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Low pathogenic influenza A viruses (IAVs) have shown prom-

ising oncolytic potential in lung cancer–bearing mice. How-

ever, as replication-competent pathogens, they may cause side

effects in immunocompromised cancer patients. To circum-

vent this problem, we genetically engineered nonreplicating

IAVs lacking the hemagglutinin (HA) gene (DHA IAVs), but

reconstituted the viral envelope with recombinant HA proteins

to allow a single infection cycle. To optimize the therapeutic

potential and improve immunomodulatory properties, these

replication-incompetent IAVs were complemented with a mu-

rine interferon-gamma (mIFN-g) gene. After intratracheal

administration to transgenic mice that develop non-small cell

lung cancer (NSCLC), the DHA IAVs induced potent tumor

destruction. However, DHA IAVs armed with mIFN-g ex-

hibited an even stronger and more sustained effect, achieving

85% tumor reduction at day 12 postinfection. In addition,

DHA-mIFN-g viruses were proven to be efficient in recruiting

and activating natural killer cells and macrophages from the

periphery and in inducing cytotoxic T lymphocytes. Most

important, both viruses, and particularly IFN-g-encoding vi-

ruses, activated tumor-associated alveolar macrophages toward

a proinflammatory M1-like phenotype. Therefore, replication-

incompetent DHA-mIFN-g-IAVs are safe and efficient onco-

lytic viruses that additionally exhibit immune cell activating

properties and thus represent a promising innovative therapeu-

tic option in the fight against NSCLC.

INTRODUCTION
Despite advances in cancer therapy, lung cancers remain the leading

cause of cancer deaths, accounting for 1.8 million worldwide.1 Non-

small cell lung cancer (NSCLC) is the most common form and ac-

counts for 85% of all lung cancers.2 The delayed diagnosis at an

advanced stage continues to be a challenge for the treatment of

NSCLC. In addition, this type of tumor is relatively insensitive to clas-

sical chemotherapy and radiotherapy,1,2 and not every tumor is

amenable to treatment with immune checkpoint inhibitors (ICIs)

or targeted therapy with tyrosine kinase blockers.3 Moreover, like

most solid tumors, NSCLC promotes the development of an immu-

nosuppressed milieu consisting of anti-inflammatory immune cells

such as tumor-associated macrophages (TAMs) that support growth

rather than destruction of the tumor.4,5 Therefore, new cancer thera-

pies that target tumor cells while redirecting a patient’s immune sys-

tem to fight cancer would be a breakthrough in the treatment of lung

tumors. Oncolytic viruses (OVs) appear to be a promising new option

for lung cancer therapy.

Viral replication is highly dependent on cellular signaling cascades,

some of which are known to be functionally activated in transformed

cancer cells as well.6 This renders tumor cells highly permissive to

viral replication, leading to increased viral amplification and tumor

cell death.7 Importantly, OVs not only infect and destroy tumor cells

but they also abrogate the immunosuppressed environment and redi-

rect immune cells to the tumor, supporting the lysis of uninfected tu-

mor cells.8,9

Influenza A viruses (IAVs) are of particular interest for targeting

NSCLC. NSCLC cells are not only primary targets for IAVs but

they also exhibit an oncogene-activated Raf/MEK/ERK signaling

pathway that strongly supports IAV replication and renders them

highly susceptible to oncolytic IAVs.10,11 Consistent with this, we

have demonstrated strong tropism of IAVs for Raf-transformed

lung cancer cells in vivo.12,13 Furthermore, our investigation of the

general molecular mechanisms underlying the activation and recruit-

ment of subtypes of innate and adaptive immune cells to the lung after
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acute IAV infection has shown that infection with low doses of IAVs

lead to immunomodulation of the lung environment toward a proin-

flammatory state.13–15 Furthermore, we demonstrated potent onco-

lytic efficacy of intranasally applied IAVs in a preclinical immuno-

competent mouse model of NSCLCs whose tumorigenicity was due

to oncogenic dysregulation of the Raf/MEK/ERK pathway.13 Interest-

ingly, the oncolytic efficacy was not only based on the viral infection

itself but was also complemented by the restoration of immunocom-

petence of TAMs in the tumor microenvironment (TME).

Influenza viruses are invasive pathogens and rather unattractive for

clinical use against lung tumors, however. Safety and selectivity of

OVs that prevent the spread of the virus in tissues are critical precon-

ditions for clinical use. This usually requires attenuation of the vi-

ruses, which often compromises their lytic ability. Hence, preclinical

studies aim to translate the promising potential of oncolytic IAVs into

human cancer therapy by improving the safety profile of IAVs.16,17

Here, we describe the generation of replication-incompetent IAVs

that lack the hemagglutinin (HA) gene, which is essential for the infec-

tivity of the virus. Instead, recombinant HA proteins were provided in

trans during the virus production process, allowing a single cycle of

infection. These DHA viruses were able to infect epithelial cells, un-

dergo the first replication cycle, and induce apoptosis. To enhance

the local immune response after IAV infection, we engineered HA

gene–deficient viruses to harbor a mouse interferon gamma

(mIFN-g) gene sequence. Finally, both single-cycle IAV types were

evaluated for their oncolytic potential and ability to abrogate immu-

nosuppression in the lung tumor environment using an NSCLC

mouse model.

RESULTS
Generation and in vitro characterization of single-cycle

infectious IAVs

To generate recombinant IAVs with defective replication, we used the

8-plasmid transfection system described by Hoffmann et al. in 2000,18

which capitalizes on the segmented genomeof IAVsandhas the advan-

tage that deletions or mutations could be experimentally introduced

within the viral genome. The entire coding sequence (measuring

1,382 nt) of theHA gene of the H1N1 strain A/Puerto Rico/8/34, here-

after referred to as PR8, with the exception of 165 and 151 nt at the 50

and 30 ends, respectively, was replaced by either a noncoding stuffer

sequence (166 nt) or the coding sequence of the murine IFN-g gene

(468 nt). A stuffer sequence was used to keep a certain length of the

HA segment to allow sufficient packaging and to integrate restriction

sites for further cloning processes. The packaging sequence, including

the 50 and 30 UTRs, were left intact to ensure successful segment pack-

aging and the formation ofDHAvirus particles.19–21 Finally, to exclude

any translation of the HA sequence, the remaining start codon ATG

was replaced with the nucleotides CTA (Figure 1A).

