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ABSTRACT

Non-small-cell lung cancer (NSCLC) is the most frequent type of lung cancer and demonstrates high
resistance to radiation and chemotherapy. These tumors evade immune system detection by promoting
an immunosuppressive tumor microenvironment. Genetic analysis has revealed oncogenic activation of
the Ras/Raf/MEK/ERK signaling pathway to be a hallmark of NSCLCs, which promotes influenza A virus
(IAV) infection and replication in these cells. Thus, we aimed to unravel the oncolytic properties of IAV
infection against NSCLCs in an immunocompetent model in vivo. Using Raf-BxB transgenic mice that
spontaneously develop NSCLCs, we demonstrated that infection with low-pathogenic IAV leads to rapid
and efficient oncolysis, eliminating 70% of the initial tumor mass. Interestingly, IAV infection of Raf-BxB
mice caused a functional reversion of immunosuppressed tumor-associated lung macrophages into a M1-
like pro-inflammatory active phenotype that additionally supported virus-induced oncolysis of cancer
cells. Altogether, our data demonstrate for the first time in an immunocompetent in vivo model that
oncolytic IAV infection is capable of restoring and redirecting immune cell functions within the tumor
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microenvironment of NSCLCs.

Introduction

Non-small-cell lung cancer (NSCLC) is the most frequent type
of human lung cancer and displays low survival rates in
patients. Although being insensitive to radiation and chemo-
therapy,”” NSCLCs often establish an immunosuppressive
tumor microenvironment that results in accumulation of sup-
pressive immune cells, thus diminishing efficacy of immuno-
therapeutic approaches.™* NSCLC originates from different
lung epithelial cells, including central bronchi and terminal
alveoli, but mainly from type II pneumocytes.”® Genetic
screening of human NSCLCs revealed frequent gain-of-func-
tion-mutations in epidermal growth factor receptor (EGFR)
(20-40%)”® or K-Ras (30%),”' as well as amplified expression
of the c-Raf kinase."'" These alterations lead to hyperactiva-
tion of the Ras/Raf/MEK/ERK signaling cascade and stimulate
neoplastic growth.'* Despite significant understanding of the
underlying causes of lung epithelial cell transformation, current
therapies remain insufficient.

Within the last decades tumor cell-specific oncolytic viruses
have developed into attractive cancer therapeutic approaches.
Oncolytic viruses not only demonstrate constant lytic

properties but are also highly immunogenic and redirect
immune cells to the tumor site. In addition to several wildtype
viruses, genetically-modified viruses have been tested in clinical
trials.">"” In recent years, two important aspects of oncolytic
viruses have been uncovered. First, tumors that are resistant to
chemotherapy, radiotherapy or immunotherapy can still be
susceptible to destruction by viruses, due to different underly-
ing lytic mechanisms. Second, large scale tumor cells lysis
releases numerous auto- and tumor-associated antigens (TAA),
which in turn cause tissue inflammation and stimulate the
immune system to enhance the anti-tumor effect initiated by
viruses.'® Interdependency of viral replication in tumor cells
and immune responses against the tumor thus mainly deter-
mine efficacy of virotherapy.

Influenza A viruses (IAV) are negative-strand RNA viruses
of the family of Orthomyxoviruses, primarily infecting type II
lung epithelial cells in humans.'” TAV-infected cells undergo
apoptosis and cell death within a few hours.”® Interestingly,
activation of the Raf/MEK/ERK signaling cascade is essential
for IAV replication and activation of this pathway strongly
promotes viral replication.”' Hence, NSCLC cells are not only
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primary targets for IAV, but also exhibit an oncogenic acti-
vated Raf/MEK/ERK signaling cascade and are therefore
likely to be highly sensitive to oncolytic IAVs. Indeed, a
strong tropism of avian IAV for raf-transformed lung cancer
cells has been previously demonstrated by us in vivo in a
transgenic mouse model.”> Although IAV infection has been
shown previously by others to have oncolytic effects due to
interferon-deficiency of ras-transformed cancer cells, these
studies were exclusively performed in vitro or in xenograft
models.””*® Moreover, the mutual interplay of tumor envi-
ronment, immunosurveillance and oncolytic influenza A virus
infection has not yet been studied in an immuocompetent
model consistent with the human cancer phenotype. Since
oncolytic virus-induced remodeling of the tumor environ-
ment and reactivation of the immune response against TAAs
is pivotal for oncolytic virus efficacy and outcome in clinical
studies, we provide novel data about oncolytic influenza A
virus infection in a unique immunocompetent murine model
of slowly growing, highly immune evasive NSCLCs. Tumor
growth in the lungs of these mice is based on hyperactive
ERK signaling in type II pneumocytes under a lung-specific
promoter, thus closely resembling the human phenotype of
NSCLCs. The principle of oncolytic influenza A virus efficacy
is thus not only based on interferon-deficiency of NSCLC cells
as but also the hyperactivation of the ERK signaling cascade
that is known to promote influenza A virus replication pri-
marily in NSCLC cells.

For the first time, we have demonstrated that IAV infection
results in efficient lysis of NSCLC tumor cells in vivo and
restores pro-inflammatory and anti-tumoral properties of for-
merly tumor-suppressed immune cells in the lung.

Results

IAV infection lead:s to efficient oncolysis of raf-transformed
NSCLC in vivo

To study the oncolytic properties of a low pathogenic HIN1
human influenza A virus (PR8), tumor-bearing Raf-BxB trans-
genic mice were infected with a sublethal virus dose and
NSCLC tumor tissue during IAV infection was determined
along with virus spread. Paraffin-embedded lung sections were
analyzed for human c-Raf and viral NP proteins using specific
antibodies and the number of tumor foci per lung section as
well as foci surface area in relation to the lung section was
determined. To obtain a thorough representation of tumor tis-
sue within the entire lung, three sections of each mouse lung
that were at least 250 um apart were analyzed.

