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Role of Tissue Protection in Lethal
Respiratory Viral-Bacterial Coinfection

Amanda M. Jamieson,?*t1 Lesley Pasman,*t Shuang Yu,* Pia Gamradt,? Robert ]. Homer,>*

Thomas Decker,? Ruslan Medzhitov®*

Secondary bacterial pneumonia leads to increased morbidity and mortality from influenza virus
infections. What causes this increased susceptibility, however, is not well defined. Host defense
from infection relies not only on immune resistance mechanisms but also on the ability to tolerate
a given level of pathogen burden. Failure of either resistance or tolerance can contribute to
disease severity, making it hard to distinguish their relative contribution. We employ a coinfection
mouse model of influenza virus and Legionella pneumophila in which we can separate resistance
and tolerance. We demonstrate that influenza virus can promote susceptibility to lethal bacterial
coinfection, even when bacterial infection is controlled by the immune system. We propose that
this failure of host defense is due to impaired ability to tolerate tissue damage.

esistance and tolerance are two distinct

strategies of host defense from infec-

tions: the former is based on pathogen
detection and elimination, whereas the latter re-
lies on host adaptation to a given level of path-
ogen burden (/—4). This distinction is important
because infectious disease morbidity and mor-
tality can be due to failed resistance or failed
tolerance, which may, in turn, dictate different
therapeutic options. Thus, a lethal outcome of
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microbial infection is usually ascribed to either
high pathogen virulence or low host resistance
(for example, caused by immunosuppression or
immunodeficiency). Pathogen virulence can be
due to direct damage to the host by toxins and
virulence factors (intrinsic virulence) or, more
commonly, due to excessive inflammatory re-
sponse with collateral tissue damage (extrinsic
virulence). However, insufficient tissue protec-
tion and repair could also be an important con-
tributor to infectious disease phenotypes (4).
The upper respiratory tract is exposed to nu-
merous pathogens simultaneously, and viral-
bacterial coinfection in the lung is a common
clinical manifestation [reviewed in (5—8)]. Com-
plications from secondary bacterial infection are
a leading cause of morbidity and mortality as-
sociated with influenza virus infection (5-8).
Influenza virus can suppress the immune re-
sponse to a bacterial infection, which can lead to
increased bacterial load and decreased survival.
This has been shown in both clinical studies and
mouse models for multiple bacterial pathogens,

including Streptococcus pneumoniae, Haemophilus
influenzae, S. pyogenes, and Staphylococcus aureus
[reviewed in (5—8)]. Bacterial overgrowth in
these models complicates the analysis of other
possible causes of morbidity and mortality. There-
fore, we sought an alternative model of coinfec-
tion lacking this complication.

Legionella pneumophila has recently been
recognized as a clinically relevant complication
of influenza virus infection (9). When mice were
infected with a sublethal dose of influenza virus
and then coinfected with a sublethal dose of
L. pneumophila, 100% of coinfected mice died
within 1 week of coinfection, whereas all mice
survived single infections (Fig. 1A). An estab-
lished viral infection was necessary for lethal-
ity, because mice infected with influenza at
the same time or 3 days after infection with
L. pneumophila survived coinfection (Fig. 1A).
A resolved influenza virus infection no longer
affected the ability to survive coinfection with
L. pneumophila, because mice infected with
bacteria 10 or 14 days after viral infection also
survived (Fig. 1A). The mice coinfected with
L. pneumophila 3 days after influenza virus in-
fection also had other signs of morbidity, includ-
ing decreased body weight and temperature (Fig. 1,
B and C).