Nonreplicating IAVs withHA gene deficiency require the HA protein

on their surface to be infectious. Therefore, to generate these viruses,

stable expression of the HA protein of PR8 was achieved on the sur-

face of the human embryonic kidney 293 (HEK293) and Madin-

Darby canine kidney (MDCK) cell lines by retroviral transduction.

The first cell line has a high transfection rate and the second a high

infection rate. The technical details of the virus rescue are described

in the Materials and methods section. As shown in Figures 1B and

1C, almost all of the transduced MDCK and HEK293 cells express

the recombinant HA protein at levels similar to those observed

after the infection of MDCK cells with PR8 wild-type (WT) viruses.

Using the established cell lines (hereafter referred to as MDCK-HA

and HEK-HA), two recombinant HA gene–deficient IAVs, hence-

forth called DHA and DHA-mIFN-g, were obtained, purified, and

concentrated by ultracentrifugation.

When cultured on MDCK-HA cells, both DHA and DHA-mIFN-g

IAVs reached infectious virus titers above 107 plaque-forming units

(PFU)/mL, which was almost as high as the titer of PR8 WT viruses

(i.e., 108 PFU/mL; Figure 1D). However, neither of the two HA gene–

deficient virus types produced infectious progeny in MDCK cells that

did not express the recombinant HA protein (Figure 1D). However,

both HA gene–deficient viruses were infectious, and MDCK cells in-

fected with DHA-mIFN-g IAVs produced and secreted high levels of

virus-based IFN-g (Figure 1E), and both virus types were capable of

inducing apoptosis of infected cells, as was the nonmutated WT IAV

(Figures 1F and 1G). Strikingly, the DHA-mIFN-g viruses were more

efficient in apoptosis induction thanDHAorWT viruses, as shown by

the expression of apoptosis marker genes. Taken together, these re-

sults show that attenuated DHA viruses are infectious and induce

apoptosis but do not produce infectious progeny.

A single dose of replication-incompetent IAVs resulted in tumor

reduction in vivo

In a previous study, we showed that the infection of Raf-BxBmicewith

500 PFU of WT PR8 IAVs was well tolerated by the animals and re-

sulted in 50% tumor reduction on day 3 postinfection and viral titers

ofR106 PFU/mL in the lungs.13 In contrast, single-cycle HA gene–

deficient viruses are expected to produce only noninfectious viral par-

ticles and are unable to spread within the lung. However, to achieve

efficient oncolysis, a high number of cancer cells must be infected.

Based on these assumptions, we treated cancer-bearing mice with a

dose of 0.8 � 107 PFU replication-incompetent IAVs per animal

(i.e., with a number of virus particles approximately equal to that pro-

duced byWT IAVs during the infection period). To prevent the loss of

viral particles in the upper respiratory tract,HA gene–deficient viruses

were administered directly into the lung of Raf-BxB mice by intratra-

cheal intubation, and the oncolytic potential was analyzed at indicated

time points (Figure 2A). Both DHA and DHA-mIFN-g IAVs were

evaluated, and the same viral dose was used for both virus types. Con-

trol mice received PBS via the same route, and body weight changes of

the animals were used as an indicator of disease severity, monitored

over a 12-day period after infection (Figure 2B).

As expected, the control mice tolerated the intratracheal intubation

very well and showed no abnormal symptoms or changes in body

weight over time. In contrast, all of the infected mice showed mild
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but still influenza-like symptoms (e.g., sleepiness) and moderate

weight loss, which peaked at day 2 of infection. Mice infected with

DHA-mIFN-g viruses lost slightly more weight than did the mice in-

fected with unarmed DHA viruses, although all of the mice gained

weight by day 3 postinfection (PI) and fully recovered from infection

on days 4–5.

Figure 1. Generation of replication-incompetent single-cycle DHA IAVs

(A) Design of viral vector constructs (based on pHW2000 plasmids). The 50 and 30 end UTRs as well as 165- and 151-nt packaging sequences at the corresponding ends of

the HA gene were left intact, whereas the rest was replaced with either a placeholder (Stuffer, 166 nt) or an mIFN-g sequence (468 nt) to generate DHA or DHA-mIFN-g IAVs,

respectively. (B and C) HEK293 and MDCK cell lines were transduced with retroviruses comprising the HA gene of the PR8 IAV, and the number of HA-expressing cells was

analyzed by flow cytometry. MDCK cells infected with WT PR8 IAV served as positive controls, and nontransduced/noninfected cells were included as negative controls

(Mock). The histograms shown in (B) representatively depict the gating to determine HA+ cells, and dashed lines indicate nonspecific binding of the fluorophore-labeled

secondary antibody. Independent experiments verify the stable HA expression in both cell lines (i.e., MDCK-HA and HEK-HA) (C). (D) MDCK and MDCK-HA (PR8) cells were

infectedwith PR8WT,DHA, andDHA-mIFN-g IAVs, and virus titers were determined in a plaque assay. (E) MDCK cells were infected with IFN-g-armed viruses, and secretion

of virus-derived IFN-gwasmeasured at the indicated time points in a cytokine release assay (LEGENDplex). (F and G) B16-F10melanoma cells were infectedwith anMOI of 5

of PR8 WT, DHA, or DHA-mIFN-g IAVs. At 10 h PI, cell lysates were prepared and RNA was isolated to perform qRT-PCR on the expression level of the apoptosis marker

genes Fas (F) and Tnfsf10 (G). (C–G) Data are expressed asmean values ± SD of 3 independent experiments. *p < 0.05, **p < 0.0052, ***p < 0.0001. (D and E) Unpaired t test.