Ongoing progression of IAV infection led to a remarkable
decrease of both, number and size of lung tumors over time
(Fig. 1). Tumor foci size diminished substantially during the
first three days and continued to decline at a slower rate with
the progression of infection. At day three post infection (p.i.),
the tumor mass was reduced by up to 50% compared to tumors
in non-infected control mice, and 70% of the original tumor
mass was eradicated by day 12 post viral infection (Fig. 1A,D).
Interestingly, the size of single foci and also the total numbers
were already markedly reduced during the first three days of
infection, and dropped significantly at later time points. At day
12 p.i. over 70% of the initial tumor foci were eliminated
(Fig. 1A upper panel and C). Of note, a strong disintegration of
distinct tumor foci structures was already apparent at day three
p-i., as evidenced by immunostaining of lung sections analyzed
at higher magnifications (Fig. 1B). As expected, reductions in
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Figure 1. Influenza a virus infection mediates oncolysis of raf-transformed lung cancer tissue in vivo. Raf-BxB mice were infected with 500 particles of influenza A virus PR8
and at different days post infection lungs were analyzed for: (A and B), expression of human Raf-BxB and viral NP by immunohistochemistry; (C), number of tumor foci per
lung; (D), relative size of tumor foci; (E), amount of human Raf-BxB mRNA transcripts by TagMan gRT-PCR; (F), relative expression of oncogenic Raf-BxB and viral Ml RNA.
Mean values of uninfected control mice were arbitrarily taken as unity. Mean values &= SEM of two experiments with >5 animals per group in each experiment are pre-
sented. Always serial paraffin lung sections were used for stainings of Raf-BxB and NP. Bars = 2000 x«m (A); 100 m (B)



tumor tissue corresponded with reduced mRNA expression of
the human Raf-BxB oncogenic transgene (Fig. 1E).

IAV infection reached a maximum at day 6 and declined
thereafter, as evidenced by immunostaining of viral NP
(Fig. 1A, bottom panel). At day 12 p.i. no viral NP protein was
detectable in lungs of tumor-bearing mice. Strikingly, the
increase in viral RNA expression correlated with the decreased
expression of oncogenic human Raf-BxB (Fig. 1F), indicating a
direct correlation of tumor lysis and viral replication efficiency.
However to our surprise, we observed a decrease in tumor tis-
sue not only in highly-infected lung areas, but also in non- or
less-infected areas, suggesting additional involvement of host
immune cells in conjunction with viral oncolytic activity in
tumor destruction.

Viral replication is impaired in lungs of NSCLC-bearing
mice

To evaluate the degree of viral infection and lung destruction in
tumor-bearing mice, we compared the viral load in lungs of Raf-
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BxB and WT mice. We expected that infection of Raf-BxB mice
would feature a more severe pathogenicity than in WT mice due
to preferential replication of IAV in NSCLC cells with hyperacti-
vated Ras/Raf/MEK/ERK signaling.>* Surprisingly, IAV replication
was reduced in tumor-bearing mice compared to WT mice when
infected with the same viral dose. A tendency towards a reduced
number of viral progeny in Raf-BxB compared to WT lungs was
observed as early as day one p.i. and this trend became more pro-
nounced over the course of infection, particularly at day three
and six pi. (Fig. 2A). The decreased replication rate of influenza
viruses in Raf-BxB mice was further confirmed by comparative
evaluation of viral NP mRNA amplification and viral NP protein
distribution in lungs of Raf-BxB versus WT mice (Fig. 2B and C).
Consistent with the lower viral load, lungs of tumor-bearing mice
showed reduced mRNA expression levels of the IL-6 and TNFa
pro-inflammatory cytokines that usually accompany IAV infection
and lung inflammation (Fig. 2D) as well as reduced lung tissue
damage, indicated by a decreased release of soluble LDH protein
into bronchoalveolar lavage fluid (BALF) (Fig. 2E). Finally,
reduced IAV pathogenicity in Raf-BxB mice compared to WT
mice was phenotypically confirmed by analyzing body weight

A BALF virus titer B NP RNA C wT Raf-BxB
1077 - 2.0
- ° g 15 5 »
r— B ch ® a =2 ke
g1 % o8 35 e g -
2 o o° — . % 1.0 o
* 1054 5o * .|.o ? 3 g
® wt o * £ 0.5
o, e £ -
[ ]
104 0 ; . : 7 ol
1 3 6 0 3 6 |
D d p.i. d p.i.
IL-6 mRNA TNFa mRNA
80 154 y
5 §
2 6ol s 3 . .
- ek £y ~ w
g g " = S s
3 404 3 - P 2
3 S 5 S Yp P ,
c 201 & y &
. a0 o lmlll
0 3 6 0 3 6
dp.i. d p.i.
LDH
207 . 1057 _
F 1007
v n s Sk
g 1 £ 957
o £
[ ‘@ A
5 10 g 90
il 13 851
B ¥ = @ g O WT
ol . . T 75 1— T T T T T T T T r Bl Raf-BxB
0 3 6 0 2 4 6 8 10 12 14 16 18 20
d p.i. d p.i.

Figure 2. Comparative analysis of IAV replication in tumor-bearing and wildtype mice. C57BI/6 WT and Raf-BxB mice were infected with 500 particles of IAV PR8 and at
indicated days post infection, BALF and lung tissue were studied. (A) Virus titers presented as pfu/ml were determined in BAL samples by standard plaque assay. (B) RNA
levels of viral NP were determined by qRT-PCR. The mean value of infected WT mice at day 3 p.i. was arbitrarily set to one. (C) Viral spread within the lungs of infected
WT or Raf-BxB tumor-bearing mice was analyzed at day 3 and 6 post infection by immunohistochemistry staining of IAV NP protein. Bars = 2000 m. (D) mRNA levels of
pro-inflammatory cytokines /L-6 and TNFa were determined by TagMan gRT-PCR. Values of cytokines in uninfected WT mice were set as unity. (E) Relative LDH content in
BALF of WT and Raf-BxB mice. The mean value of non-infected WT mice was set to one. (F) Bodyweight loss of infected WT and tumor-bearing Raf-BxB mice after IAV
infection. Mean values £+ SEM of two experiments with >5 animals per group in each experiment are presented.
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changes and lethality of mice. Infection with a sublethal viral dose
resulted in a significantly reduced body weight loss in Raf-BxB
mice compared to WT animals. Moreover, all Raf-BxB mice
recovered and survived the infection, while WT mice lost signifi-
cantly more body weight to a level where they had to be eutha-
nized in accordance with animal welfare regulations (Fig. 2F).

