poorly understood. We have used novel
mouse models of co-infection in which colonizing pneumococci were inoculated into the
upper respiratory tract; subsequent sublethal influenza virus infection caused the bacteria to
enter the lungs and mediate lethal disease. Compared to wild-type mice or mice deficient in
only one pathway, mice lacking both IFN pathways demonstrated the least amount of lung
tissue damage and mortality following pneumococcal-influenza virus superinfection. Thera-
peutic neutralization of both type-l and type-Il IFN pathways similarly provided optimal pro-
tection to co-infected wild-type mice. The most effective treatment regimen was staggered
neutralization of the type-I IFN pathway early during co-infection combined with later neu-
tralization of type-II IFN, which was consistent with the expression and reported activities of
these IFNs during superinfection. These results are the first to directly compare the activities
of type-I and type-II IFN during superinfection and provide new insights into potential host-
directed targets for treatment of secondary bacterial infections during influenza.

Author summary

Bacterial co-infections represent a common and challenging clinical complication of
influenza. Type-I and type-II interferon (IFN) pathways enhance susceptibility to influ-
enza-pneumococcal co-infection, leading to increased lung pathology and mortality.
However, the comparative importance of type-I versus type-II IFN remains unclear. We
have used two novel mouse models of co-infection in which pneumococci were inoculated
into the upper respiratory tract followed two days later by influenza virus infection. Virus
co-infection caused IFN-dependent inflammation that facilitated spreading of the colo-
nizing bacteria into the lungs, followed by tissue damage and death. In this pneumococ-
cal-influenza virus superinfection model, mice lacking both type-I and type-II IFN
pathways demonstrated minimal lung pathology and increased survival compared to
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wild-type mice and mice deficient in only one pathway. Therapeutic neutralization of
both type-I and type-II IFN pathways similarly provided optimal protection to superin-
fected wild-type mice. The most effective treatment regimen involved neutralization of
the type-I IFN pathway early during co-infection combined with later neutralization of
the type-1I IFN pathway. These results provide new insights into potential host-directed
therapy for management of bacterial-viral superinfections.

Introduction

Influenza A virus is a leading cause of respiratory infection in the United States. Complications
involving secondary infections with bacterial pathogens, such as Streptococcus pneumoniae,
significantly exacerbate the risk of severe disease and result in considerably increased rates of
hospitalization and death [1]. It is estimated that at least 95% of the deaths that occurred dur-
ing the 1918 pandemic were due to influenza-associated pneumococcal lung infection [2].
Similarly, approximately half of hospitalized patients during the 1957 and 2009 influenza pan-
demics presented with bacterial co-infections [3,4]. Influenza can promote bacterial pneumo-
nia through epithelial damage, inflammation in the respiratory tract, and suppression of
innate lung immune responses [5,6]. Evidence from human and mouse studies indicates that
influenza infection compromises both the host immune response and lung barrier function to
promote increased susceptibility to bacterial superinfection.

There is now general consensus in the field that host cytokine responses during influenza
are crucial in mediating susceptibility to secondary bacterial infection. However, the precise
roles of individual cytokines remain unclear. In particular, multiple groups have reported that
virus-induced type-I interferon (IFN) results in increased susceptibility to secondary bacterial
infection [7-11]. Others, including our own group, have instead defined a critical role for
type-II IFN in mediating superinfection during influenza [12-16]. The relative importance of
type-I versus type-II IFN has thus remained confusing, especially since in every case, neutrali-
zation of either cytokine alone has been found to partially protect from death. The design of
co-infection experiments in the majority of mouse studies-infection with influenza virus fol-
lowed by pulmonary challenge with bacteria-may be in part responsible for this uncertainty.

In humans, it is believed that superinfection results from bacteria colonizing the upper respira-
tory tract, which are then aspirated into the lungs during subsequent influenza. Weiser’s group
has shown that influenza-mediated inflammation in the upper respiratory tract of mice can
increase pneumococcal colonization, which then facilitates microaspiration, and that type-I
IFN is critically responsible for this effect [8,17]. Mouse studies in which bacteria are directly
inoculated into the lungs of mice following influenza actually reverse the timing of human co-
infection and do not accurately mimic the clinical scenario. Thus, a colonization model of
pneumococcus followed by influenza A virus infection is more relevant to human co-infection
than traditional murine experiments in which influenza virus is inoculated before pneumococ-
cus infection. Another possible confounding factor is that type-I IFN is known to increase host
resistance to virulent respiratory viruses. Thus, neutralization of type-I IFN could exacerbate
viral infection which in turn, might lead to increased susceptibility to co-infection. Neutraliza-
tion of type-II IFN, on the other hand, either has no effect on viral disease or increases ILC2--
mediated lung tissue healing [18,19].

In the current study, we have now directly addressed the relative importance of type-I and
type-II IFNs in mediating susceptibility to pneumococcal infection during influenza. We used
experimental models in which mice were inoculated with pneumococci before influenza virus
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challenge, in order to better model human colonization and co-infection. Our results show
that in fact, both type-I and type-II IFNs play complementary and essential roles in mediating
susceptibility to pneumococcal infection during influenza. Type-I IFN is most critical during
early bacterial infection of the upper respiratory tract while type-II IFN inhibits bacterial clear-
ance from the lower respiratory tract at later stages of infection. These findings resolve a major
outstanding issue in the field and suggest new therapeutic approaches for prevention of lethal
bacterial superinfections in humans.