(F and G) Ordinary 1-way ANOVA followed by Tukey’s multiple comparison test. ctrl., control; h.p.i., hours postinfection; n.d., not determined; ns, not significant; Pos.,

positive.
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Figure 2. Infection with IFN-g-armed DHA IAVs destroyed 85% of the lung tumor

(A) Time schedule ofDHA virus infection. Mice were infected with 0.8� 107 PFU of either unarmed (DHA) or armed (DHA-mIFN-g) viruses. At indicated time points, mice were

sacrificed and lungs were analyzed. (B) Body weight loss of mice infected with either of the two virus subtypes. Control mice received PBS via the same intratracheal route. (C)

Tumor reduction in the lungs of Raf-BxB mice after infection with DHA or DHA-mIFN-g IAVs. The Raf-BxB mRNA expression was determined by TaqMan qRT-PCR. Mean

values of noninfected control mice were taken as unity. (D) The percentage of tumor tissue in the lung was calculated as the ratio between Raf-BxB+ tumor area and total lung

area after specific days of infection. (C and D) Unpaired t test. (E) Correlation between Raf-BxB mRNA expression level and tumor area. (F) Paraffin-embedded lung sections

of mice infectedwithDHA (upper row) orDHA-mIFN-g IAVs (center row) were stained for human Raf-BxB protein (red), representing oncogene-expressing tumor cells. Nuclei

were counterstained with hematoxylin. Uninfected mice (day 0 [d0]) received PBS only. Scale bar, 1,000 mm. For better visualization, enlarged images (20� and

40�magnification) of certain areas (black rectangle) of noninfected (a) as well as of infected lungs (b, 6 DPI) are presented in the lower row (scale bar, 20 mm). Mean values ±

SEM of 5–6 animals per group are depicted. *p = 0.0101, ***p = 0.0001.
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The antitumor effect of replication-incompetent viruses was evalu-

ated by two different methods: by determining the transcript levels

of the oncogenic human Raf-BxB gene in the lung (Figure 2C) and

by evaluating the lung tumor area in relation to the lung area in his-

tological sections after staining with a specific anti-human Raf-BxB

antibody (Figure 2D). Although distinct variation between individual

animals was observed (Figure S1), both assessment methods showed

very similar tumor-reduction kinetics, and the amount of Raf-BxB

mRNA estimated by qRT-PCR significantly correlated with the histo-

logically evaluated lung tumor area (Figure 2E), which was in accor-

dance with the observations made in previous studies.13 Remarkably,

lung tissue showed a significant reduction in the hRaf-BxB mRNA

and hRaf-BxB+ cells after infection with both replication-incompe-

tent virus types (Figures 2C and 2D), indicating the destruction of

Raf-transformed tumor cells. For both virus types, the maximum tu-

mor loss rate was observed within the first 3 days of infection and

slowed down thereafter. The oncolytic activity of the unarmed

DHA viruses was very strong, reducing the tumor over 65% by day

6 PI. Afterward, however, the tumor loss seemed not to proceed

but was still slightly over 50% of the initial value on day 12 PI. It is

striking that the overall oncolytic effect of DHA-mIFN-g viruses

was much stronger than that of DHA IAVs and reached a worth

seeing value of more than 85% of the initial lung tumor mass on

day 12 PI, highlighting the effective oncolytic capacity of the IFN-

g-armed DHA viruses.

Closer histological analysis of infected Raf-BxB lungs with a specific

anti-human Raf-BxB antibody confirmed the oncolytic capacity of

both DHA IAVs (Figure 2F). Due to ubiquitous expression of the re-

combinant hRaf-BxB transgene in type II pneumocytes, the mice

develop multiple tumor foci distributed throughout the lung.22 In un-

infected mice, they exhibited a well-structured and dense shape rep-

resented by purple spots. However, the lungs infected with either of

the two replication-incompetent virus types revealed a significantly

lower amount of tumor tissue, and the remaining cancerous areas

showed a more diffuse and less dense tumor structure compared to

uninfected mice. Although infection with unarmed DHA viruses re-

sulted in remarkable oncolysis on day 6 PI, the lung tissue from

IFN-g virus-infected mice revealed a tremendous reduction of the tu-

mor area as early as day 3 PI (Figure 2F). Furthermore, hardly any

tumor foci were detectable 6 and 12 days PI with the IFN-g-armed

viruses. In addition, the infection with nonreplicating unarmed or

armed DHA viruses attracted immune cells to the lungs and caused

inflammation in the tumor environment. Strikingly, the areas with

massive immune cell infiltration hardly had any tumor cells left (Fig-

ure 2F, enlarged images).

Replication-incompetent IAVs initiated proinflammatory

immune responses in tumor-containing lung tissue

Infection with IAVs is usually accompanied by the upregulation of

proinflammatory cytokines in the lung, which attract immune cells

to the site of infection and initiate immune responses to clear the vi-

ruses.23–25 Therefore, we wondered whether replication-incompetent

DHA IAVs are capable of eliciting a proinflammatory cytokine

response and whether infection with DHA-mIFN-g-armed IAVs dif-

fers in its effectiveness from unarmed DHA IAVs. For this purpose,

bronchoalveolar lavage fluid (BALF) was collected 3, 6, and 12 days

PI (DPI), and the cytokine profile was characterized using the flow

cytometry–based cytoplex assay. As shown by the data in Figure 3A,

both replication-incompetent DHA virus types were able to induce

proinflammatory cytokines in a manner similar to that of WT IAVs

in terms of quantity and time intervals.13,26,27 The only difference be-

tween unarmed and armed replication-incompetent viruses was that

we detected very early secretion of IFN-g after infection with DHA-

mIFN-g viruses, confirming the expression of IFN-g by the geneti-

cally modified viruses. In particular, already on day 3 of infection,

high levels of IFN-g could be measured, which persisted until

day 6, when the secretion of IFN-g increased upon infection with un-

armed IAVs. Remarkably, IFN-g levels were already very strong at

day 3 after DHA-mIFN-g virus infection, which was usually not

the case in our previous experiments with WT IAV infection.14,28

However, the IFN-g secretion on day 6 PI with either replication-

incompetent virus was similar to the IFN-g induction after WT

IAV infection.

The strong induction of proinflammatory cytokines and the kinetics

of their expression imply that the replication-defective IAVs are also

capable of inducing infiltration and activation of immune cells into

Figure 3. Single-cycle DHA IAVs induced infiltration of innate immune cells into the TME

BALF from NSCLC-bearing mice at different times of infection with 0.8 � 107 PFU of either unarmed (DHA, open symbols) or cytokine-armed (DHA-mIFN-g, filled black

symbols) IAVs was analyzed according to the schedule shown in Figure 2A. (A) Cytokines released during viral infection were measured using a multiplex cytokine release

assay. Individual and mean values ± SEM (columns) per group and time point are presented. Mean values of uninfected tumor-bearing mice (PBS, filled gray symbols) were

arbitrarily set to 1. (B–F) BALF-derived immune cells were analyzed for different surface and intracellular markers of peripheral macrophages and NK cells by flow cytometry.