Accumulation of immunosuppressed tissue-resident
alveolar macrophages in lungs of tumor-bearing mice

Many tumors, including NSCLCs, alter the local immune sta-
tus, often by inducing accumulation of suppressive innate
immune cells in the microenvironment™* to support tumor
progression. Hence, we asked whether the impaired replication
of IAVs in NSCLC-bearing transgenic mice is due to alterations
in the immune microenvironment in the lungs of Raf-BxB
mice. To investigate the environmental role of tumor growth
on immune cells in the direct tumor microenvironment in the
lung, as well as in the bronchoalveolar space, immune cell sub-
populations in both compartments were investigated by flow
cytometry in comparison to WT mice.

Analysis of the total number of immune cells in BALFs
revealed a drastically increased number of cells in tumor-bear-
ing mice compared to WT (Fig. 3A). The vast majority of
immune cells (>95 %) present in uninfected BALF of both
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WT and tumor-bearing mice were classical tissue-resident alve-
olar macrophages (CD11c"/F4/807/CD11b /Ly6C /Ly6G ™)
(Fig. 3B, Supplementary Figure 1A), however, the total number
of alveolar macrophages was significantly increased in Raf-BxB
mice (Fig. 3B, right). Furthermore, comparative analysis of
immune cells in the BALF and lung tissue revealed predomi-
nant accumulation of alveolar macrophages not only in the
BALF, but also in the lung compartment of Raf-BxB mice com-
pared to WT mice (Supplementary Fig. 1B).

Deeper analysis of the predominant CD11c"/F4/80™ alveolar
macrophage population in the BALF revealed a reduced ratio of
MHCII™" cells in tumor-bearing mice compared to WT animals
(Fig. 3C, Supplementary Figure 1C). Additionally, we detected a
significantly increased number of macrophages that expressed
IL4Ra (Fig. 3D, Supplementary Fig. 1E), which is a marker for
alternatively activated M2-like immunosuppressive macrophages.
This indicates a strongly immunosuppressed phenotype of alveo-
lar macrophages in the BALF of Raf-BxB mice. The proportion
of cells expressing the pro-inflammatory enzyme iNOS was rela-
tively low in lungs of Raf-BxB mice and did not significantly dif-
fer from that in WT mice (Fig. 3E), providing further evidence
of immunologically inactive alveolar macrophages in BALF Raf-
BxB mice. The very same immunosuppressed phenotype of alve-
olar macrophages was also found within the lung tissue of Raf-
BxB mice (Supplementary Fig. 1D, 1F), as indicated by equally
reduced levels of MHCII" and increased levels of IL4Ra™ cells.
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Figure 3. Accumulation of immunsuppressed alveolar macrophages in the lungs of tumor-bearing Raf-BxB mice. BAL fluids of non-infected WT and Raf-BxB mice were
analyzed for presence of immune cells as well as for distinct populations of alveolar macrophages. (A), shows the total amount of cells in BALF per mouse. (B), represents
the amount of alveolar macrophages with the phenotype of CD11b™/Ly6C~/Ly6G~/CD11c"/F4/80". (C-E), Percentages of MHCII-, IL4Ra- or iNOS-positive alveolar macro-
phages (aM) are shown, respectively. Representative dot-blot images shown on the left underline the gating strategy used. (F), mRNA expression of Csf2 and Cc/2 in total
lung lysates was analyzed via TagMan gRT-PCR. The mean values of WT mice were arbitrarily taken as unity. Mean values &= SEM of two experiments with >5 animals per

group in each experiment are shown.



These data demonstrate not only an increased accumulation of
alveolar macrophages in both compartments, but also prove an
equal level of immunosuppression of these cells by lung cancer
growth independently of immune cell localization within the
lungs of Raf-BxB mice.

To verity, if other macrophage subpopulations might also be
differentially recruited to the lung of tumor-bearing Raf-BxB
mice, levels of bone marrow-originating macrophages (CD45"/
F4/807/CD11b*/Ly6C") (®M) in the BALF (Supplementary
Fig. 1G) and lung compartments (Supplementary Fig. 1H) of
Raf-BxB mice were investigated. Neither in BALF of WT nor of
Raf-BxB mice, bone marrow-originating macrophages were
detected (Supplementary Fig. 1G). Additionally, only minor
percentages of CD45/F4/80%/CD11b*/Ly6C" macrophages
(approx. 2% of all CD45" immune cells) could be found in the
lungs of both, WT and Raf-BxB mice (Supplementary
Figure 1H). Thus, we excluded a potential role of bone mar-
row-originating tumor-associated macrophages in the progres-
sion and immune evasion of NSCLCs in the lungs of Raf-BxB
mice. Hence, our data demonstrate that the population of
immunosuppressive alveolar macrophages analyzed in the
BALF of Raf-BxB mice represents the major macrophages pop-
ulation affected by lung tumor growth in this mouse model.

We next examined whether the enhanced recruitment of
macrophages to the lungs of Raf-BxB mice is consistent with
increased expression of certain chemoattractants that are known
to be responsible for macrophage recruitment and proliferation,
namely Csf2 (GM-CSF) and Ccl2 (CCL2) (Fig. 3F). While the
amount of total Csf2 transcripts was highly increased in tumor-
bearing mice compared to WT animals, the expression of Ccl2
mRNA was significantly reduced (Fig. 3F). The enhanced levels
of alveolar macrophages in the lungs of tumor-bearing mice is
therefore most likely based on the increased expression of Csf2
that is produced by tumor cells and on in situ proliferation of tis-
sue-resident alveolar macrophages, because only cells with clas-
sical alveolar macrophage surface markers (Sigf™/CD11¢™) but
not with bone marrow monocyte markers (CD11b™/Ly6C™)
were detected. These data are in agreement with earlier findings
that certain non-small cell lung cancers of human patients
secrete increased levels of GM-CSE.”