Results
Pneumococcal-influenza co-infection model

Nasopharyngeal carriage of S. pneumoniae in humans often leads to pneumococcal disease
[20]. To model pneumococcal carriage limited to the upper respiratory tract, we inoculated
lightly anesthetized mice with a low volume of A66.1 S. pneumoniae (Fig 1A). After 48 h, the
mice were evaluated for bacterial loads in nasal washes, blood, and lungs. Bacteria were
detected at this time point in nasal washes at levels approximating the initial inoculum dose,
while no bacteria were observed in the bloodstream or in lung homogenates (Fig 1B). We next
tested the effects of influenza co-infection following pneumococcal inoculation. For this pur-
pose, a sublethal dose of CA04 virus, the HINI strain responsible for the 2009 pandemic and
associated with a high degree of bacterial co-infection, was intranasally administered to anes-
thetized mice on Day 2 after pneumococcal infection (Fig 1A). In preliminary experiments to
establish synergistic superinfection conditions, we tested 3 different doses of pneumococci
(102, 10° and 10* CFU) and 3 different doses of influenza virus (10, 50 and 100 PFU), and
chose the doses that caused the least amount of mortality in singly-infected mice and the most
reproducible synergy in co-infected mice. Out of these various inoculum doses, 10> CFU S.
pneumoniae and 50 PFU of CA04 were chosen for use in the experiments.
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Fig 1. Superinfection with sublethal S. pneumoniae followed by influenza virus causes mortality in C57BL/6 and BALB/c mice. (A) Experimental protocol for
superinfection. (B) Bacterial burdens in nasal washes, blood and lungs 48 h after pneumococcal infection and before viral co-infection. Each symbol represents the
CFU of an individual mouse with the solid lines showing mean + SD from 4 mice/group. The dotted line indicates the limit of detection. (C) Nasal wash and lung
bacterial burdens on Day 4 following Day 0 intranasal inoculation of 20 uL PBS containing 10* CFU of S. pneumoniae (Spn) followed by Day 2 inoculation of 40 uL
PBS alone or PBS containing 50 PFU of influenza A virus (IAV). (D) Lung bacterial burdens after intranasal inoculation of 20 uL PBS containing 10> CFU of Spn on
Day 0 and a 5 min inoculation of 40 uL PBS alone or PBS containing 50 PFU of IAV on Day 2. (E-G) Morbidity and mortality of Spn-IAV super-infected C57BL/6
mice and BALB/c mice. (E) Survival and (F) weight loss of C57BL/6 mice (n = 5 mice/group). (G) Survival and (H) weight loss of BALB/c mice (n = 5 mice/group).
Statistical analyses for (B-D) were performed by two-way ANOVA and survival data were analyzed by the log-rank Mantel-Cox test. *P<0.05; **P<0.01;
****P<0.0001; ns = not significant.

https://doi.org/10.1371/journal.ppat.1009405.9001
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After infection with pneumococci alone, low levels of bacteria were detected in the lungs of
about half of the animals on Day 4, but after viral superinfection (2 days after viral infection)
all mice contained significantly elevated levels of bacteria in the lungs (Fig 1C). Presence of
bacteria in the lungs after co-infection was not due solely to washing of the bacteria from the
upper respiratory tract into the lung during the virus inoculation procedure as lungs collected
5 minutes after either viral or PBS inoculation failed to contain significant numbers of bacterial
CFU (Fig 1D). In addition, increased lung bacterial outgrowth occurred using even 4-fold
lower volumes of PBS for virus infection (S1 Fig). HIN1 CA04 virus infection induced a signif-
icant level of inflammation in the upper respiratory tract as shown by an influx of neutrophils
(S2 Fig). Compared to mice infected with S. pneumoniae alone, the number of bacteria in the
nasal washes of co-infected mice increased and then remained consistent through Day 8 (S3
Fig). These results confirm the reports of others [8], who concluded that induced inflamma-
tion increased the ability of S. pneumoniae to colonize and spread into the lower respiratory
tract.

We next examined morbidity and mortality in pneumococcal-influenza superinfected
mice. In mice inoculated intranasally with either 10° CFU of pneumococci or 50 PFU of influ-
enza virus alone, no mortality was observed (Fig 1E and 1G). Weight loss was seen following
viral infection as expected [18] but not with pneumococcal infection (Fig 1F and 1H). Upon
co-infection of C57BL/6 mice, all animals succumbed between Days 5-9 (Fig 1E). The same
result was obtained with BALB/c mice, although time to death was somewhat delayed and
occurred between Days 9 and 13 (Fig 1G).

A correlation was observed between the kinetics of bacterial outgrowth and decreased survival
in BALB/c mice following HIN1 CA04 virus co-infection. Bacterial counts in nasal washes
remained consistent from Days 4 to 8, confirming nasopharyngeal carriage (Figs 2A-2C and S3).
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Fig 2. Pathogen loads in pneumococcal-influenza virus superinfected mice. Bacterial burdens in nasal washes,
blood and lung tissues of BALB/c mice on (A) Day 4, (B) Day 6, and (C) Day 8 after Day 0 Spn infection followed by
inoculation of PBS or IAV on Day 2. Each symbol represents the CFU of an individual mouse with the solid lines
showing mean + SD from 4 mice/group. The dotted line indicates the limit of detection. (D) Viral burdens in the lung
tissues of mice co-infected with Spn on Day 0 and IAV on Day 2 or IAV alone on Day 2. Each symbol represents the
PFU of an individual mouse with the solid lines showing mean + SD from 4 mice/group. The dotted line indicates the
limit of detection. Statistical analyses were performed by two-way ANOVA. *P<0.05; ***P<0.001; ****P<0.0001;

ns = not significant.

https://doi.org/10.1371/journal.ppat.1009405.9002
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Lung bacterial counts increased from 4.79 log; + 0.69 log;o on Day 4 to 7.53 log; £ 0.71 log;o on
Day 8, levels that were significantly greater than those seen in nasal washes. Bacteria in the blood
remained undetectable on Days 4 and 6, but were detected on Day 8, shortly before the mice suc-
cumbed. In mice infected with only S. pneumoniae, relative bacterial counts in the lungs were
insignificant and the bacteria were cleared by Day 8. Pneumococcal-influenza co-infection did
not alter viral burden compared to mice infected with influenza virus alone (Fig 2D).