Total numbers of leukocytes (CD45.2+) as well as monocytes/granulocytes (CD11b+ CD11c�) and NK cells (CD3- CD49b+) as parts of CD45.2+ are shown. (B) The per-

centage of peripheral macrophages (F4/80+) among CD11b+ CD11c� cells and the percentage of MHC class II–expressing peripheral macrophages infiltrating the lung are

depicted. (C) Representative dot-plot images highlighting the gating strategy for MHC class II+ peripheral macrophages infiltrating the lung 12 days after DHA (left image) or

DHA-mIFN-g (center image) IAV infection and immunoglobulin G (IgG)-control (right image) are shown. (D) Geometric mean fluorescence intensities (GeoMFI) are depicted

exemplarily for MHC class II+ peripheral macrophages on day 6 PI. Individual and mean values ± SEM per group are shown. (E) Infiltration kinetics of activated NK cells (CD3�

CD49b+NKp46+) into the lung and percentages of IFN-g+ andMHC class II+ cells among them are presented. (F) Representative dot-plot images showing the gating strategy

for NKp46+ (left) among NK cells (CD3� CD49b+) and Granzyme B+ among CD49b+ NKp46+ activated NK cells (right) at day 6 PI with either DHA IAVs (left image) or DHA-

mIFN-g IAVs (center image) and IgG/FMO-control (right image). Means ± SEM of 5–6 mice per group are shown. *p < 0.05, **p < 0.006, ***p < 0.0009, ****p < 0.0001. (A,

Kruskal-Wallis test with Dunn’s multiple comparisons test; B and E, ordinary 1-way ANOVA followed by Tukey’s multiple comparison test). d.p.i., days postinfection; IP-10,

interferon gamma-induced protein-10; MCP-1, monocyte chemoattractant protein-1.
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the infected lung. To address this question, we first estimated changes

in the total amount of CD45+ leukocytes in the BALF of infected

lungs. No significant difference was observed between DHA and

DHA-mIFN-g virus-infected mice. The number of immune cells

infiltrating the bronchoalveolar space profoundly increased, peaked

on day 6 of infection, and decreased by day 12 after both infections.

This kinetic is very similar to the kinetics following infection

with WT PR8 virus, except that it appears to attenuate more

rapidly.13,15,28,29

As expected, both types of replication-incompetent viruses attracted

cells of the innate immune system, peripheral macrophages

(CD11b+ CD11c� F4/80+) and natural killer (NK) cells (CD3�

CD49b+), but their infiltration kinetics differed depending on the

type of virus used. Infection with DHA-mIFN-g viruses led to an

earlier infiltration of innate immune cells compared to unarmed

DHA viruses. Similar to WT PR8 viruses, infection with DHA viruses

resulted in the maximal attraction of both innate immune cell types

on day 6, with a subsequent decline. However, after infection with

DHA-mIFN-g viruses, the absolute number of these cells in the lungs

increased sharply by day 3 PI and remained high, until day 6 or later

(Figures 3B and 3E). Most of the infiltrating macrophages exhibited a

proinflammatory M1-like phenotype, as reflected by an increased

proportion of major histocompatibility complex class II (MHC class

II)–expressing cells and the amount of the receptor on their surface

(Figures 3B and 3D). NK cells were also highly activated and exhibited

the cytolytic marker NKp46 (CD3� CD49b+ NKp46+), and the

NKp46+ cells secreted large amounts of the proapoptotic granzyme

B as well as the proinflammatory IFN-g, further confirming their

activated state.

Thus, the most striking finding was that infection with IFN-g-armed

viruses resulted in an earlier infiltration of innate immune cells and a

significantly greater activation of recruited macrophages and NK cells

compared to unarmed viruses (Figures 3B–3F).

The infiltration of the IAV-infected lung with cells of the innate im-

mune system typically is followed by adaptive T lymphocytes. The

adaptive immune response is very specific and strong due to the

high antigenicity of influenza viruses. It must be newly developed,

however; thus, infiltration of the infected lung with T cells is delayed

compared to cells of the innate immune system. However, once

unfolded, the cytotoxic T cells are highly efficient in clearing the

IAV infection. Therefore, we wondered whether the replication-

incompetent viruses could also elicit an adaptive immune response

and whether their kinetics and activity differ after the infection of

Raf-BxB mice. Helper (CD3+ CD4+) as well as cytotoxic (CD3+

CD8+) T cells were analyzed (Figures 4A–4C).

Both cell types strongly infiltrated the lung after infection with DHA

andDHA-mIFN-g replication-defective IAVs, peaking on day 6 PI. It

is most remarkable that the onset and course of adaptive immune re-

sponses were comparable for both viruses, whereas the total number

of infiltrating helper T cells (CD3+CD4+) and cytotoxic T cells (CD3+

CD8+) was significantly higher on day 6 PI with IFN-g-expressing vi-

ruses compared to infection with the unarmed viruses (2 and 3 times,

respectively). In addition, adaptive immune cell activation was higher

and occurred earlier in mice infected with DHA-mIFN-g viruses, as

shown by the analysis of IFN-g+ and granzyme B+ CD4+ and CD8+

T cells (Figures 4A–4D). Interestingly, although the adaptive immune

response was stronger in mice infected with DHA-mIFN-g viruses,

the immune checkpoint receptor CTLA4 was significantly weaker ex-

pressed on CD4+ as well as on CD8+ T cells than after infection with

unarmed DHA IAVs (Figure 4A).

Infection with IFN-g-armed DHA IAVs accelerated the activation

of TAMs

Finally, we wanted to know whether the infection of tumor-bearing

Raf-BxB mice with replication-incompetent IAVs could, similar to

WT IAVs, activate TAMs. These kind of immune cells are generally

the most abundant resident immune cell type in the lung and have

been shown to be converted to the tumor-supportive M2 state by

NSCLCs,13which is consistent with the finding of immunosuppressed

TAMs in human NSCLC patients.