Soluble factors in the BALF of tumor-bearing mice lead to
suppression of alveolar macrophages in the tumor
microenvironment

Our results indicate a strong immunosuppression of alveolar
macrophages in tumor-bearing mice. To investigate whether
the NSCLC tumors of Raf-BxB mice indeed would promote an
immunosuppressive environment, we cultured bone marrow-
derived macrophages (CD11b"/F4/80") in the presence of
BALF from uninfected WT or Raf-BxB animals. Macrophages
were isolated from WT mice to exclude a putatively immuno-
suppressed phenotype. BALF samples were sterile filtered
before use, to avoid contamination by immune cells. Compared
with BALF from WT mice, incubation of macrophages with
BALF from Raf-BxB mice significantly reduced the percentage
of macrophages expressing the activation marker MHCII
(Fig. 4A) and simultaneously enhanced the amount of IL4Ra-
positive cells (Fig. 4B). In comparison, the number of cells
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expressing iNOS was not altered, but remained as low as in
macrophages cultivated in the BALF of WT mice or medium
alone (Fig. 4C).

When co-cultured with human cancer cells (HeLa), the cytotoxic
activity of pre-activated bone marrow-derived macrophages
(induced by o/n stimulation with LPS) was significantly diminished
in the presence of BALF derived from Raf-BxB mice compared to
WT mice (Fig. 4D) suggesting a functional inhibition of antitumoral
cytotoxic activity of macrophages in the tumor microenvironment
of Raf-BxB mice by soluble factors. These data indicate that one or
more soluble factors in the BALF of NSCLC-bearing mice induce
polarization of macrophages towards a M2-like anti-inflammatory
phenotype resulting in a functional impairment of cytotoxic activity
of these macrophages in the lungs of tumor-bearing mice.

IAV infection induces a pro-inflammatory immune
response via alveolar macrophages in tumor-bearing mice

Our experiments showed that infection of Raf-BxB mice with
IAV resulted in a fast and efficient lysis of NSCLC tumors,
although viral infection of Raf-BxB mice was significantly
milder than in WT mice. Additionally, we demonstrated that
non-infected tumor-bearing Raf-BxB mice contain increased
amounts of immunologically impaired tumor-associated mac-
rophages in their lungs. These lung-resident macrophages,
however, are known to be the first line of defense against viral
infections. To explore whether the increased number of alveolar
macrophages in Raf-BxB lungs was beneficial for anti-IAV
immune response and possibly for IAV-mediated NSCLC
tumor cell lysis, we compared the development of innate and
adaptive immune responses in Raf-BxB and WT mice after
infection with the same viral dose.

As expected, the number of immune cells in the bronchoal-
veolar space of WT mice increased significantly after IAV infec-
tion (Fig. 5A), Raf-BxB mice did not show a similar effect. The
total number of immune cells was already high in non-infected
mice and increased only slightly after IAV application. As
expected, the number of alveolar macrophages exhibiting the
CD11c™/F4/80/CD11b™/Ly6C ™~/ Ly6G™~ phenotype decreased
with infection in both WT and tumor-bearing mice and their
kinetic profiles were similar.”® However, Raf-BxB mice dis-
played at least a 10-fold excess in the absolute number of these
cells in the bronchoalveolar space (Fig. 5B). The percentage of
activated macrophages, represented by MHCII" (Fig. 5C) or
iNOS™ (Fig. 5D) cells increased after infection in both mouse
types, but in contrast to the CD11c"/F4/80%/CD11b™/Ly6C "/
Ly6G~ macrophage population, their numbers were consis-
tently higher in WT mice. Nevertheless, after IAV infection the
percentage of MHCII4+ macrophages grew faster in tumor-
bearing mice than in WT mice and almost reached equivalent
levels at day six p.d. (Fig. 5C). The ratio of macrophages
expressing the anti-inflammatory IL4Re, to the contrary, being
significantly larger in non-infected tumor-bearing mice, was
equalized between WT and Raf-BxB mice at day six p.i.
(Fig. 5E). Thus, the flow cytometry analysis indicates a pheno-
typic reversion of alveolar macrophages from an inactive
CD11c"/F4/80"/CD11b~/Ly6C~/Ly6G~/MHCII/IL4Ra*/
iNOS™ to an immunologically active CD11c™/ F4/80"/
CD11b /Ly6C /Ly6G~/MHCII"/IL4Ra*/iINOS™ status in Raf-
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Figure 4. Incubation of bone marrow-derived macrophages with BALF from WT or tumor-bearing Raf-BxB mice. Bone marrow-cells from WT mice were isolated and dif-
ferentiated to bone marrow-derived macrophages (BMM) (CD11b™/ F4/80™) by incubation with M-CSF for 5 days. (A, B, C) Then, the cells were re-cultured for 48h in the
presence of BALF from uninfected WT or Raf-BxB mice or RPMI medium as control and analyzed for surface expression of MHCII (A) or IL4Re (B) or intracellular expression
of iNOS (C) by flow cytometry. Representative dot-blot images underlining the gating strategy are exemplarily shown. (D) BMM were pre-activated over night with 1 1g/
ml LPS and afterwards co-cultured with mitomycin-treated HeLa cells in presence of BALF derived from WT or Raf-BxB mice (E/T = 20/1). 48h post co-culture, the absolute
number of remaining Hela cells was determined via flow cytometry by usage of cell counting beads. Mean values +=SEM are shown. BALF was isolated and pooled from

at least 3 different mice . Bone marrow cells were pooled from 3 animals.

BxB mice after IAV infection (detailed gating strategies are
shown in Supplementary Figure S2).

Interestingly, the mRNA expression of Csf2 (GM-CSF) in
the lungs of WT mice was low in uninfected animals, but signif-
icantly increased until day 6 p.i., as expected during acute respi-
ratory infection (Fig. 5F). However, the expression of Csf2 in
the lungs of tumor-bearing mice was already significantly
higher in non-infected NSCLC-bearing mice and decreased
drastically after IAV infection, reflecting the observed reduction
in tumor tissue. In comparison to the expression levels of Csf2,
the major macrophage chemoattractant Ccl2 (CCL2) (Fig. 5G)

showed a similar expression kinetic in Raf-BxB as in WT mice.
The less pronounced levels in Raf-BxB mice were likely due to
reduced viral replication in these animals.