Cell and cytokine expression

In addition to measuring bacterial and viral lung burdens, we examined expression of various
immune cell subsets in lung tissues and bronchoalveolar lavage (BAL) of BALB/c mice. Of the
various cells examined (gating strategies shown in S4 Fig), monocytes, neutrophils, and inter-
stitial macrophages were found to be expressed at significantly greater levels in pneumococcal-
influenza co-infected mice compared to mice infected with either pneumococcus or influenza
virus alone, again primarily at a time point just before the mice succumbed to infection (Fig
3A-3F). There were no significant differences in expression of eosinophils, alveolar macro-
phages, or T cells between co-infected versus singly-infected mice that could account for
increased mortality during co-infection. IL-10, TNF-0, G-CSF and GM-CSF levels were also
found to be significantly greater in co-infected mice compared to mice infected with either
pathogen alone (Fig 3G-3J). These results suggest greater infiltration of inflammatory cells
into the lungs of superinfected mice, together with increased production of inflammatory
cytokines.

Deficiency in type-I and type-II IFN decreases susceptibility to co-infection

Mice deficient in either the type-I or type-II IFN pathway show increased survival from sec-
ondary pneumococcal infection following influenza compared to WT mice [8,9,15,16]. We
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Fig 3. Cell and cytokine profiles in the lungs of pneumococcal-influenza virus superinfected mice. BALB/c mice were infected with Spn on Day 0
and cell subsets in the lungs and BAL were analyzed on Days 2, 4, 6 and 8. In the second group, mice were treated with PBS on Day 0 and infected with
TAV on Day 2 and the lungs and BAL were analyzed on Days 4, 6 and 8. The third group was infected with Spn on Day 0 and IAV on Day 2, and then
analyzed on Days 4, 6, and 8. Numbers of (A-B) monocytes, (C-D) neutrophils and (E-F) interstitial macrophages were evaluated by flow cytometry.
Levels of (G) IL-1a, (H) TNF-0, (I) G-CSF, and (J) GM-CSF were evaluated in BALF by Luminex assay. Data are presented as mean + SD from 4
mice/group. Statistical analyses were performed by two-way ANOVA. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

https://doi.org/10.1371/journal.ppat.1009405.9003
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Statistical analyses for (D-H) were performed by two-way ANOVA. *P<0.05; **P<0.01, ****P<0.0001; ns = not significant. The data in (A,B,G, and H) were
pooled from two independent experiments.

https://doi.org/10.1371/journal.ppat.1009405.9004

therefore tested whether such animals would also demonstrate heightened resistance in our
model of bacterial infection followed by viral challenge. C57BL/6 IFNafR” and IFN-yR1™"
mice were inoculated with 10° CFU of S. pneumoniae A66.1 on Day 0 and 50 PFU of HIN1
CAO04 virus on Day 2, followed by daily monitoring for weight loss and survival. While WT
mice all succumbed to co-infection (Fig 1), each KO strain demonstrated approximately 40%
survival (Fig 4A and 4B). Similar partial resistance to co-infection was observed utilizing
BALB/c IFNaBR” mice (S5A and S5B Fig) as well as C57BL/6 and BALB/c IFN-y” mice
(S6A-S6D Fig). However, use of mice lacking both cytokine pathways (C57BL/6 IFNoaR "~
IEN-yR1”" double KO mice) revealed significantly increased resistance such that nearly all of
these animals survived superinfection (Fig 4A and 4B). KO mice infected with either pathogen
alone all survived (S5A and S5B and S6A-S6D Fig). Absence of type-I IFN signaling did not
affect expression of type-II IFN in this model. These data indicate that both type-I and type-II
IFNs play critical and possibly complementary roles in mediating susceptibility in the bacte-
rial-viral co-infection model. In addition to mortality, we performed histopathology analysis
of Day 7 lung tissues. The IFNaR " IEN-yR1”" double KO mice exhibited significantly less
tissue pathology compared to WT mice after co-infection (Fig 4C, panels i versus iv). Mice
lacking just one IFN pathway (IFNaR” or IFN-yR1”" mice) (Fig 4C, panels ii and iii) also
showed significant differences from WT mice, indicating that both cytokines play roles in loss
of tissue integrity during co-infection, yet mice deficient in both cytokine pathways displayed
the least amount of damage (Fig 4D). We also measured total protein (Fig 4E) and albumin
(Fig 4F) in BALF as indicators of barrier integrity and the results confirmed the histology anal-
ysis. Evaluation of Day 7 bacterial burdens showed low levels of pneumococci in both nasal
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washes and lung homogenates of all KO mice (Fig 4G and 4H). Increases in nasal wash bacte-
rial levels were seen only in the presence of type I IFN signaling (only in IFN-yR1”" mice but
not IFNaBR”" mice nor IFNaBR”" IFN-y”" mice) while significant increases in lung bacterial
numbers were observed only in the presence of the type II IFN signaling pathway (only in
IFNoBR ™" mice) (S7 Fig). Thus, increased colonization was dependent upon the presence of
type I IEN signaling, in agreement with the results of others [8]. Notably, no bacteria were
detectable in the blood of any of the mice.

Staggered neutralization of both type-I and type-II IFN rescues wild-type
mice

Based on the above results, we measured expression of IFN-co, IFN-f and IFN-y in lungs of
BALB/c and C57BL/6 WT mice on Days 2-8 following pneumococcal-influenza co-infection
(Fig 5A-5F). IFN-a reached maximal levels on Day 4 in both strains of mice while the peak of
IFN-B expression was delayed in BALB/c mice (Fig 5A and 5B). It is of interest that IFN-f was
induced in C57BL/6 mice only after coinfection, but not after infection with pneumococci or
influenza virus alone. Expression of both type I IFNs was much greater in C57BL/6 mice com-
pared to BALB/c mice. These differences appear to correlate with the differential survival
kinetics of the two strains after coinfection (Fig 1). IFN-y levels increased after Day 4 and con-
tinued to increase through Day 8 in both BALB/c (Fig 5C) and C57BL/6 mice (Fig 5F). These
data show that type-I IFN was upregulated early during co-infection while type-II IFN was
induced later in the infection process.

