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Abstract

Introduction Influenza infects millions of people each year causing respiratory distress and death in severe cases. On aver-
age, 200,000 people annually are hospitalized in the United States for influenza related complications. Tissue inhibitor of
metalloproteinase-1 (TIMP-1), a secreted protein that inhibits MMPs, has been found to be involved in lung inflammation.
Here, we evaluated the role of TIMP-1 in the host response to influenza-induced lung injury.

Methods Wild-type (WT) and TimpI-deficient (Timpl~'~) mice that were 8—12 weeks old were administered A/PR/8/34
(PR8), a murine adapted HINI1 influenza virus, and euthanized 6 days after influenza installation. Bronchoalveolar lavage
fluid and lungs were harvested from each mouse for ELISA, protein assay, PCR, and histological analysis. Cytospins were
executed on bronchoalveolar lavage fluid to identify immune cells based on morphology and cell count.

Results WT mice experienced significantly more weight loss compared to TimpI~'~ mice after influenza infection. WT mice
demonstrated more immune cell infiltrate and airway inflammation. Interestingly, PR8 levels were identical between the WT
and Timp1~'~ mice 6 days post-influenza infection.

Conclusion The data suggest that TimpI promotes the immune response in the lungs after influenza infection facilitating an

injurious phenotype as a result of influenza infection.
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Introduction

Influenza is a highly contagious respiratory pathogen that is
characterized as a febrile illness causing cough, headache,
a general sense of malaise, and inflammation of the upper
respiratory tract [1]. Seasonal influenza infection results in
over 200,000 hospitalizations and 30,000-50,000 deaths in
the United States alone [2]. Globally, influenza infection is
a public health concern that necessitates annual vaccina-
tions for prevention [3]. Unfortunately, vaccinations can
sometimes be ineffective as seen in both the 2014-2015
and 2016-2017 flu seasons [4]. Moreover, the influenza
vaccine only provides temporary protection as the influenza
virus undergoes antigenic drift allowing mutated strains to
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evade the memory conferred by influenza immunizations
from prior years [1]. Furthermore, antigenic shift from re-
assortment of the viral genome originating from human and
swine viral genome along with avian viral genes has resulted
in novel influenza strains leading to the last three pandem-
ics [5].

Tissue inhibitor of metalloproteinase-1 (TIMP-1) is a gly-
coprotein belonging to the four-member family of TIMPs
(TIMP1 through TIMP4) [6, 7]. TIMPs are composed of
an N-terminal domain and C-terminal domain stabilized
by three disulfide bonds [8, 9]. The N-terminal portion of
TIMPs noncovalently binds to MMPs at the zinc-binding
domain facilitating inhibition of MMP proteolytic activity
[9, 10]. Although TIMP-1 is more known as an endoge-
nous inhibitor of matrix metalloproteinases (MMPs), it also
displays MMP-independent behaviors. TIMP-1 influences
proliferation of fibroblasts and keratinocytes, anti-apoptotic
activity in human Burkitt Lymphoma cell lines, anoikis in
human breast epithelial cells and differentiation of oligo-
dendrocyte progenitor cells independent of MMP activity
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[11-14]. Accordingly, CD63 has been identified as a recep-
tor for TIMP-1 [11].

TIMP-1 expression increases following bleomycin injury
and localizes to inflammatory foci of the injured lung sug-
gesting a role in regulating inflammation [12]. Moreover,
TIMP-1 deficiency confers protection to corneal infection
and lung injury from Pseudomonas aeruginosa in mice [13].
TIMP-1 has also been implicated in myocarditis resulting
from Coxsackievirus B3 infection and in exerting con-
trol over the migration of immune cells [14]. Herein, we
investigated the role of TIMP-1 in regulating lung inflam-
mation after influenza infection. Our results demonstrate
that TIMP-1 promotes the immune response resultant from
influenza-induced acute lung injury.