In good agreement with previously published data that alveolar mac-

rophages undergo apoptotic death after IAV infection, their numbers

also decreased after infection with replication-incompetent IAVs

(Figure 4E). It was surprising that the decrease was much more pro-

nounced after infection with IFN-g-encoding IAVs than with un-

armed DHA IAVs. More important, as infection progressed, the re-

maining alveolar macrophages exhibited markers of the activated

Figure 4. Infection with single-cycle DHA IAVs activated adaptive T cell responses and led to a significant reduction of TAMs

Raf-BxB mice were intratracheally infected with HA gene–deficient viruses and BALF was analyzed by flow cytometry for adaptive T lymphocyte populations and alveolar

macrophages 3, 6, and 12 DPI. (A) Total numbers of CD3+ CD4+ T helper lymphocytes (left) as parts of CD45.2+ leukocytes (see Figure 3B) and percentages of CTLA4+

(second left) as well as PD-1+ (second right) and IFN-g-expressing (right) cell populations amongCD3+CD4+ cells. (B) The gating strategy is exemplified by CTLA4 (at day 6 PI,

left) and IFN-g (on day 12 PI, right) as well as IgG-control (right image) on T helper cells from mice infected with either DHA IAVs (left image) or DHA-mIFN-g IAVs (center

image). (C) Absolute number of CD3+ CD8+ T cytotoxic lymphocytes (left) and percentage of CTLA4+ (second left) and PD-1+ (center) cell populations among them and their

activation status expressed by IFN-g+ (second right) and Granzyme B+ (right) over the time of infection. (D) The gating strategy is exemplarily demonstrated for the immune

checkpoint CTLA4 (at day 12 PI) and the corresponding IgG-control (right image) on CD8+ T cells during infection with either DHA IAVs (left image) or DHA-mIFN-g IAVs

(center image), respectively. (E) Absolute numbers of alveolar macrophages (CD11c+ CD11b� SiglecF+, left) and the percentages of MHC class II+ and iNOS+ alveolar

macrophages. (F) GeoMFI are depicted exemplarily for MHC class II+ alveolar macrophages at day 3 PI. Individual values and mean values (columns) ± SEM per group are

shown. (G) Representative dot-plot images emphasizing the gating strategy, including FMO controls for quantification of parameters shown in (E), for SiglecF (6 DPI, left) and

MHC class II (3 DPI, right). Mean values ± SEMwith n = 5–6 animals per group are shown. *p < 0.03, **p < 0.002, ***p < 0.0002, ****p < 0.0001. (A, C, and E) Ordinary 1-way

ANOVA followed by Tukey’s multiple comparison test. FS-H, forward scatter-height; PD-1, programmed cell death protein-1.
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M1 state such as MHC class II and inducible nitric oxide synthase

(iNOS) (Figure 4E). Although iNOS expression appeared to be tran-

sient, MHC class II expression was more sustained. In mice infected

with IFN-g-armed DHA IAVs, alveolar macrophage activation was

not only more intense but also occurred earlier upon infection. In

particular, already on day 3 PI with DHA-mIFN-g viruses, more

than 90% of all cells expressed high levels of theMHC class II receptor

and almost 20% of the cells were iNOS+, compared to only 50% and

1%, respectively, in the DHA virus-infected lungs without additional

secretion of virus-based IFN-g (Figures 4E–4G). Along this line, the

level of MHC class II receptor expression per macrophage (CD11c+

CD11b� SiglecF+) on day 3 PI was also higher in mice infected

with IFN-g-armed viruses than in mice infected with unarmed vi-

ruses (Figure 4F). In summary, the present study demonstrates that

lung tumors are efficiently destroyed in vivo after infection with repli-

cation-incompetent oncolytic IAVs. Furthermore, DHA viruses

armed with IFN-g induce strong but controlled immune responses,

resulting in the modulation of the lung immune environment in

mice harboring lung cancer.

DISCUSSION
In this study, we demonstrated that nonreplicatingHA gene-deficient

IAVs (i.e., DHA IAVs) are effective oncolytic agents that initiate

tremendous tumor reduction in a mouse model of NSCLC. The on-

colytic effect was even higher when the DHA viruses were genetically

modified to express IFN-g upon infection. These DHA-mIFN-g vi-

ruses caused an 85% abrogation of Raf-BxB oncogene expression at

day 12 PI (compared to 50% for unarmed DHA viruses), indicating

the destruction of Raf-transformed tumor cells. In addition, infection

with either of the two virus types resulted in the reconversion of a sup-

pressed to a highly activated lung immune environment and caused a

strong infiltration of the lung with activated innate and adaptive im-

mune cells. The abrogation of the immunosuppressed lung environ-

ment as well as the infiltration of the lung with immune cells were

earlier and much stronger when virus-derived IFN-g was present

early PI.

Despite the progress made in the development of immunotherapies

against solid tumors, treatment remains challenging. The main

obstacle remains the immunosuppressed environment caused by

various tumor entities, which promotes tumor growth and persis-

tence. In NSCLC patients, the accumulation of TAMs correlates

with poor prognosis. Moreover, ICIs, which should enhance anti-

tumor immunity, are effective in only 20% of NSCLC patients, mainly

due to the suppression of reactive T cells by the TME and the absence

of tumor-associated antigens, which are required for the production

of reactive antitumor T lymphocytes.

Interestingly, OVs have been shown to be effective in overcoming the

immunosuppressed TME and are being intensively studied as a stan-

dard therapy or in combination with existing treatment regimens, and

several OVs are in clinical trials against NSCLCs.30,31 However, IAVs

have not yet made it into clinical trials as OVs against solid tumors,

despite preclinical evidence of their oncolytic properties against

lung cancer.15,32 Furthermore, lung-cancer patients hospitalized for

influenza infection were found to have lower overall lung cancer mor-

tality.32 These findings altogether render IAV as a suitable oncolytic

candidate.

An explanation for why IAVs are not further investigated as OVs in

clinical approaches is most likely the fear of potential complications

when even low-pathogenic but replicating viruses are administered

to immunocompromised cancer patients. To improve the feasibility

of IAVs as OVs for the treatment of lung cancer in humans, preclin-

ical studies are focusing on the development of highly attenuated on-

colytic IAVs that have a lower risk of severe side effects.17 In the pre-

sent study, we generated nonreplicating HA gene–deficient viruses

from the PR8 strain to completely prevent the risk of viral spread

in lung tissue.

It has been shown that arming OVs with coding sequences for im-

mune mediators enhances the virus-induced antitumoral immu-

nity.33 The type II IFN-g is a pleiotropic cytokine that orchestrates

cells of the innate as well as of the adaptive immune system.34

Furthermore, it is known that IFN-g plays a pivotal role in inhibiting

tumor progression and dissemination, since solid tumors grew much

faster and established earlier metastases in IFN-g knockout mice.35,36

Due to its antiproliferative and proapoptotic functions IFN-g is eval-

uated alone or as an immunotherapy adjuvant in preclinical and clin-

ical trials against cancer.37 However, local expression of IFN-g is

essential to elicit its antitumoral functions and the short half-life of

IFN-g in serum limits a systemic application. To achieve intratu-

moral, and hence, local, expression of IFN-g, we inserted the

sequence for the mIFN-g gene into the viral genome of our DHA

IAVs and analyzed the potential to boost proinflammatory immune

responses.