Exploiting the differential kinetics of IFN expression, we next designed a study to determine
whether mAb-mediated neutralization of type-I and type-II IEN pathways, either alone or in
combination, could be used therapeutically following pneumococcal-influenza superinfection
to enhance survival. Anti-IFNofR mAD alone, anti-IFN-y mAb alone, or both mAbs were
administered to mice over several days, either early after co-infection or at later time points.
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Fig 5. Expression of type-I and type-II IFNs in pneumococcal-influenza virus superinfected mice. BALB/c and C57BL/6 mice were infected with §.
pneumoniae on Day 0 and IAV HIN1 CA04 on Day 2 and whole lung tissue samples were collected on Days 2, 4, 6 and 8. Day 2 sampling was performed before
TAV infection. Quantification of type-I IFNs was performed by RT-qPCR and type-II IEN by IFN-y ELISA. Expression of IFN-oo mRNA in BALB/c (A) and
C57BL/6 (D) lung tissues on Days 2, 4, 6 and 8. Expression of IFN-f mRNA in BALB/c (B) and C57BL/6 (E) lung tissues on Days 2, 4, 6 and 8. Expression of
IFN-y in BALB/c (C) and C57BL/6 (F) BALF on Days 2, 4, 6, and 8. Data are presented as means * SD from 4 mice/group. Statistical analyses were performed by
two-way ANOVA. P>0.05; *P<0.05; **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.ppat.1009405.g005
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Fig 6. Therapeutic neutralization of IFN-af and IFN-y pathways in pneumococcal-influenza virus superinfected mice. (A,B) C57BL/6
mice were infected with pneumococci on Day 0 and influenza virus on Day 2. There were 7 experimental groups (18 mice/group): mice
received PBS, a-IFNofR mAb or o-IFN-y mAb early after infection (Days 0, 1, 2, and 3) together with PBS, o-IFNoR mAb or o-IFN-y
mAD late after infection (Days 4, 6, 8, 10 and 12) as indicated in the figure. Survival data were analyzed by log-rank Mantel-Cox test. The
data were pooled from two independent experiments. (C-F) BALF were analyzed for markers of tissue integrity: (C) total protein, (D)
albumin, (E) LDH activity and (F) nitrite in the following treatment groups: PBS-PBS, a.-Type-I IEN/PBS, PBS/o.-Type-II IFN, and o-Type-
ITFN/o-Type-II IFN. Data are presented as mean + SD from 8 mice/group. (G) Lung tissue histopathology analysis on Day 5 after co-
infection. (i), naive mouse; (ii) mouse treated with PBS (iii) mouse treated with a-Type-I IFN/PBS; (iv) mouse treated with PBS/o-Type-II
IFN; and (v) mouse treated with o-Type-I IEN/o.-Type-II IFN. 20X magnification, scale = 100pum. Also shown is the representative gross
pathology of the whole lungs; and (vi) Pathology scoring for 4 mice/group. Statistical analyses were performed by two-way ANOVA.
"P>0.05; *P<0.05; **P<0.01, *** P<0.001; ****P<0.0001; ns = not significant.

https://doi.org/10.1371/journal.ppat.1009405.g006

All PBS-treated control animals died by Day 12 (Fig 6A and 6B). Treatment with one mAb
alone either early or late during co-infection resulted in about 20% survival. However, anti-
IFNofBR mAb given early after co-infection together with anti-type-II IFN mAb given at later
time points increased survival to approximately 60% (Fig 6A and 6B). This therapeutic combi-
nation was consistent with the differences in kinetics of cytokine expression seen above.
Reversing the sequence (anti-type-II IFN mAb given early and anti-IFNafR mAb given later)
was significantly less effective and resulted in only about 20% survival, similar to what was
observed after treatment with either mAb alone.

To investigate the impact of type-I and type-II IFN neutralization on tissue integrity, we
assessed total protein, albumin, lactate dehydrogenase (LDH) and nitrite in BALF (Fig 6C-
6F). Four animal groups were examined: mice treated with PBS, mice treated with only anti-
IFNofR mAb early, mice treated with only anti-type-II IFN mAD late, or mice treated with
both anti-IFNafR mAb early/anti-type-II IFN mAb late. Compared to PBS-treated mice, all
mADb-treated mice showed improved epithelial barrier function as evidenced by lower levels of
total protein, albumin, LDH and nitrite in BALF. Consistent with the survival results, mice
treated therapeutically with both mAbs showed the least amount of barrier damage.

Gross pathology showed that lung damage was obvious in PBS-treated, superinfected mice
(Fig 6G, panel ii), compared to uninfected mice (Fig 6G, panel i). In agreement with the data
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in Fig 6C-6F, histology scores analyzed on Day 5 after co-infection were lower in mice treated
with anti-IFNofR mAb early or anti-type-II IFN mADb late (Fig 6G, panels iii, iv, and vi). How-
ever, the histology scores were lowest in mice treated with a combination of both anti-IFNafR
mAb early/anti-type-II IFN mAb late (Fig 6G, panels v and vi). Mice treated with only PBS
began dying shortly thereafter, but we could examine lung inflammation in mAb-treated ani-
mals as late as Day 13. Similar to the observations on Day 5, animals treated with a combina-
tion of anti-type-I and anti-type-II IFN pathway mAbs exhibited the least amount of tissue
damage at this time point (S8 Fig, panels i to vi). Taken together, these results demonstrate the
complementary roles of type-I and type-II IFNs in mediating lung tissue damage during bacte-
rial-viral superinfection and the ability of appropriately-timed, combination mAb therapy to
prevent such tissue damage.