Methods

Mice Influenza Experiments

Wild-type (WT) and Timp1 deficient (TIMP1 ~/=y C57BL/6
mice were bred and housed in the Cedars-Sinai Medi-
cal Center vivarium. Mouse adapted HIN1 influenza, A/
PR/8/34 (PR8), was propagated within incubated embryo-
nated chicken eggs as previously described [15]. Stock PR8
was aliquoted and stored at — 80 °C. A working solution of
PR8 was made by diluting in PBS and maintained on ice
prior to infection. Adult male mice (8—12 weeks old) were
anesthetized with isoflurane followed by intranasal admin-
istration of PR8 (500 PFU in 50 pl). All animal experiments
were performed in accordance with the regulations of the
Institutional Animal Care and Use Committee at Cedars-
Sinai Medical Center.

Lung and Bronchial Alveolar Lavage (BAL) Fluid
Collection

Post-infection mice were euthanized with a mixture of keta-
mine (300 mg/kg) and xylazine (30 mg/kg) through intra-
peritoneal injection followed by cervical dislocation. An
incision in the trachea was made for placement of a 26-gauge
angiocath followed by instillation of 1 ml of sterile PBS.
The BAL was collected, and the process was repeated two
additional times (total instillation of 3 ml of PBS). After
centrifugation, the supernatant was collected and placed
in — 80 °C for downstream assays. BAL cell counts were
determined with an automated cell counter (Bio Rad TC
20™)_ Differential cell counts were determined with stand-
ard morphological criteria of cytospins stained using Dif-
ferential Quik Stain (Modified Giemsa) Kit (Polysciences
Inc; Warrington, PA).

After the BAL collection, left lungs were removed for
protein and RNA analysis. Right lungs were perfused and
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fixed with neutral buffer formalin (1:10) followed by paraf-
fin embedding and tissue sectioning. Sections (5 pm) were
stained with H&E (Newcomer Supply, Middleton, WI).

Protein Measurement in BAL

BAL IgM levels were quantified by ELISA (Mouse IgM
ELISA Quantitation Set; Bethyl Laboratories Montgomery,
TX) according to the manufacture’s recommendations. Total
protein from BAL fluid was measured using DC™ Protein
Assay (Bio Rad; Hercules, CA). In brief, BAL obtained from
WT and Timpl~'~ mice was thawed and diluted 1:10 using
PBS. Following a 15-min incubation, the absorbance was
measured via spectrophotometer. Results were multiplied
by 10 to account for the dilution factor.

PCR of Lung Tissue

RNA extraction was performed on whole WT and
Timp1~~ lungs using TRIzol® reagent (Life Technolo-
gies). To quantify PR8 and TIMP-1 expression, cDNA was
synthesized using the High-Capacity Reverse Transcription
Kit (Fischer Scientific). SYBR™ Green PCR Master Mix
(Fischer Scientific) was combined with cDNA and both
forward and reverse primers for PR8 (CATCCTGTTGTA
TATGAGGCCCAT and GCACTGCAGCGTAGACGCTT)
and TIMP-1 (GCAACTCGGACCTGGTCATAA and CGG
CCCGTGATGAGAAACT). GAPDH expression served as
an internal control. PR8 and TIMP-1 primers were generated
and purchased through Integrated DNA Technologies (IDT).
qPCR was performed using ViiA 7 (Applied Biosystems),
and results were analyzed using Data Assist v3.01.

Lung Injury Scoring of Histology

Blinded histological scoring was implemented to assess of
the severity of airway inflammation and hemorrhage in WT
(n=5) and TimpI~'~ (n=5) lungs as previously described
[16]. Sections of each of the lobes from the right lung were
randomly selected for pathological assessment. Scores were
determined by the estimated percentage of the section of
lung affected by inflammation determined by the collection
of inflammatory cells, destruction to the parenchyma, such
as the alveolar space, and loss of integrity of the epithelial
cell barrier of the airway. Hemorrhage was scored based
upon the presence and degree of red blood cell infiltration.
Scores from each of the lobes of each lung were averaged
resulting in the final histological score for each animal. The
degree of inflammation and hemorrhage were determined
based on the following numerical scale; 1 =minimal/mild,
2 =moderate, 3 =marked, 4 =severe.
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Statistics

Statistical significance was determined using either Student’s
t test and two-way analysis of variance. P values <0.05 were
noted as significant.