IAV infection of Raf-BxB mice promotes repolarization
from a suppressive to an activated pro-inflammatory
phenotype of alveolar macrophages

During IAV infection of Raf-BxB mice, a drastic shift to immu-
nologically activated alveolar macrophages was detected in
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Figure 5. Anti-IAV immune responses in the lungs of WT and tumor-bearing Raf-BxB mice. C57BI/6 WT and Raf-BxB mice were infected with 500 particles of IAV PR8 and
at indicated times, the BALF were analyzed for presence of immune cells per se as well as for distinct populations of lymphocytes and alveolar macrophages. The absolute

number of total immune cells (A) and alveolar macrophages (CD11b™/Ly6C ™ /Ly6G

/CD11c"/F4/80™) per mouse are shown. Percentages of MHCII*(C), iNOS™ (D) and

IL4Rec™ (E) alveolar macrophages are depicted. Representative dot-blot images underlining the gating strategy are shown in Figure S1. (F, G) mRNA expression levels of
Csf2 and Ccl2 in total lung lysates were analyzed by TagMan gRT-PCR. mRNA expression levels in uninfected WT mice were arbitrarily taken as unity. Mean values £+ SEM

of two experiments with >5 animals per group in each experiment are shown.

the lungs without any increase in their total amount. We
considered two potential mechanisms: i) a switch in activation
of formerly suppressed tissue resident macrophages or ii)
an extensive recruitment of immunologically competent mac-
rophages from other immune organs. To address this question,
a fluorescent CMTMR dye was applied to lungs of
Raf-BxB mice 24h before infection to discriminate between
macrophages resident in the lungs before infection or macro-
phages recruited to the lungs subsequent to infection. Thus,
alveolar macrophages were analyzed three days after AV infec-
tion for their pro-inflammatory properties, comparing Raf-BxB
with uninfected mice.

Four days after dye application, the vast majority of immune
cells in the bronchoalveolar space of uninfected tumor-bearing
mice were CMTMR positive (>97%), indicating efficient staining
of lung resident immune cells (gating strategies are detailed in
Supplementary Figure S3). As expected, the majority of these cells
were alveolar macrophages (aM) exposing CD11c"/F4/80"

surface markers (Fig. 6A) and exhibiting an immunologically
inactive phenotype (MHCII /IL4Ra"/AINOS™) (Fig. 6A, left pan-
els). Three days after IAV infection, the majority of cells in the
alveolar space were still positive for CMTMR dye (Supplementary
Figure S3) and expressed typical markers for alveolar
macrophages (CD11c"/F4/80%/CD11b™/GR1™) but showed an
enhanced portion of MHCII" and iNOS* cells (Fig. 6A, right
panels). These data demonstrate that lung-resident and formerly
immunosuppressed macrophages account for the activated macro-
phage population. This is remarkable, as it indicates that IAV
infection triggers the formerly tumor-suppressed alveolar macro-
phages to switch to immunologically competent pro-inflammatory
cells. The relative amount of cells expressing the alternative activa-
tion receptor IL4Ra, however, was hardly affected by IAV infec-
tion at day three post infection (Fig. 6A, lower panel).

The repolarization of tumor-associated alveolar macro-
phages was not only evident on a phenotypic, but also
on a functional level. While the phagocytic activity of CD11c"/
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Figure 6. IAV infection of tumor-bearing mice activates immunosuppressed resident alveolar macrophages. (A), Raf-BxB mice were inoculated intranasally with 50 ul of
8 mM fluorescent CMTMR dye and 24h later, mice were either mock- (ctrl) or IAV infected (500 particles/ mouse). Three days post infection BALF was collected and
immune cells were analyzed by flow cytometry. Monocytes present in the BALF were pre-gated on CMTMR™ cells (representative dot plots indicating the gating strategie
shown in Supplementary Figure S3). CMTMR™/CD11c"/F4/80™ alveolar macrophages (aM) were analyzed for expression of MHCII, iNOS or IL4Ra: before (ctrl) and three
days post infection (IAV). Representative dot-blot images underlining the gating strategy are exemplarily shown. (B), Immune cells from the BALF of mock- or IAV-infected
mice were isolated 3 d.p.i and incubated with fluorescent E.coli bioparticles. Phagocytic activity of CD11c"/F4/80" alveolar macrophages was investigated via flow cytom-
etry and represented by relative amounts of CD11c"/F4/80™ cells positive for uptake of fluorescent bioparticles. The mean value of WT mice were arbitrarily takes as
unity. (C), WT and Raf-BxB mice were inoculated intranasally with PBS- or Clodronate-containing liposomes and 24h later, mice were infected with IAV. Three d.p.i., BALF
was analyzed for virus titers (pfu/ml) via standard plaque assay. Mean values +=SEM of 5 animals per group are shown.

F4/80" macrophages was significantly impaired in the lungs of
Raf-BxB mice before infection (Fig. 6B, left panel), it was even
significantly increased 3 days post influenza virus infection and
was almost two-times higher than in WT mice (Fig. 6B, right
panel). In summary, these findings revealed that influenza
virus infection induces a switch in activation of formerly
immunosuppressed alveolar macrophages in the lungs of
NSCLC-bearing mice to pro-inflammatory active macrophages.

As shown in Fig. 2, virus replication and pathogenicity was
significantly reduced in Raf-BxB mice. To analyze whether alve-
olar macrophage accumulation and repolarization in the lungs
of tumor-bearing Raf-BxB mice may be responsible for this
unexpected phenotype, alveolar macrophages were depleted by
intranasal administration of clodronate-filled liposomes 24h
before infection. Monocytes engulfing clodronate-containing
liposomes die by apoptosis due to irreversible damage, while
PBS-filled liposomes serve as a control. As expected, adminis-
tration of PBS-filled control liposomes did not alter viral repli-
cation three days p.i. and resulted in ten-fold decreased viral
replication on the lungs of Raf-BxB mice compared to WT
mice (Fig. 6C). In contrast, depletion of alveolar macrophages
resulted in an overall increase of viral titers, which is consistent
with previous data.”” Interestingly, viral titers in the lungs of

Raf-BxB mice were twice as high as in WT mice, supporting
the protective role of accumulation and reactivation of tumor-
associated alveolar macrophages in the lungs of Raf-BxB mice
leading to a suppression of influenza virus propagation.