Superinfection with colonizing serotype 14 S. pneumoniae and PR8
influenza virus

It was important to determine whether the above results could be generalized to a different
pneumococcal-influenza co-infection model. To test this, we colonized mice with 2x10° CFU
of serotype 14 S. pneumoniae (strain TJ0983) and 48 h later, challenged with 10 or 100 PFU of
PR8 virus. Following colonization in the absence of viral challenge, pneumococci were
detected only in the nasal wash, and the bacteria had not disseminated to the lung or blood
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Fig 7. Effects of type-I and type-II IFNs during colonization with serotype-14 S. pneumoniae followed by superinfection with PR8 influenza virus. (A) C57BL/6
mice were colonized with 2x10° CFU of serotype 14 S. pneumoniae and bacterial burdens in the nasal washes, blood and BALF were determined two days later. (B) On
Day 2 post-colonization, mice were infected with 10 or 100 PFU of PR8 influenza virus and survival was monitored. Mice were also infected with influenza virus only
to ensure that mortality was not due to viral infection. On the indicated days post-influenza virus co-infection, bacterial burdens were assessed in the BALF (C) and
blood (D) and influenza virus titers were determined in the BALF (E). A minimum of 4 and 5 mice were used in each experimental group to assess bacterial burden
and survival, respectively. Statistical analyses were performed by two-way ANOVA. * P<0.05; ** P<0.01. (F,G) C57BL/6 WT (n = 12), C57BL/6 IFNafR” (n = 11),
IFN—YRI'/ “(n=11)and IFNuBR'/'IFN—le'/' (n = 8) mice were monitored for (F) survival and (G) weight loss following intranasal infection with 2 x 10° Spn on Day 0
and 100 PFU of PR8 IAV on Day 2. (H,I) C57BL/6 WT mice were infected with S. prneumoniae serotype 14 on Day 0 and influenza virus on Day 2. Mice received PBS,
o-IFNaBR mADb or oIFN-y mAb early after infection (Days 0, 1, 2, and 3) together with PBS, a-IFNoR mAb or o-IFN-y mAb late after infection (Days 4, 6, 8, 10 and
12) as indicated in the figure. 10 mice/group, except the PBS control group which included 14 mice. All survival data were analyzed by log-rank Mantel-Cox test.
*P<0.05; **P<0.01, ***P<0.001.

https://doi.org/10.1371/journal.ppat.1009405.9007
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(Fig 7A). After inoculation of 10 PFU PR8 influenza virus, all of the mice survived while 75%
of the colonized mice inoculated with 100 PFU of PR8 virus died (Fig 7B), indicating that sus-
ceptibility is dependent on the infectious dose. To determine if impaired bacterial or viral
clearance caused loss of resistance, BALF and blood were harvested at various time points
from mice colonized with S. pneumoniae only or infected with both pathogens. S. pneumoniae
CFUs were at the lower limit of detection in both the BALF and blood of mice colonized only
with pneumococci; however, bacterial outgrowth occurred in co-infected mice on days 7 and
10 in the BALF (Fig 7C) and on Day 10 in the blood (Fig 7D). There were no significant differ-
ences in the viral titers between influenza virus-infected and co-infected mice (Fig 7E).

We next tested C57BL/6 WT, IFNoR” TFN-yR1”", IFNofR " and IFN-yR1”" mice for
morbidity and mortality following infection with 2 x 10° CFU of serotype 14 S. pneumoniae on
Day 0 and 100 PFU of PR8 virus on Day 2. While 80% of WT mice succumbed to co-infection
(Fig 7F), mice deficient in type-I or type-1I IFN signaling pathways demonstrated approxi-
mately 28% mortality (Fig 7F and 7G). Mice lacking both IFN pathways demonstrated 100%
survival after superinfection (Fig 7F), similar to what was seen above in the serotype 3 pneu-
mococcus-CA04 virus co-infection model. All WT and KO mice infected with either pathogen
alone survived. These data confirmed the critical and complementary roles of type-I and type-
IT IFNSs in facilitating susceptibility in bacterial-viral co-infection.

We further explored whether mAb-mediated neutralization of type-I and type-II IFN path-
ways, either alone or in combination, could be used therapeutically for protection of WT mice
against serotype 14 S. pneumoniae-PR8 virus co-infection. Treatment with anti-IFNoR mAb
alone, anti-IFN-y mAb alone, or both mAbs was tested either early after co-infection or at later
time points, as in our earlier experiments with serotype 3 pneumococcus-CA04 virus superin-
fection (Fig 6). Approximately 80% of the PBS-treated control mice died by Day 17 (Fig 7H).
Treatment with either mAb alone resulted in about 50% survival in all cases. However, anti-
IFNofR mAb given early after co-infection together with anti-IFN-y mAb given at later time
points increased survival to approximately 90% (Fig 7H and 7I). Reversing the sequence (anti-
type-II IFN mAb given early and anti-type I mAb given later) was less effective and resulted in
only about 60% survival, similar to what was observed following treatment with either mAb
alone. Although the differences between groups treated with single mAbs versus both mAbs
were not statistically significant, there was clear trend towards delayed mortality and overall
increased survival in the group inoculated with IFNoR mAD early after co-infection together
with anti-IFN-y mAb given later.

Discussion

Our results demonstate that in vivo mAb-mediated neutralization of both type-I and type-II
IFN pathways is highly effective in increasing resistance and survival of mice to bacterial-viral
superinfection. We used two mouse models of S. pneumoniae infection in which the bacteria
remained in the upper respiratory tract until sublethal influenza virus challenge two days later,
which then caused aspiration of the bacteria into the lungs and lethal disease. Neutralization of
the type-I IFN pathway early during the co-infection process to prevent virus-induced inflam-
mation was highly effective in decreasing lung damage and enhancing survival, but only when
combined with neutralization of type-II IFN later during co-infection to allow effective lung
bacterial clearance.

We attempted to mimic human bacterial-viral co-infection using a nasopharyngeal carriage
model in which a sublethal dose of S. pneumoniae was inoculated locally in a low volume to
allow colonization of the upper respiratory tract but not infection of the lungs. The animals
were then challenged with a sublethal dose of influenza virus two days later, before the bacteria
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were cleared by the host immune system [21]. Using two different strains of pneumococcus
and two different strains of influenza virus, we found that bacteria entered the lung within 48
h after virus co-infection and then caused lung damage, bacteremia and mortality. In healthy
humans, S. pneumoniae often colonize the nasopharynx without causing overt disease. The
duration of such colonization in the pediatric population may be as short as 7 days to as long
as 50 days, and in adults, may be even shorter [22,23]. Under homeostatic conditions, immu-
nological mechanisms control pneumococcal growth during the colonization/carriage phase
but upon influenza infection, this control is lost [24,25]. Similar to the results of our experi-
ments, bacteria spread from the nasopharynx to the surrounding tissue following influenza,
ultimately causing bacteremia and severe life-threatening disease [17,26-29].