Results

Timp1 is Induced and Protective During Influenza
Infection

TIMP-1 expression is induced by a wide array of stimuli
[12, 17-19]. Therefore, we measured Timpl expression in
the lungs after influenza infection. In an unperturbed mouse,
the lungs have very low levels of Timpl (Fig. 1). However,
influenza infection causes a large induction of Timpl. As
expected, TimpI~'~ mice had no expression.

To determine the biological consequence of the TimpI
induction after influenza infection, we compared the WT
and TimpI~'~ mouse response to influenza infection. Body
weight loss measurement is an excellent indicator of disease
severity, and TimpI~'~ mice had significantly less weight
loss than WT mice after influenza infection (Fig. 2a). The
differences were first identified at day 5 after infection and
persisted through day 8.

Timp1 Facilitates Airway Inflammation After
Influenza Infection

After influenza infection, mice experienced extensive lung
injury and tissue remodeling. Noticeable infiltration of
immune cells dispersed in a peribronchiolar distribution
was seen in WT and Timp! ~'~ lungs after influenza infec-
tion (Fig. 2b). However, the WT lungs were shown to have
considerably increased inflammatory infiltrates compared
to Timpl ~'~ mice. Histological scoring regarding the sever-
ity of airway inflammation in the lungs was significantly
increased in WT mice in comparison to Timpl~'~ mice
(Fig. 2c; 3.4+0.4 vs. 1.8 £0.2, respectively; P <0.01).
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Fig.1 TIMP-1 expression increases in mice after influenza infec-
tion. WT and TimpI~'~ mice were infected with PR8, and lungs were
harvested on day 4 after infection and processed for PCR. *P <0.05;
N =3 for uninfected conditions; N=4 for PR8 infected conditions

Histological scoring of hemorrhage was also higher in
WT lungs versus Timpl~~ lungs (Fig. 2d; 2.6 +£0.51 vs.
1.2+0.2, respectively; P <0.05).

As a measure of the immune response, total BAL cell
counts and the cell differential were determined after influ-
enza infection. Consistent with the histological findings
on hemorrhage (Fig. 2d), the cytospins revealed a striking
increase in the amount of red blood cells in WT comparison
to Timpl~'~ mice (Fig. 3a). WT mice also had double the
total cell count compared to Timpl ™'~ mice (1.42+0.07x 10°
vs. 0.70 +0.12x 10° cells, respectively; P <0.01) (Fig. 3b).
In addition, Timpl~'~ compared to WT mice had less neu-
trophils (0.48 +0.09 x 10° vs. 0.88 £ 0.09 X 10° cells, respec-
tively; P <0.05; Fig. 3c) and macrophages (2.10+0.65 x 10°
vs. 5.39+0.58 x 10° cells, respectively; P <0.01; Fig. 3d)
in the BAL.

Lung Leakage and Viral Load was Similar Between
WT and Timp-1~"~ Mice After Influenza Infection

To assess the lung barrier integrity after injury, we measured
the translocation of large proteins into the airspaces as previ-
ously described [20]. In brief, WT and Timpl~™'~ BAL was
subjected to DC™ protein assay to detect protein content
and ELISA for IgM levels. In contrast to the differences in
lung inflammation, WT and Timp1 =/~ mice showed no dif-
ferences in total protein or IgM concentrations after influ-
enza infection (Fig. 4a, b, respectively). We also measured
the viral load between WT and Timpl~'~ mice by PCR for
a viral specific gene, and there was no significant difference
in PR8 expression between WT and Timpl~'~ mice (Fig. 5).