Discussion

The primary goal of any cancer therapy is to selectively destroy
tumor cells, limiting collateral damage of the surrounding tis-
sue to a minimum. Although viruses are considered to be inva-
sive pathogens and are commonly associated with harmful or
severe diseases, their prospects have been considered for many
years as therapeutic agents against cancer. The potential of
influenza viruses as anti-NSCLC therapeutic agents is based on
three facts. First, genetic analysis of human NSCLCs has shown
that their aggressive neoplastic growth is almost exclusively
based on oncogenic activation of the Ras/Raf/MEK/ERK signal-
ing cascade.”®'>'* Second, replication of influenza viruses per
se is host cell destructive’®* and strongly depends on activa-
tion of the cellular Ras/Raf/MEK/ERK pathway. Third, type II
alveolar pneumocytes are the natural primary targets for both,
neoplastic transformation to NSCLCs and infection by IAV
infection,>*'>'®



The general oncolytic potential of Influenza A viruses was
previously described in vitro and ex vivo, mainly focusing on
interferon-deficiency of several human cancer cell lines.”>® A
few in vivo studies of influenza A virus oncolytic potential have
been performed solely in highly immunoincompetent murine
xenograft models.”>*> Thus, interdependency of tumor devel-
opment, immune cell polarization, influenza A virus replication
and tumor cell oncolysis has remained largely unknown.
Knowledge regarding immune remodeling in the tumor envi-
ronment, as well as virus-induced immune responses, is pivotal
for oncolytic virus efficacy and outcome in clinical studies in
patients.

Thus, we aimed to analyze the oncolytic properties of a low
pathogenic human IAV in an immunocompetent in vivo model
of NSCLC to unravel the general feasibility of low pathogenic
human oncolytic influenza A virus infection in the context of
slowly growing immune evasive NSCLCs. Raf-BxB mice are
regarded as an ideal animal model, closely resembling the phe-
notype found in patients.** Strikingly, AV infection appears to
be highly effective in NSCLC cell destruction: three days after
infection tumor foci were efficiently disintegrated and reduced
in numbers. This effect even advanced with ongoing viral pro-
gression, reaching a 70% decrease of tumor mass at day 12 post
infection. Moreover, the efficiency of tumor destruction was
proven to be directly dependent on the viral replication rate.

Interestingly, reduction of NSCLC tumor-tissue was evident
not only in highly infected lung areas, but also as a global effect
in the whole lung. In addition, infection of tumor-bearing mice
resulted in impaired viral replication and, infected Raf-BxB
mice displayed increased survival in comparison to WT mice.
We expected the opposite effect, given the pro-viral properties
of the hyperactivated ERK signaling cascade in NSCLC cells.
These findings thus imply a potential engagement of the
immune system, which would be consistent with the action of
several other oncolytic viruses that rapidly activate the immune
system to facilitate tumor cell lysis.>”

The high percentage of immune cells in tumor microenvir-
onments, including tumor-associated macrophages, is a well-
studied characteristic for many types of tumors. These immune
cells are commonly immunosuppressed by tumor cells and sup-
port the growth of neoplastic cells rather than destroy them.>*
On the other hand, cells of the immediate innate immune
response present in the lung strongly affect the outcome of
respiratory infections. In the current study, comparison of the
immune cell status in lungs of tumor-bearing and WT mice
revealed a massive accumulation of tissue-resident alveolar
macrophages in the lungs of Raf-BxB mice. As well as an
increase in total number, alveolar macrophages were also
strongly immunosuppressed, as indicated by increased levels of
CD11c"/F4/80"/MHCII /IL4Ra™/iNOS™ cells. Our findings
imply that one or more soluble factor(s), most likely released
by tumor cells, are responsible for immunosuppression of alve-
olar macrophages resulting in a tumor-promotive phenotype.
Their increased occurrence in the lung is, in turn, induced by
over-expression of Csf2, increased amounts of which were
found in tumor-bearing Raf-BxB mice. Factors such as M-CSF
(Csf1) or GM-CSF (Csf2) have been shown not only to promote
myelopoiesis and proliferation of monocytes, but also to
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enhance recruitment and proliferation of TAMs in several
tumor models.”®*” Concomitantly, increased expression of Csf2
by different kinds of human and murine cancers promoted
tumor progression and diminished TAA-directed adaptive
immune responses in experimental cancer models.***' Consti-
tutive activation of MEK/ERK signaling has been shown to
increase expression of CsfI or Csf2 in certain cancer cells, which
could explain increased occurrence of in situ proliferated tis-
sue-resident alveolar macrophages in the lungs of Raf-BxB
mice on a molecular level.””**

Surprisingly, influenza A virus infection caused rapid con-
version of the immunosuppressed population of alveolar mac-
rophages in tumor-bearing lungs to an immunologically
competent phenotype, as determined by elevated numbers of
MHCII- and iNOS-expressing cells and reduced numbers of
alveolar macrophages expressing the anti-inflammatory IL-
4Ra. We showed by in vivo labeling of immune cells that this
was indeed due to a functional switch of initially suppressed
lung resident macrophages and not to an immigration of mac-
rophages from other lymphoid organs. Concomitantly,
impaired phagocytic activity of alveolar macrophages in the
lungs of Raf-BxB mice was recovered upon IAV infection and
was found to be even higher than in alveolar macrophages of
WT mice. These results are in full accordance with the previous
findings of Campbell and colleagues (2015), which described a
transition of anti-inflammatory M2-like bone-marrow derived
macrophages to a pro-inflammatory (iNOS*, TNFa™) pheno-
type upon IAV infection in vitro.* The increased phagocytic
activity of alveolar macrophages in the lungs of Raf-BxB mice
upon IAV infection does not only reflect the anti-viral proper-
ties, but also the anti-tumoral activity, as phagocytosis is one of
the major cytotoxic mechanisms of macrophages against cancer
cells.**