Synergy between S. pneumoniae colonization and subsequent viral infection has not been
widely studied in animal models. Most mouse models previously used to investigate lethal co-
infection, including in our own laboratory, have examined bacterial infection that is initiated
following influenza [7,9-12,14,15]. Nevertheless, we found that reversing the order of co-infec-
tion to better mimic human superinfection, i.e., pneumococcal colonization of the upper respi-
ratory tract followed by viral infection, also led to synergistic morbidity and mortality.
Although it is generally believed that humans become co-infected through influenza-induced
aspiration of colonizing bacteria [30], for convenience, bacteria are typically inoculated in ani-
mals directly into the lungs following influenza [9,15]. Use of animal models to understand the
pathways responsible for co-infection during influenza has been further complicated by other
factors, including: 1) the window of susceptibility to bacterial co-infection in humans is typi-
cally seen approximately 7-10 days after influenza virus infection, at a time when the virus is
being cleared by the immune system. However, some investigators have studied co-infection
of mice at various other times, including bacterial challenges as early as 3 days after viral infec-
tion [10,31,32], at a time when viral titers and lung inflammation are peaking, or several
months after influenza [33], and 2) mice have been challenged with different quantities of bac-
teria including very large amounts that are likely not seen in natural cases of human infection,
and which overwhelm the protective alveolar macrophage barrier, leading to active recruit-
ment of highly inflammatory neutrophils in a short period of time [31,34,35]. Unlike these
studies and most preclinical studies that examine protection against a single infectious disease,
sublethal doses of both pathogens were used for co-infections in our current study, again to
more realistically mimic human exposure. Mice infected with S. pneumoniae or influenza
virus alone did not develop lethal disease. Instead, superinfection allowed the microbes that by
themselves were not virulent, to become highly pathogenic and cause lethal infection in the
period of time typically seen in humans. Using this pneumococcal-influenza virus superinfec-
tion model, similar results were obtained in both C57BL/6 and BALB/c mice; the experiments
were therefore internally controlled for reproducibility.

It is likely that impaired barrier functions and tissue damage following outgrowth of pneu-
mococcus during co-infection is the main cause of lethality. Superinfected mice displayed sig-
nificantly greater numbers of monocytes, neutrophils and interstitial macrophages, as well as
increased levels of inflammatory cytokines, in the pulmonary tract compared to mice infected
with either pathogen alone. Increases in inflammatory cell numbers likely contributed to the
large amount of tissue damage observed in the superinfected animals. We made the observa-
tion that significantly greater numbers of interstitial macrophages were present in the lungs of
co-infected mice but not in S. pneumoniae or HIN1 CA04 singly-infected mice, in agreement
with Sabatel and colleagues [36]. Interstitial macrophages are known to secrete IL-1, IL-6, and
TNEF-a [37-39] and thus, could play a pathogenic role during S. pneumoniae-influenza super-
infection. A previous study reported that monocytes expressing TNF-related apoptosis-induc-
ing ligand cause lung damage and subsequent bacterial superinfection in influenza-S.
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pneumoniae co-infection [40]. In that study, bacterial superinfection also led to neutrophil
recruitment and TNF-o production, which is in agreement with our results, although the pre-
vious study reported that the recruited neutrophils and TNF-o production were beneficial in
controlling infection while in our experiments, increased levels of neutrophils and TNF-o. cor-
related with mortality, as was also shown in another report [41]. GM-CSF has been described
to have a beneficial role during influenza-S. aureus co-infection [41]. However, high levels of
GM-CSF in co-infected mice in the present study correlated with lethality. In BALB/c mice,
levels of alveolar macrophages can decrease during influenza-pneumococcal co-infection
[13,42] but we saw no changes in the expression of these cells following pneumococcal-influ-
enza co-infection compared to viral infection alone.

We have now shown for the first time that type-I and type-II IFN pathways act collectively
and in unison to mediate increased susceptibility to pneumococcal-influenza superinfection.
This was demonstrated using two complementary approaches—KO mice genetically deficient
in expression of the two IFN pathways as well as WT mice treated with neutralizing anti-IFN
mAbs. It was found that mice lacking both type-I and type-II IFN pathways were significantly
better protected from co-infection than mice lacking either pathway alone. Double-deficient
animals also showed decreased lung tissue damage as well as lower bacterial burdens in the
lungs and bloodstream. Of particular interest, we found that the most improved survival in
WT mice was obtained when anti-IFNofR mAb was injected early during co-infection and
anti-type-II IFN mAb was inoculated during later stages of co-infection. This finding agrees
with the dynamics of IFN expression seen in our superinfected mice and also with the reported
modes of action for each respective cytokine during secondary bacterial infection following
influenza. For type-I1 IFN, the Weiser group [8] has shown that virus-induced type-I IFN in the
upper respiratory tract induces inflammation which then allows bacteria in the nasopharynx
to enter the lungs. We have now confirmed the ability of type-I IFN-dependent inflammation
in the upper respiratory tract to increase bacterial colonization and spread into the lungs.
While some groups have reported an important role for type-I IFN in co-infection susceptibil-
ity [7-11], others have failed to observe this [15,43]. We believe that these differences could be
due to the differential virulence properties of the pathogen strains used as well as the use of
deep anesthesia, which could allow the bacteria to be delivered directly into the lungs without
arequirement for type-I IFN to accomplish this. Type-II IFN, on the other hand, has been con-
sistently found to directly inhibit macrophage function and maintenance of tissue integrity
through constraints on innate lymphoid cytokine expression, inhibition of scavenger receptor
expression, and in some mouse strains, increased rates of macrophage cell death
[6,8,13,15,18,42]. In addition to the roles of type-I and type-II IFN during superinfection,
other groups have described an important contribution for type-III IEN in mediating
enhanced susceptibility to co-infections. Although in-depth investigation into all of the contri-
butions of type-I, type-II, and type-III IFN pathways during pneumococcal-influenza superin-
fection is of interest, such studies would be complex and outside the scope of the current
study. Nevertheless, we are currently exploring the possible importance of type III IFN in our
pneumococcus-influenza virus co-infection mouse model.