Importantly, despite the dramatic difference
in host survival, there was no significant differ-
ence in the viral or bacterial pathogen burden after
single infections or coinfections (Fig. 1, D and
E). Moreover, there was no detectable systemic
dissemination of influenza or L. pneumophila
after infections (fig. S1). These results indicate
that lethal synergy between influenza virus and
L. pneumophila was not due to impaired resist-
ance to either of these pathogens. This is in
contrast to coinfections with influenza virus and
opportunistic bacterial pathogens where bacteri-
al overgrowth and systemic dissemination are
commonly observed (5-8, 10—13).
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To further address the role of pathogen vir-
ulence, we used an attenuated mutant strain of
L. pneumophila, which lacks the Dot/Icm type
IV secretion system and is therefore unable to
secrete virulence factors (/4). Administration
of dot4 mutant or thymidine auxotroph (LP02)
L. pneumophila, which are severely attenuated
in vivo, still resulted in 100% mortality of co-
infected mice (Fig. 1F and fig. S2) (/4). These
results indicate that bacterial virulence or growth
is not essential for lethal synergy of influenza—
L. pneumophila coinfection. Furthermore, mor-
tality is unlikely to be due to failed immune
resistance. However, administration of formalin-
inactivated influenza virus did not synergize
with the subsequent L. pneumophila coinfec-
tion (Fig. 1G), indicating that a productive virus
infection is necessary to make the host sensi-
tive to secondary bacterial infection. Moreover,
treatment of mice with neuraminidase inhibitors
(NAIs) increased survival and decreased weight
loss and hypothermia after coinfection (fig. S3,
A to C), presumably because NAls suppressed
viral load (fig. S3D) (195).

We next examined whether mortality of
influenza—L. pneumophila coinfection was due
to excessive inflammatory response. Influenza
virus activates three innate immune signaling
pathways: the (i) Toll-like receptor—-MyD88, (ii)
RIG-I-interferon-0/B, and (iii) Nlrp3—caspase-
l—interleukin-1 pathways (TLR, Toll-like recep-
tor; IFN, interferon; IL, interleukin) (16, 17).
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Fig. 3. Increased tissue damage in coinfected lungs. (A) Survival of
TIr2™/Tlr4™~ and C57BL/6 mice coinfected with the LPO2AdotAAflaA strain of
L. pneumophila. (B) Types of infiltrating cells in BALF of TIr2”7/Tir4”~ and
C57BL/6 mice coinfected with strain LPO2AdotAAflaA 3 days after influenza
virus infection. (C) Amount of infiltrating immune cells in BALF of Tir2™7/Tir4™~
and C57BL/6 mice coinfected with strain LPO2AdotAAflaA 3 days after influenza
virus infection. (D) Red blood cells (RBCs) and (E) albumin in the BALF day 4

L. pneumophila is recognized by the innate im-
mune system via several mechanisms, includ-
ing the Naip5/Bircle-dependent pathway, which
requires an intact Dot/Icm secretion system, and
TLRs (18-22). Gene expression analysis of the
lungs after single infection and coinfection in-
dicated that some of the inflammatory genes,
including tumor necrosis factor—o, (TNF-0,), nitric
oxide synthase 2 (Nos2), and several chemokines,
were expressed at higher levels in coinfected
compared with single-infected mice (fig. S4).
TNF-a and IL-1p protein levels were also ele-
vated in the broncho-aveolar lavage fluid (BALF)
at day 3 after coinfection (Fig. 2A). Moreover,
there was a significant increase in neutrophil in-
filtration in the lungs of coinfected mice com-
pared with singly infected controls (Fig. 2, B
and C). TNF-a, IL-1B, Nos2, and neutrophils
are all known to play important roles in immu-
nopathology, including in the context of influ-
enza virus infection (23—25). However, we found
that genetic deletions of TNF-o, caspase-1,
MyD88, TLR2/4, and Nos2 or antibody-mediated
depletion of neutrophils or natural killer cells
did not rescue coinfected mice from mortality
(Fig. 2, D to J). Similarly, Rag2 " mice, which
lack an adaptive immune system, also succumbed
to lethal coinfection, indicating that lymphocyte-
mediated immunopathology is not essential for
the lethal outcome of coinfection (fig. S5A).
Virus-induced IFN-0/f can interfere with anti-
bacterial responses (26). However, IFN-0/8 re-