Both replication-incompetent viruses (i.e., DHA and IFN-g-armed

DHA) accomplished a single cycle of infection due to a substituted re-

combinant HA-entry protein in the viral envelope (Figures 1C and

1D). Cells infected with DHA IAVs produced noninfectious viral

progeny in vitro (Figure 1D) and in vivo (Figure S2), which enor-

mously increase safety concerns. With nonreplicating viruses, viral

spread within lung tissue can be excluded, giving HA gene–

deficient IAVs a significant advantage over NS1 gene–deficient vi-

ruses that may replicate in tumor cells in which the IFN response is

downregulated.16

The infection of MDCK cells with IFN-g-encoding DHA-IAVs re-

sulted in the high secretion of IFN-g, indicating successful transgene

expression from the viral genome (Figure 1E). As expected, both

replication-incompetent virus types induced apoptosis of tumor cells,

as evidenced by the upregulation of the apoptosis marker genes Fas

and Tnfsf10 in infected cells. Of note, the presence of virus-based

IFN-g upregulated the apoptotic marker genes more strongly than

just single-infection cycle DHA or WT viruses (Figures 1F and 1G).

These results are in line with studies describing the induction of

Fas-mediated apoptosis by IFN-g38 and the death of lung cancer cells
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triggered by IFN-g.39Most important, we compared the oncolytic ac-

tivity of unarmed and IFN-g-armed DHA IAVs in mice developing

NSCLC (i.e., in Raf-BxB mice). Due to the targeted expression of

the constitutively active truncated human Raf-BxB kinase in type II

pneumocytes, Raf-BxB mice spontaneously develop NSCLC, but

because of the obligatory expression of the Raf-BxB oncogene in

epithelial cells, the resulting tumor foci are distributed throughout

the lung. This is a limitation of the Raf-BxB model, because it does

not fully reflect the rather nodular growth characteristics of human

lung tumors. However, the advantage of the model is that these

mice are fully immunocompetent and that type II pneumocytes are

the natural host cells of IAVs; and it seems plausible to consider

the whole lung tissue as the tumor environment in this specific

case. Using the Raf-BxB mice, we were able to show that both virus

types caused a reduction in tumor tissue and that the modification

with IFN-g impressively destroyed 85% of Raf-induced tumors

(Figures 2C and 2D). Viral infection not only reduced the overall tu-

mor area in the lung (Figures 2D and 2F) but also caused the disinte-

gration of encapsulated tumor foci and opened the tumor tissue to

infiltration by immune cells (Figure 2F).

Virus-infected epithelial cells produce cytokines as an early viral

response that attract innate immune cells such as macrophages and

NK cells to the side of infection and trigger their phagocytic and cyto-

lytic functions.23,40 The lungs of mice infected with the WT IAV PR8

indeed secrete early viral response cytokines such as type I IFNs, tu-

mor necrosis factor (TNF)-a, and interleukin (IL)-6.41 In our study, a

sublethal dose of 0.8� 107 PFU of nonreplicating IAVs was sufficient

to induce a cytokine release comparable to WT virus infection. Anal-

ysis of BALF from mice infected with either unarmed or IFN-

g-armed DHA IAVs revealed elevated levels of TNF-a and IL-6 (Fig-

ure 3A), which corresponds to increased numbers of peripheral

macrophages and NK cells infiltrating the lung from day 3 PI onward

(Figures 3B–3D). Infection with IFN-g-armed viruses attracted

innate immune cells to the infected lung tissue much earlier as

compared with unarmed viruses. Furthermore, the infiltrating cells

showed higher and stronger activation, indicating that virus-released

IFN-g enhances proinflammatory immune responses in the tumor-

bearing lung. These observations are in agreement with other studies

elucidating the beneficial effect of OVs engineered with an IFN-g

gene. Infection of a mouse model for breast cancer with a vesicular

stomatitis virus (VSV) genetically modified to express IFN-g showed

an enhanced activation of innate immune cells in contrast to the

unarmed parental virus. Furthermore, these IFN-g-armed VSVs

reduced the tumor size more efficiently compared to unarmed

VSVs.42

In contrast to type I interferons, which can be produced by any nucle-

ated cell, immune cells such as macrophages,43NK cells,44 and T lym-

phocytes45 are the main source of IFN-g. In mice infected with single-

cycle unarmedDHA viruses, IFN-g secretion increased on day 6 PI to

levels comparable to IFN-g levels after infection with fully replicating

WT PR8 viruses.15As we expected, infection with IFN-g-armedDHA

viruses resulted in an earlier secretion of IFN-g, which was expressed

from the modified viral genome. In detail, the concentration of IFN-g

measured in BALF on day 3 PI was spectacularly 1,000-fold higher

compared to levels of unarmed DHA virus-infected mice (Figure 3A).