Our data furthermore support the hypothesis that repolari-
zation of tumor-associated alveolar macrophages upon IAV
infection has a protective role against viral replication.
Impaired viral replication in the lungs of tumor-bearing mice
was recovered upon clodronate-mediated depletion of alveolar
macrophages (Fig. 6C). The increased number of alveolar mac-
rophages in lungs of tumor-bearing mice and their potential to
rapidly switch to a pro-inflammatory phenotype upon IAV
infection is responsible for impaired viral replication, reduced
lung tissue damage and enhanced survival of Raf-BxB mice.
Interestingly, our previous study demonstrated increased mor-
tality of transgenic Raf-BxB mice compared to WT mice
infected with the same dose of a highly pathogenic avian IAV
instead of a low pathogenic strain as used here.** In this experi-
mental setting viral replication was not affected compared to
WT mice and no differences in global immune responses were
described. Besides the substantial difference of homozygosity
and heterozygosity of the transgenic murine Raf-BxB model
applied, the discrepancy of the previous study in comparison to
our results might be explained by the fundamentally different
inflammatory properties of avian- and human-pathogenic
influenza viruses. Highly pathogenic avian IAV (HPAIV) sup-
press pro-inflammatory immune responses in infected macro-
phages as an immune evasion mechanism.”” On the contrary,
HPAIV infection induces massive lung tissue damage by
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uncontrolled expression of inflammatory cytokines (cytokine
storm) in endothelial cells.**** Low-pathogenic human IAV
such as the HIN1 PR8 strain used in this study, share neither
these immunosuppressive properties upon macrophage infec-
tion, nor does infection with these viruses induce a cytokine
storm in infected lungs.*” Thus, these viruses show completely
different lung pathology and immune responses upon infection,
explaining the different outcome of viral replication and sur-
vival of infected Raf-BxB mice in both studies.

The role of macrophage polarization in tumor development
has been controversially discussed within the last decades. It is
generally accepted that a broad heterogeneity of different mac-
rophage subsets found in tumor environments support tumor
growth.”® The phenotypic polarization of these innate immune
cells is highly reversible in response to different stimuli. Thus,
several novel medical approaches aim to target the immuno-
suppressive macrophages or repolarize and convert these cells
to pro-inflammatory macrophages to fight tumor cells.”" >’
However, the outcome of such clinical trials remained insuffi-
cient, mainly because of the highly immunosuppressive tumor
microenvironment and immune evasion mechanisms of tumor
cells. Our results demonstrate that influenza A virus infection
acts in a dual mode to promote tumor cell lysis. On the one
hand, infection leads to direct destruction of tumor cells in an
immunocompetent model of NSCLC due to a preferential lytic
influenza virus infection. This is in line with results from others
obtained in vitro and in immunosuppressed xenograft mod-
els.”*”* On the other hand, viral infection results in a functional
switch of tumor-associated alveolar macrophages from a highly
suppressed to a pro-inflammatory state, supporting viral-
induced oncolysis of cancer cells. Hence, influenza A viruses
possess both a strong lytic as well as an immunostimulatory
potential to target non-small cell lung cancer cells in vivo.
While we used replication competent IAV as a model in our
studies, a future medical approach will likely employ controlled
infection with attenuated IAV to target NSCLC, especially for
treatment of subtypes found to accumulate immunosuppressive
macrophages within the tumor microenvironment.

Materials and methods
Animal studies

All experiments were performed with 4-month-old wild type
and homozygous transgenic c-Raf-1-BxB (Raf-BxB) C57Bl/6
mice of both genders that were kept under pathogen-free con-
ditions. The transgenic Raf-BxB mice spontaneously develop
NSCLC tumors due to expression of the oncogenic Raf kinase
under the control of the human surfactant protein C (SP-C)
promoter and have been described previously.”* All animal
studies were performed in accordance with the German regula-
tions of the Society for Laboratory Animal Science (GVSOLAS)
and the European Health Law of the Federation of Laboratory
Animal Science Associations (FELASA). The protocols were
approved by the Landesamt fiir Natur, Umwelt und Verbrau-
cherschutz Nordrhein-Westfalen (LANUV-NRW), Germany.
Mice were anesthetized by inhalation of 2.5% isoflurane
(Baxter). For IAV infection, 50 ul of viral stock solution in PBS
was intranasally administered. All infection experiments were

performed with influenza virus strain A/Puerto Rico/8/34
(PR8, HIN1). The health status of infected animals and body
weight loss was monitored daily. The number of infectious
virus particles in the BALF was determined by standard plaque
assay as previously described” and viral titers were expressed
as plaque-forming units (pfu) per ml.

For immune cell tracking experiments, 24h before infection
mice were anesthetized and 8mM fluorescent CMTMR dye Cell
Tracker Orange (CTO, Thermo Fisher Scientific, Cat. No.:
C2927) was applied intranasally in a volume of 75 ul per mouse.

RNA isolation, reverse transcription and qRT-PCR

Mouse lungs were collected at indicated time points and total
lung RNA was isolated using TRIzol Reagent (Thermo Fisher
Scientific, Cat. No.: 15596026). Samples were homogenized
(FastPrep-24 homogenizator, MP Biomedicals) and the RNA
was precipitated with isopropanol. The precipitated RNA was
further purified in a secondary phase separation step as previ-
ously described.” Purified RNA was transcribed into cDNA
using the high-capacity cDNA reverse transcription kit
(Thermo Fisher Scientific, Cat. No.: 4368814). Messenger RNA
(mRNA) expression levels were determined by TagMan qRT-
PCR using the LightCycler 480 II (Roche Diagnostics). Each
c¢DNA sample was analyzed in triplicate and specific signals
were scored in relation to the signal of the housekeeping gene
transcript Cytochrome C (CytC). Sequences of primers used
for qRT-PCR are listed in Supplementary Table 1.