In summary, our findings using murine bacterial colonization followed by influenza resolve
a current conundrum in the field regarding the relative importance of type-I and type-II IFNs
in bacterial-viral superinfection and have provided new insights into possible host-directed
approaches for treatment. Our study provides a novel basis for monitoring of patients for levels
of type-I and type-II IFNs during early and late stages of co-infection and for the use of
sequential mADb therapeutic strategies for management of bacterial superinfections during
influenza.
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Materials and methods
Ethics statement

Experimental animal protocols were in accordance with the Guide for the Care and Use of the
laboratory Animals, NIH. All animal studies were approved by the IACUC of Albany Medical
College (Protocol Number: 17-03006 and 20-04001).

Mice

BALB/c and C57BL/6 WT mice were purchased from Jackson Laboratories (Bar Harbor, ME),
as were C57BL/6 IFN-y”~ (strain 002287), BALB/c IFN-y”*(strain 002286), C57BL/6 IFN-
YR17" (strain 003288), C57BL/6 IFNAR™" (strain 010830), and C57BL/6 IFNAR”TFN-yR1”"
KO mice (strain 029098). BALB/c IFNAR™" mice were originally provided by Daniel Portnoy
(University of California, Berkeley, CA). All mice were bred at Albany Medical College under
specific pathogen-free conditions within individually ventilated cages and adult animals of
both sexes were used in the experiments.

Mouse bacterial-viral co-infection model

Stocks of strain A66.1 S. pneumoniae serotype 3 and HIN1 A/California/04/2009 (CA04) virus
were stored at -80°C until use. Mice were lightly anesthetized with isoflourane and then inocu-
lated intranasally with 10> colony forming units (CFU) of pneumococci in 20 uL of PBS. After
48 h, the mice were again anesthetized with isoflourane and infected intranasally with 50 pla-
que forming units (PFU) of HIN1 CA04 virus in 40 pL of PBS. Mice infected with pneumo-
cocci alone received PBS intranasally on Day 2 rather than virus; mice infected with CA04
alone received PBS intranasally on Day 0. The animals were observed daily for weight loss,
clinical signs of disease, and survival for a period of 20 days.

Some experiments tested the possibility that intranasal inoculation of PBS on Day 2 caused
washing of bacteria from the upper respiratory tract into the lung independently from viral
infection. For this purpose, mice were infected with 20 uL of 10> CFU pneumococci and then
48 h later, were inoculated intranasally with PBS or CA04 virus in a total volume of 10, 20, or
40 pL. The animals were sacrificed either within 5 min or 48 h later, and analyzed for bacterial
burden in the respiratory tract.

In further experiments, serotype 14 S. pneumoniae (strain TJ0983) and PR8 (A/Puerto
Rico/8/34-H1N1) influenza virus were used to establish a second co-infection model. As
above, lightly anesthetized mice were first inoculated intranasally with 20 puL of PBS containing
2x10° CFU of serotype 14 S. pneumoniae. Two days later, anesthetized mice were infected with
either 10 or 100 PFU of PR8 influenza virus in 40 uL of PBS. Control animals were treated
with equivalent volumes of PBS.

Bacterial and viral burden analyses

To measure bacterial burden, mice were bled from the retro-orbital plexus and then eutha-
nized with sodium pentobarbitol to collect nasal washes and lungs. A cannulated needle was
inserted into the trachea and nasal washes were collected in 1 ml PBS. Lungs were mechani-
cally homogenized in 1 ml of PBS. The collected samples were then serially diluted and plated
on blood agar plates for enumeration of CFU. Viral burdens in lung homogenates were deter-
mined by plaque assay on Madin-Darby canine kidney cells.
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Flow cytometry analysis

Single cell suspensions from lungs and bronchoalveolar lavage (BAL) were incubated with
FcyRII/III block (2.4G2 mAb) for 15 min and then stained with anti-mouse mAbs followed by
staining with Fixable Viability Dye (eFluor 780; eBioscience) to differentiate live and dead
cells. Stained cells were analyzed on a BD FACS Canto or BD LSR II using FACSDiva and
Flow]o software for data analysis. The mAbs used for staining were anti-CD3 (clone 17A2,
APC, BioLegend), anti-CD11b (clone M1/70, PerCP-Cy5.5, BD Biosciences), anti-CD11c
(clone N418, Pac Blue, BioLegend), anti-Siglec-F (clone E50-2440, PE, BD Biosciences), anti-
MHC class-II (clone M5/114.15.2, Pac Orange, BioLegend), anti-Ly6C (clone HK 1.4, APC,
eBioscience), anti-Ly6G (clone 1A8, FITC, BD Biosciences), anti-CD4 (clone GK 1.5, FITC,
BioLegend), anti-CD8 (clone 53-6.7, PE, BD Biosciences), and anti-Dx5 (clone DX5, Pac Blue,
BioLegend).

Cytokine analysis

Cytokines in BAL fluid (BALF) were analyzed by a Luminex multiplex bead-based assay (Bio-
Rad Laboratories Inc, USA). Type-I IFNs were measured in whole lungs by quantitative
reverse transcriptase PCR (RT-qPCR) using Qiagen RNeasy Plus kits. The relative gene abun-
dance was calculated using the AACt method with B2 microglobulin (32M) as a housekeeping
control. Primers were, IFN-o:: 5-CTGGCCAACCTGCTCTCTAG-3’, 3'-CTCCTGCGGGA
ATCCAAAGT-5', IFN-f: 5-CAGCCTGGCTT CCATCATGA-3/, 3-TTCCATTCAGCTGC
TCCAGG-5'. Levels of IFN-y in BALF were determined using an IFN-y ELISA kit per the
manufacturer’s protocol (R&D Systems).