ceptor (IFNAR)—deficient mice (Ifinarl ") were
still susceptible to coinfection (fig. S5B). Rag2
and IFNAR knockout mice were also susceptible
to influenza infection alone, Nos2 *~ mice were
susceptible to 1nfect10n with L. pneumophila
alone, and Myd88 "~ mice were susceptible to
both single infections. However, in all cases, the
mortality from coinfections was kinetically dis-
tinguishable from that from single infections and
was similar to the mortality kinetics of wild-type
(WT) mice (Figs. 1A and 2, D to J, and fig. S5,
A and B). Finally, systemic treatment of the mice
with synthetic glucocorticoid dexamethasone
or antioxidant N-acetyl cysteine did not rescue
them from mortality of coinfection (fig. S5, C
and D). Collectively, the elimination of all major
immune and inflammatory pathways triggered
by either the viral or bacterial infection did not
rescue the lethal synergy. These results sug-
gest that the lethal outcome of coinfection in our
model was not solely due to excessive inflam-
matory response or immunopathology.

Because neither bacterial growth or virulence
nor host immune responses were individually
required to cause lethality in coinfection, we next
combined host immunodeficiency and bacteri-
al attenuation. We used a severely attenuated
L. pneumophila strain LP02AdotAAflaA, which
lacks flaA and dotA and is also a thymidine
auxotroph (27). This strain lacks flagellin and
is unable to replicate and secrete effectors, thus
lacking major immunostimulatory factors, except
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after bacterial infection in C57BL/6 mice infected with influenza virus and 3 days
later with the JR32AflaA strain. (F) Representative images of airways and (G)
histological damage scoring of lung sections 4 days after bacterial infection from
C57BL/6 mice infected with influenza virus and 3 days later with the JR32AflaA
strain. Data are combined from at least three independent experiments with at
least five mice in each group (*P < 0.05; **P < 0.001). Data were analyzed
using the logrank test, ¢ test, or ANOVA. Error bars represent SD from the mean.
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for cell-wall components detectable by TLR2
and TLR4. Therefore, we used this strain to
coinfect TLR2/TLR4 double-deficient mice.
T2 /Tl mice coinfected with influenza vi-
rus and LP02AdotAAflaA had a small increase in
survival compared with WT mice infected with the
same strain of bacteria (Fig. 3A); however, most
mice still succumbed to coinfection. 702~ /Tlr4 ™
mice coinfected with LPO2AdotAAflaA had de-
creased immune cell infiltrate into the BALF at
day 3 after infection, when compared with C57BL/6
mice infected with either LPO2AdotAAflaA or
Jr32AflaA (Figs. 2, Band C, and 3, B and C). Thus,
severely attenuated, nonreplicating L. pneumophila
still caused mortality in coinfected 71r2~"/Tlr4 "~
mice, despite almost a complete lack of immu-
nostimulatory signals.

The lethal outcome of influenza—L. preumophila
coinfection, despite normal control of pathogen
growth, suggests that the mortality could be due
to a failed tolerance to tissue damage caused by
coinfection. Coinfected mice had high levels of
red blood cells and albumin in the BALF (Fig.
3, D and E), indicating a damage to the lung
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Fig. 4. Targeting tolerance mechanisms in-
creases survival of coinfected mice. (A) Survival,
(B) weight loss, and (C) temperature of TIr2”/Tlr4 ™~
and C57BL/6 mice coinfected with the LPO2AdotAAflaA
L. pneumophila strain and treated with AREG daily.
(D) Albumin levels in BALF from coinfected mice
treated with AREG. (E) Histological damage scores,
(F) representative samples of lung airway histology,
and (G) percent area of inflammation per lung of co-
infected lungs from 7Ir2™7/Tlr4™~ and C57BL/6 mice
coinfected with the LPO2AdotAAflaA L. pneumophila
strain and treated with AREG. (H) PFUs and (I) CFUs
in the lungs of coinfected TIr2”7/Tir4™~ after treat-
ment with AREG. Data are combined from at least
three independent experiments with at least five
mice in each group (*P < 0.05; **P < 0.001). Data
were analyzed with the logrank test, t test, or ANOVA.
Error bars represent SD from the mean.