This result confirmed the successful expression and secretion of virus-

encoded IFN-g upon in vivo infection. Interestingly, on day 6 PI,

IFN-g levels were similar for unarmed as well as for cytokine-armed

DHA viruses and did not increase further in mice infected withDHA-

mIFN-g viruses. This correlates with the finding that infectious virus

particles were no longer present 3 days PI, thus abolishing virus-based

IFN-g production (Figure S2). Both NK cells and T lymphocytes

contributed to increased IFN-g secretion, with the number of

IFN-g+ cells being highest on days 6 and 12 PI, respectively

(Figures 3E, 4A, and 4C). Cytotoxic T lymphocytes are essential for

the recognition and killing of both virus-infected and transformed tu-

mor cells. The infection with either DHA virus type induced migra-

tion of adaptive T cells into the lung on day 6 PI. Remarkably, the

number of infiltrating CD4+ and CD8+ T cells was 2-fold higher in

IFN-g-armed infected lungs compared to unarmed virus infection

and was indeed as high as observed after WT IAV infection

(Figures 4A and 4C).14 Furthermore, T cell activation was also higher

after DHA-mIFN-g compared to unarmed DHA virus infection,

consistent with the greater activation of innate immune cells in

IFN-g virus-infected mice. In particular, most CD8+ T killer cells ex-

pressed IFN-g and cytolytic granzyme B, reflecting a highly activated

effector phenotype (Figure 4C). Although we did not explicitly

analyze tumor-specific T cell immune responses in this study, we

would not rule out this scenario, because massive virus-induced tu-

mor cell destruction releases sufficient tumor-specific antigens, if

available. Also, the greater and sustained tumor reduction after

IFN-g-virus infection may suggest T cell involvement in tumor cell

destruction in addition to NK cells and macrophages. However, this

question needs to be clarified in detail in future experiments. It is

interesting to note that the unarmed HA gene–deficient viruses eli-

cited an effective immune response in the tumor-bearing lung, in

contrast to recently published replication-incompetent oncolytic

IAVs, which elicit a strong immune response only after conjugation

with an immunostimulatory peptide.17 Different routes of viral

administration and different viral doses could account for the

discrepancy. For example, Ji et al. infected mice intranasally, which

we believe is less effective than intratracheal administration of non-

replicating IAVs, and administered much fewer viral particles.17

Tumor-bearing Raf-BxB mice show an accumulation of TAMs

resembling the phenotype of the TME in human lung cancer patients.

TAMs are a main source of granulocyte macrophage-colony-stimu-

lating factor (GM-CSF), and it has been reported that certain

NSCLCs from human patients as well secrete elevated amounts of

GM-CSF.46 It is worth noting that GM-CSF was the only cytokine

in the cytoplex assay that showed lower levels in infected compared

to noninfected mice (Figure 3A). This observation was consistent

with the decrease in both TAMs and tumor cells following the infec-

tion with replication-incompetent viruses and is in accordance with

previous findings that mRNA transcript levels of GM-CSF decreased

upon the infection of Raf-BxB mice with WT IAVs.13 Again, the
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decline in TAMs following DHA-mIFN-g infection was earlier and

much greater than the decline following infection with unarmed

DHA viruses (Figure 4E). In particular, almost all of the remaining

alveolar macrophages (CD11c+ CD11b� SiglecF+) were activated

(MHC class II+) and showed a stable M1-like phenotype throughout

the observation period (i.e., 12 DPI). Furthermore, lung-resident

macrophages showed iNOS expression in nearly 20% of cells on

day 3 PI (compared to less than 1% in unarmed DHA virus-infected

lungs at the same time point). BothMHC class II expression and NOS

induction are known to be stimulated in response to IFN-g,47,48

which is in good agreement with the increased levels of virus-derived

IFN-g on day 3, as shown in Figure 3A.

The effective oncolytic dose of 0.8 � 107 PFU of unarmed or IFN-

g-armed DHA IAVs was well tolerated by the infected animals.

This is because the viruses are unable to replicate after a single cycle

of infection. All of the mice recovered from day 3 PI onward, as de-

picted in Figure 2B, and no immunopathology was observed. In

particular, cytokine levels measured 12 DPI were back to the levels

of noninfected mice, and the number of lung-infiltrated immune cells

decreased 12 DPI, indicating a termination of the inflammation and

controlled immune responses after tumor destruction (Figures 3A,

3E, 4A, and 4C).

Due to the transgenic nature of the Raf-BxBmouse model, this type of

lung tumor cannot be eradicated completely. It will always recur and

regrow as long as type II pneumocytes are present, even with a stron-

ger induction of immune responses by the virus-based IFN-g. The

constant appearance of new tumor cells is a disadvantage of the

mouse model, and it would be important to investigate the oncolytic

activity in a future study in an additional mouse model.

We have conclusively demonstrated for the first time that HA gene–

deficient single-cycle IAVs are potent OVs in NSCLC-bearing mice.

Virus-derived IFN-g even accelerated the tumor-reducing capacity

of DHA IAVs. Moreover, IFN-g-armed viruses shifted the formerly

suppressed lung immune environment into a highly active state. By

activating proinflammatory immune responses within the lung and

an efficient reduction of the tumor area, replication-incompetent

DHA-mIFN-g IAVs can serve as promising candidates for the devel-

opment of a safe and efficient virotherapy in humans with NSCLC.

MATERIALS AND METHODS
Plasmids for virus generation

The bidirectional plasmid pHW2000 harboring theHA gene segment

of the virus strain PR8 was genetically modified to abrogate HA viral

ribonucleic acid (vRNA) formation and HA protein translation. In

particular, the WT HA segment (including 50 and 30 UTRs) comprise

1,775 nt, from which 1,382 nt were deleted, whereas packaging se-

quences at the 50 (197 nt) and 30 (196 nt) ends were maintained.

The start codon ATG was mutated to CTA to exclude translation,

and a noncoding placeholder (stuffer, 166 nt) with a multicloning

site was inserted into the truncated HA segment. ThisDHA construct

had a length of 559 nt (197 nt + 166 nt + 196 nt) and was synthesized

by VectorBuilder (Chicago, IL) on a provided pHW2000-HA-WT

plasmid backbone. Afterward, we cloned the cDNA of mIFN-g

(468 nt) into the pHW2000-DHA vector using HindIII-HF and

SpeI (NEB, Frankfurt am Main, Germany). The DHA-mIFN-g

construct comprises 936 nt (197 nt + 7 nt Kozak consensus sequence +

468 nt + 68 nt remaining from stuffer sequence +196 nt). Primer se-

quences are listed in Table S1.

Stable HA-expressing cell lines

Madin-Darby canine kidney cells (MDCK) and human embryonic

kidney 293 (HEK293) cells were cultured in Eagle’s minimum essen-

tial medium (EMEM; Merck, Darmstadt, Germany) supplemented

with 5% heat-inactivated fetal bovine serum (FBS; Capricorn Scienti-

fic, Ebsdorfergrund, Germany) and DMEM (PAN-Biotech, Aiden-

bach, Germany) with 10% FBS, respectively, at 37�C and 5% CO2.

To generate MDCK and HEK293 cells stably expressing the viral

HA protein from PR8 IAV, the coding sequence of HA was obtained

by PCR using a pcDNA3-HA (PR8) plasmid (VectorBuilder) as a

template and cloned into the retroviral vector pEGZ-Zeocin using

BamHI (NEB) restriction sites. To generate retroviral particles ex-

pressing the HA gene of PR8, Phoenix-AMPHO (ATCC, Manassas,

VA) cells were seeded with 2.5� 105 cells/6-well 48 h before transfec-

tion with 2 mg of the pEGZ-HA vector. Two days later, cells were

transferred into a 10-cm dish, and selected for zeocin resistance

(250 mg/mL) for 12 days; the medium was changed every 3–4 days.