Histopathology analysis

For analysis of lung pathology, lung tissues were fixed in 10% formalin and 5 pm sections were
prepared and stained with hematoxylin and eosin (H&E). A scoring system was used based
upon previous influenza studies [44-46]. Ten fields of lung sections were randomly chosen
and scored as previously described [47]. Images were captured using an Olympus BX41 micro-
scope under 20X magnification and CellSense software. Total protein concentrations in BALF
were analyzed using a Pierce BCA protein assay kit (Thermo Scientific). Nitrite levels were
quantified using a Griess kit (Life Technologies). The BCG albumin assay kit (Sigma-Aldrich)
was used to determine albumin and the Lactate Dehydrogenase (LDH) Activity Assay Kit
(Sigma-Aldrich) was used to assess LDH levels.

In vivo mADb neutralization

The mouse type-I and type-II IFN pathways were neutralized by intraperitoneal inoculation of
500 pug/mouse of MAR1-5A3 anti-IFNoBR and 600 pg/mouse of XMG1.2 anti-IFNy mAbs
(BioXCell), in 200 uL PBS/day. The mAbs were injected on Days 0, 1, 2, and 3 and/or Days 4,
6, 8, 10 and 12 after pneumococcal infection, as specified in the Results section. All treatments
were carried out in a double-blind manner using mAb preparations coded by an independent
investigator. Mortality and weight loss were monitored daily until day 20.

Statistical analysis

All statistical analyses were performed using GraphPad Prism version 8.0 (Graphpad Soft-
ware). Kaplan-Meier survival curves were analyzed using the log-rank Mantel-Cox test and
weight loss data were analyzed using a two-tailed Mann Whitney U test. Protein expression
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and histology between multiple groups was analyzed by two-way ANOVA with Bonferroni’s
multiple comparisons. P<0.05 was considered to be statistically significant.

Supporting information

S1 Fig. Influence of different virus inoculum volumes on bacterial spread. Influenza virus
or PBS was inoculated intranasally to colonized mice in volumes of 10, 20, or 40 pL and lung
bacterial loads were assessed within 5 min (A) or 48 h (B). Statistical analyses were performed
by two-way ANOVA. P>0.05; ns = not significant.

(TIF)

S2 Fig. Influenza-induced influx of inflammatory neutrophils into the nasal cavity. (A)
Protocol for infection and nasal wash sampling. (B) Levels of Ly6G"CD45" neutrophils in
naive mice, Spn-colonized mice, IAV-infected mice, and co-infected mice. Statistical signifi-
cance was assessed using the two-way ANOVA. ** indicates P<0.01. (C) Representative flow
cytometry histogram depicting the Ly6G*CD45" neutrophil population in the nasal wash of
an IAV-infected mice. (D) Representative immunofluorescence image of Ly6G™ neutrophils in
an IAV-infected mouse. Ten microliter sample of nasal wash was spread onto a glass slide,
fixed and stained with DAPI blue (i), anti-Ly6G mADb, green (ii) and both (iii).

(TIF)

S3 Fig. Bacterial burdens of nasal wash of S. pneumoniae alone (Spn-PBS) and co-infected
(Spn-TIAV) mice. (A,B) Statistical analysis of nasal wash bacterial burdens in mice infected
with S. pneumoniae alone (Spn-PBS), co-infected with serotype 3 S. pneumoniae and CA04
IAV (Spn-IAV) on Days 4, 6, and 8. The results show an increase in bacterial colonization on
Days 6 and 8 following IAV co-infection but no changes in bacterial levels within each group
over time. Statistical analyses were performed by two-way ANOVA. *P<0.05; ***P<0.001;
**#*P<0.0001; ns = not significant.

(TIF)

S4 Fig. Gating strategies for (A) myeloid cells and (B) lymphoid cells in BALB/c mice after
infection.
(TIF)

S5 Fig. Susceptibility of BALB/c mice deficient in the type-I IFN pathway to pneumococ-
cal-influenza virus superinfection. (A, B), BALB/c WT and IFNoBR " mice were infected on
Day 0 with Spn alone, on Day 2 with IAV alone, or co-infected on the indicated days and mon-
itored for (A) survival and (B) weight loss. 4-7 co-infected mice/group; 2—4 singly-infected
mice/group. Survival data were analyzed by log-rank Mantel-Cox test. *P<0.05.

(TIF)

S6 Fig. Susceptibility of C57BL/6 and BALB/c mice deficient in type-II IFN to pneumococ-
cal-influenza virus superinfection. (A, B), C57BL/6 WT and IEN-y”" mice were infected on
Day 0 with Spn alone, on Day 2 with IAV alone, or co-infected on the indicated days and mon-
itored for (A) survival and (B) weight loss. 6-7 co-infected mice/group; 4 singly-infected mice/
group. (C, D), BALB/c WT and IFN-y”" mice were infected on Day 0 with Spn alone, on Day
2 with TAV alone, or co-infected on the indicated days and monitored for (C) survival and (D)
weight loss. 5 co-infected mice/group; 3 singly-infected mice/group. Survival data were ana-
lyzed by log-rank Mantel-Cox test. *P<0.05; **P<0.01; ***P<0.001.

(TIF)
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S7 Fig. Bacterial burdens in nasal washes and lungs of IFNapR”", IFN-yR1”" and IFNap-
R IEN-yR1”" mice after infection with S. pneumoniae alone (Spn-PBS) or S. pneumoniae-
influenza virus co-infection (Spn-IAV). Nasal washes (A) and lung tissues (B) were analyzed
on Day 7 after infection. Statistical analyses were performed by two-way ANOVA. *P<0.05;
***P<0.001; ****P<0.0001; ns = not significant.

(TIF)

S8 Fig. Lung tissue histopathology analysis after completion of treatment. (i) naive mouse;
(ii) mouse treated with PBS and analyzed on Day 5 after co-infection; (iii) mouse treated with
o-Type-I IFN/PBS and analyzed on Day 13 after co-infection; (iv) mouse treated with PBS/o.-
Type-II IFN and analyzed on Day 13 after co-infection; and (v) mouse treated with a-Type-I
IFN/o.-Type-II IFN and analyzed on Day 13 after co-infection. 20X magnification,

scale = 100um. Also shown is the representative gross pathology of the whole lungs; and (vi)
Pathology scoring for 4 mice/group. Statistical analyses were performed by two-way ANOVA.
**P<0.01, ****P<0.0001; ns = not significant.

(TIF)
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