epithelial-capillary barrier (28). The lung epithe-
lial damage was further confirmed by histological
analysis (Fig. 3, F and G). The principal differ-
ence among the singly infected and coinfected
mice was in the degree of airway epithelial ne-
crosis, with the coinfected lungs having a signif-
icant increase in epithelial cell damage. Extensive
damage to the airway epithelia, with secondary
alveolar collapse (Fig. 3, D to G), is presumably
responsible for the mortality of the coinfection.

Consistent with the histological evidence of
lung tissue damage, a gene expression analysis
revealed that a cohort of genes involved in tis-
sue protection and repair was specifically down-
regulated in coinfected compared with singly
infected or uninfected mice. This cohort included
genes that are essential for tissue and cellular re-
pair and development in the lung, such as Mdk,
Adamts2, Timp4, Slpi, Mmp2, Mmp9, Vegfc, ltgh7,
and lrgal (29), as well as genes involved in stress
response in lung tissue, such as Gcent2, Hif3a,
Stral3, Hmox1, and Aifml (30) (fig. S6).

We next tested whether the defective expres-
sion of the tissue-repair program is responsi-

REPO

ble for mortality of coinfection. Amphiregulin
(AREQ), an epithelial growth factor family mem-
ber, was recently found to contribute to tissue ho-
meostasis in the lung during influenza infection
(31). Although AREG did not have a significant
effect in WT mice, administration of AREG to
Tlr2™"/Tlr4”" mice coinfected with influenza virus
and the LPO2AdotAAflaA strain of L. pneumophila
significantly increased survival while decreas-
ing weight loss and hypothermia (Fig. 4, A
to C). AREG treatment resulted in decreased
lung damage, as indicated by histopathological
analysis, decreased albumin level in the BALF,
and decreased pulmonary infiltrate (Fig. 4, D to
G). Importantly, AREG treatment significantly
decreased mortality of coinfection (Fig. 4A) but
did not affect the viral and bacterial burdens
(Fig. 4, H and I). The reason AREG admin-
istration did not rescue WT mice from coin-
fection is likely because, in this case, the disease
is too severe and may require a more optimal
regimen of AREG administration or, perhaps,
additional methods of promoting tissue pro-
tection and repair.
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Collectively, these results demonstrate that (i)
lethal synergy of influenza virus and bacterial
coinfection can result from loss of tolerance to
infection-induced tissue damage, (ii) morbidity
and mortality of coinfection can be independent
of pathogen burden or excessive inflammatory
response, and (iii) promoting tissue repair can,
in principle, rescue coinfected animals from
morbidity and mortality, even without affect-
ing pathogen burden. Finally, our influenza—
L. pneumophila coinfection model demonstrates
the distinction between resistance and tolerance
as separate host defense strategies that can both
contribute to morbidity and mortality of infec-
tious disease.
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Repeated Cortico-Striatal
Stimulation Generates Persistent

OCD-Like Behavior

Susanne E. Ahmari,"?3** Timothy Spellman,® Neria L. Douglass,> Mazen A. Kheirbek,-?
H. Blair Simpson,™3* Karl Deisseroth,® Joshua A. Gordon,™? René Hen"

Although cortico-striato-thalamo-cortical (CSTC) circuit dysregulation is correlated with
obsessive compulsive disorder (OCD), causation cannot be tested in humans. We used
optogenetics in mice to simulate CSTC hyperactivation observed in OCD patients. Whereas
acute orbitofrontal cortex (OFC)—ventromedial striatum (VMS) stimulation did not produce
repetitive behaviors, repeated hyperactivation over multiple days generated a progressive
increase in grooming, a mouse behavior related to OCD. Increased grooming persisted for

2 weeks after stimulation cessation. The grooming increase was temporally coupled with a
progressive increase in light-evoked firing of postsynaptic VMS cells. Both increased grooming
and evoked firing were reversed by chronic fluoxetine, a first-line OCD treatment. Brief but
repeated episodes of abnormal circuit activity may thus set the stage for the development

of persistent psychopathology.