Immunohistochemistry

Half of the lungs of each mouse was isolated and fixed in 4%
paraformaldehyde for 5-7 h at RT, dehydrated in ascending
isopropanol dilutions and embedded in paraffin. Paraffin sec-
tions of 4 um were analyzed. Lung specimens were rehydrated
and heat-mediated antigen retrieval was performed (10mM cit-
ric acid buffer pH 6.0, 20 min). Afterwards paraffin sections
were blocked with 10% fetal bovine serum containing 0.1 %
Triton-X-100 for 30 min. Antigen-specific staining of human
c-Raf-1 and influenza virus NP were performed by incubation
with appropriate primary antibodies (rabbit anti-human c-Raf
[SP-63], 1:500; goat anti-influenza NP [G105] 1:2500, kind gift
of Dr. Robert Webster, Department of Infectious Diseases, St.
Jude Children’s Research Hospital, Mempbhis, TN) for 1h at RT
followed by species-specific secondary antibody incubation for
30 min. The Vectastain ABC-AP Kit (Vector Laboratories, Cat.
No.: AK-5000) was used for visualization of the stained pro-
teins as described in the manufacturers protocol. Three differ-
ent sections per mouse lung (approx. 250 um apart from each
other) were quantified from at least 5 mice per each time point.
The area of the Raf-positive tumor foci was then measured and
expressed in relation to the total section area of the specimen.
All analyses were quantified in a blinded manner via the Key-
ence BZ Analyzer (Keyence).

Analysis of lung immune cell status

Bronchoalveolar lavage (BAL) was performed as previously
described.”® Briefly, mice were euthanized, the trachea was



exposed and the lungs were washed five times with 700 ul PBS
containing 2mM EDTA for each wash. Supernatants of the first
lavage were kept separately for plaque titration or LDH assay.
Cell pellets of the first lavage was combined with cells of the fol-
lowing lavages and centrifuged at 400 g for 10 min at 4°C. Lung
tissue from the same mice was minced and digested for 30 min
at 37°C in 185.5 U/ml Collagenase (Worthington, Cat. No.:
LS004196) and 0.5 mg/ml DNAse I (Roche, Cat. No.
10104159001) in RPMI. Afterwards lung tissue was filtered
through a 70 um and 45 pum cell strainer and cells were centri-
fuged at 400 g for 10 min at 4°C. Erythrocytes of BALF- or tis-
sue-derived cells were lysed, cell numbers were determined and
the cells were subsequently stained for flow cytometry analysis
(Gallios, Beckmann Coulter). Prior to specific staining all sam-
ples were incubated with anti-Fcy RII/III (BD Pharmingen,
Cat. No.:5531411) to block non-specific binding of antibodies.
Following surface marker staining, intracellular proteins were
stained using the BD Cytofix/Cytoperm™ Fixation/ Permeabi-
lization Solution Kit according to manufacturers protocol (BD
Pharmingen, Cat. No.: 554714). Total numbers of immune cells
were determined by gating on single cells and normalization to
the absolute number of cells counted in the BALF of each indi-
vidual mouse. Analysis of distinct immune cell populations was
performed using the antibodies listed in Supplementary
Table 2.

Phagocytosis assay

Bronchoalveolar immune cells were isolated from lungs of mice
via BAL as described above. After erythrocyte lysis, cells were
counted and equal numbers of immune cells were incubated
for 2h with pHrodo™ Red E.coli BioParticles™ conjugates for
phagocytosis as described by the manufacturer (Thermo Fisher
Scientific, Cat. No.: P35361). Prior to specific receptor staining
all samples were treated with anti-Fcy RII/IIT (BD Pharmingen,
Cat. No.: 553141) and were afterwards stained for specific sur-
face markers (CD11c*/F4/80", see Supplementray Table 2)
and were analyzed via flow cytometry (FACSCalibur, BD Bio-
sciences), with respect to pHrodo™ Red E.coli BioParticles™
fluorescence as a marker for phagocytic activity.

LDH assay

Lactate dehydrogenase (LDH) assay was performed using an in
vitro toxicology assay kit (Merck, Cat. No.: TOX7-1KT) accord-
ing to the manufacturer’s protocol. The amount of LDH in the
BALF of infected mice was used as a marker of lung tissue
damage.

Generation of bone-marrow derived macrophages

Bone marrow-derived cells were isolated from C57Bl/6 mice
and after erythrocyte lysis, cells were cultivated for 5 days in
RPMI supplemented with 5% fetal bovine serum (FBS), 1% L-
gluatmine, 1% non-essential aminoacids, 0,5 mM B-mercaptoe-
thanol, ImM Na-pyruvate, 50 g/ml gentamycin and 20% of
supernatant of L929 fibroblasts containing M-CSF. After 5 days
of cultivation in Petri dishes, macrophages were detached with
10 mM EDTA in PBS and defined numbers were seeded into
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96-well plates, either in RPMI with the above mentioned sup-
plements, or with 1:20 diluted BALF. Only first lavages
obtained from control uninfected C57Bl/6 and Raf-BxB tumor-
bearing mice were used. After cultivation of macrophages for
48h, their phenotype was analyzed by flow cytometry as
described for immune cells.

Cytotoxicity assay

HeLa cells were incubated for 30 min with 10 pg/ml Mitomy-
cin in suspension to block cell proliferation and seeded with
1x 10* cells in 100 ul DMEM per well. The next day, bone
marrow-derived macrophages that have been pre-stimulated o/
n with 1 pg/ml LPS were resuspended in either WT or Raf-BxB
BALF and added to HelLa cells with 100 ul per well. The final
effector-target-cell ration was 20:1 and the final dilution of
BALF, 1:20. After 48 h of co-culture, cells were detached and
stained for bone-marrow derived macrophage marker. The
absolute number of cells per sample was calculated using flow
cytometry cell counting beads (Thermo Fisher Scientific, Cat.
No.: C36950) as described by the manufacturer and the number
of remaining non-lysed HeLa cells was calculated after gating
out the CD11b™ and F4/80" macrophages.

Statistical analysis

Data is expressed as mean £ SEM. Statistical analysis was per-
formed using GraphPad Prism software (version 6) and the fol-
lowing two-tailed tests: the Mann-Whitney U test when two
groups were compared; Kruskal-Wallis test followed by Dunns
comparison analysis when more than two groups were com-
pared; 2-way ANOVA, followed by Sidak’s or Dunn’s multiple
comparisons test when more than one parameter changed in
the groups. Results were considered statistically significant at P
< 0.05 and displayed as “P < 0.05, P < 0.01, P < 0.001.
Mice were allocated randomly into experimental groups after
matching for age and gender. Specific numbers of animals can
be found in corresponding figure legends.
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