Discussion

TIMP-1 is known to be involved in a plethora of biological
processes demonstrating its ability to exercise pleiotropic
effects [21]. Here, we have established that TIMP-1 pro-
motes the immune response during PR8 induced lung injury.
We demonstrated the induction of TIMP-1 in PRS infected
mice. This increase in TIMP-1 expression facilitated the
inflammatory response as Timp~'~ mice had less weight loss
and lung inflammation after PR8 infection.

Although our study focuses on influenza, these results
phenocopy the effects seen after P. aeruginosa infection with
less injury in Timpl~'~ mice compared to WT conditions
[22]. Interestingly, an opposite phenotype was displayed in
bleomycin and LPS models of acute lung injury with wors-
ened lung inflammation in TimpI~'~ compared to WT mice
[12]. The etiology of these differences is unclear and will
require a better understanding of the molecular pathways
that drive the respective phenotypes. However, one possibil-
ity is that TIMP-1 regulates differing pathways dependent
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Fig.2 TIMP-1 facilitates lung A
injury after influenza infection.

a Mice were weighed at base-

line and daily after infection

with PR8. *P <0.05; N=22 for

WT mice; N=27 for Timpl~~

mice. b. WT and Timpl™~ mice

were infected with PR8. On
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on the nature of the inciting insult (e.g., infectious vs. sterile
injury) [23].

TIMPs are best characterized for their ability to inhibit
MMPs [24]. Indeed, TIMP-1 regulation of MMP activity
has been implicated in conferring resistance against P. aer-
uginosa corneal infections [13]. However, TIMP-1 can also
behave in a cytokine-like fashion, influencing cell growth,
apoptosis, and regulating other cytokines to promote cell
survival [21, 25]. It is possible TIMP-1 stimulates inflam-
mation and cytokine-induced processes in influenza-induced
lung injury in an MMP-independent manner. This presents
an opportunity to advance additional studies necessary to
elucidate the function of TIMP-1.
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Increased levels of TIMP-1 in the blood correlates with
poor disease-free survival in breast cancer patients [26]
and worsened disease in cirrhotic patients [27]. Therefore,
future studies could determine if TIMP-1 could be used to
prognosticate the severity of illness after influenza infec-
tion. Furthermore, having a better understanding of the
mechanism of action could lead to development of TIMP-1
as a therapeutic in the treatment of influenza.

In summary, our data demonstrate that TIMP-1 expres-
sion increased and had a pro-inflammatory role during
influenza-induced lung injury. Although TIMP-1 is known
primarily for inhibiting MMP function, it is plausible that
TIMP-1 function during influenza-induced lung injury is
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Fig.3 TIMP-1 promotes lung
inflammation after influenza
infection. WT (N=4) and
Timpl ~/= (N=4) mice were
infected with PR8 virus. On
day 6 after infection, mice
were sacrificed, and cells in the
bronchoalveolar lavage were
processed for: a cytospins,
arrowhead denotes RBCs; b
total cell count; ¢ neutrophil
counts; and d macrophages
counts. *P<0.05; **P <0.01;
scale bar =400 um

Fig.4 Barrier function was

no different between condi-
tions after influenza infection.
WT and Timpl™'~ mice were
infected with PR8. On day 6
after infection, mice were sac-
rificed and BAL was processed
for: a total protein and b IgM
levels
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Fig.5 Viral load is identical between WT and Timpl™~ mice after

influenza infection. WT and TimpI~'~ mice were infected with PRS.
On day 6 after infection, mice were sacrificed, and the lung homogen-
ates from mice were processed for influenza expression by PCR

MMP-independent. Further investigation is imperative in
order to elucidate regulation of inflammation via TIMP-1
expression and determine its ability to risk stratify or be
used therapeutically in patients infected with influenza.
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