CD is characterized by intrusive distressing

thoughts (obsessions) and/or repetitive

mental or behavioral acts (compulsions)
and is a leading cause of illness-related disability
(1, 2). Although the pathophysiology underlying
OCD is unclear, multiple lines of evidence im-
plicate dysregulation within cortico-striato-
thalamo-cortical (CSTC) circuits (3—6). Specifically,
functional imaging studies suggest that hyper-
activity in orbitofrontal cortex (OFC) and ventro-
medial striatum (VMS) is associated with OCD
pathology (5, 7, 8). Furthermore, successful treat-
ments are associated with reductions in hyperac-
tivity (9, 10). However, it is not known if OFC-VMS

hyperactivity can directly cause OCD symptoms,
because increased activity could represent adaptive,
homeostatic, or unrelated processes compensat-
ing for other primary abnormalities. We there-
fore used an optogenetic strategy to directly test
whether hyperstimulation of glutamatergic OFC-
VMS projections leads to OCD-like behaviors
in mice.

A Cre-inducible adenovirus-associated vec-
tor (AAV) carrying the gene encoding channel-
rhodopsin (ChR2) fused to enhanced yellow
fluorescent protein (EYFP) [pAAV-Efla-DIO-
ChR2 (H134R)-EYFP; referred to as DIO-ChR2]
(11) was stereotactically injected into OFC of

EMX-Cre transgenic mice to ensure specific ChR2
expression in cortical glutamatergic neurons (Fig.
1A) (12). Cortical Cre expression led to sustained
expression of ChR2-EYFP (Fig. 1B). Unilateral
473-nm stimulation through chronic fiber-optic
implants in OFC yielded lateralized increased
activation of the immediate early gene c-fos (P <
0.009) (Fig. 1, C and D), which demonstrated
in vivo cellular activation by laser stimulation.
Two weeks postinjection, EYFP staining was seen
in OFC cell bodies and axons projecting to VMS
(Fig. 1E), which indicated targeting of OFC-
VMS projections. In vitro recordings in cortico-
striatal slices demonstrated VMS field responses
after 473-nm laser stimulation of OFC axon ter-
minals in striatum (Fig. 1F). To verify adequate
stimulation of ChR2-expressing OFC-VMS ter-
minals in vivo, we implanted stereo opto-electrodes
(optrodes) into VMS that permit combined fiber-
optic stimulation and 32-channel simultaneous
recording of multiple single units (Fig. 1G). In
awake behaving mice, in vivo recordings dem-
onstrated robust VMS field responses after
473-nm laser stimulation of OFC axon termi-
nals in striatum (Fig. 1, H and I), which showed
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Tolerance Needed

It's a common enough occurrence: You're sick as a dog with a cold, but the person in the office next door just has

a few sniffles. What accounts for this difference? Most commonly, these sorts of differences are chalked up to
differences in resistance—perhaps you have higher viral loads than your office mate. But such differences can also
involve differences in the ability to tolerate the same amount of virus. Deciphering the contribution of resistance versus
tolerance, however, is difficult. Jamieson et al. (p. 1230, published online 25 April) studied a mouse model of viral

and bacterial co-infection where tolerance and resistance could be separated. Mice infected with influenza virus were
more likely to succumb to a secondary infection with Legionella pneumophila as a result of impaired tolerance to tissue
damage, rather than because of a difference in bacterial burden.
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