After culturing a dense monolayer of these cells overnight, the

retrovirus-containing supernatant was harvested, filtered through a

0.45-mm nylon membrane, mixed with polybrene (8 mg/mL), and

transferred to MDCK and HEK293 cells for 24 h. Transduced

MDCK and HEK293 cells were cultured in the presence of 500 and

250 mg/mL zeocin, respectively, to obtain cell populations uniformly

expressing the recombinant HA protein. Zeocin-resistant clones of

MDCK-HA (PR8) and HEK293-HA (PR8) cells were then expanded,

and the HA expression was verified by flow cytometry using an anti-

HA (PR8-specific) antibody (11684-T56, [1:100], SinoBiological, Es-

chborn, Germany). The antibodies are listed in Table S2.

Generation of recombinant viruses

HA gene–deficient IAVs of the H1N1 strain PR8 were generated us-

ing a DNA plasmid transfection system, as previously described, with

appropriate modifications. Briefly, HEK-HA (PR8) cells were simul-

taneously transfected with 7 pHW2000 plasmids encoding WT seg-

ments of the PR8 virus (i.e., NP, PA, PB1, PB2, M, NS1, NA), and

either the modified pHW2000-DHA or pHW2000-DHA-mIFN-g

plasmid using TransIT-LT1 transfection reagent (Mirus Bio, Madi-

son, WI). MDCK-HA (PR8) cells suspended in DMEM containing

10% FBS and tosylsulfonyl phenylalanyl chloromethyl ketone

(TPCK)–treated trypsin (1:8,000) were seeded on top of HEK293-

HA cells 24 h after transfection. Trypsin must be added to the me-

dium because, unlike lung epithelial cells, MDCK cells do not possess

this endoprotease. However, proteolytic cleavage is essential to

activate viral HA and allow sufficient viral replication. Another

48 h later, the supernatant of cocultured cells was harvested and trans-

ferred to freshly plated MDCK-HA cells to further amplify DHA or
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DHA-mIFN-g IAVs. After 48 h, the virus-containing supernatant

was collected and a plaque assay on strain-matched MDCK-HA cells

was performed to determine viral titers as previously described.49 Sin-

gle clones were plaque purified, and virus stocks were grown on

MDCK-HA cells using standard methods. Recombinant WT PR8 vi-

ruses were generated from 8 pHW2000 plasmids encoding 8 WT

genomic segments using the same method, but with HEK293 and

MDCK cells not expressing the viral HA protein.

In vitro infection experiments

To determine the number of HA+ cells after infection with WT IAVs,

MDCK cells were infected with a multiplicity of infection (MOI) of 5

of PR8 viruses, and 12 h later, HA-expressing cells were analyzed by

flow cytometry.

For the verification of the replication incompetence of HA gene–

deficient viruses, MDCK and MDCK-HA cells were seeded 24 h

before the infection with PR8 WT, DHA, or DHA-mIFN-g IAVs at

a rate of 1 � 106 cells/6-well in EMEM plus 10% FBS without antibi-

otics. Cells were then washed once with PBS and infected with viruses

diluted in EMEM containing 0.2% BSA, 1 mMMgCl2, 0.9 mMCaCl2,

100 U mL�1 penicillin, and 0.1 mg mL�1 streptomycin and TPCK-

treated trypsin (1:8,000) and incubated at 37�C for 24 h. Supernatants

were harvested, filtered through a 0.45-mm nylon membrane, and

analyzed for infectious virus particles in a plaque assay using

MDCK or MDCK-HA cells.

The functionality of the IFN-g transgene expression from the viral

genome was verified by IFN-g detection in the supernatant of infected

cells. MDCK cells (5 � 105 cells/12-well) were infected with an MOI

of 1 of DHA-mIFN-g IAVs and incubated at 37�C for 30 min. After-

ward, the virus inoculum was aspirated and the cells were washed

once with PBS and cultured in EMEM (containing 0.2% BSA,

1 mM MgCl2, 0.9 mM CaCl2, 500 mg/mL gentamicin, and TPCK-

treated trypsin [1:8,000]). Supernatants were collected at 8, 12, 24,

and 48 h PI, and IFN-g levels were measured in a flow cytometry–

based LEGENDPlex assay using a custom single-plex panel

(BioLegend, Koblenz, Germany). Cells incubated in PBS only served

as controls.

To assess the apoptosis induction byHA gene–deficient IAVs, murine

melanoma B16-F10 cells (1 � 106 cells/6-well) were infected with an

MOI of 5 of either PR8WT,DHA, orDHA-mIFN-g IAVs, cell lysates

were prepared 10 h PI, and RNA was isolated for subsequent gene

expression analysis by qRT-PCR. Primer sequences are listed in

Table S3.

Animal studies

All of the animal experiments were approved by the local ethics com-

mittee and performed in strict accordance with the German regula-

tions of the Society for Laboratory Animal Science and the European

Health Law of the Federation of Laboratory Animal Science Associa-

tions. The protocols were approved by the Landesamt für Natur, Um-

welt und Verbraucherschutz Nordrhein-Westfalen, Germany.

All of the in vivo experiments were performed with 4- to 6-month-old

homozygous transgenic Raf-BxB mice17 of both genders maintained

under specific pathogen-free conditions, and 5–6 animals were

included per experimental group. Mice were anesthetized by isoflur-

ane inhalation and intratracheally intubated to deliver 0.8� 107 PFU

of either DHA or DHA-mIFN-g IAVs diluted in 50 mL PBS directly

into the lungs. Mice of the control group received PBS via the same

route of application. The health status of the mice was checked daily,

including monitoring of body weight loss. None of the animals lost

R20% of their original body weight during the entire experimental

period. At indicated time points (i.e., 3, 6, and 12 DPI), mice were

sacrificed and BALF was collected to analyze the immune cell status

and cytokine content in the lungs. Afterward, the right main bron-

chus was clamped at the bifurcation and the four right lung lobes

were excised and used for total RNA isolation, while the left lobe

was fixed in situ with 4% paraformaldehyde (PFA) in PBS, extracted,

and further processed for immunohistochemistry (IHC) staining.

RNA isolation and qRT-PCR

Four right lung lobes per mouse were homogenized in 2.0 mL lysing

matrix A tubes (MP Biomedicals, Santa Ana, CA) and total RNA

extraction was performed with 1.0 mL of peqGOLD TriFast (VWR

Life Science, Darmstadt, Germany) according to the manufacturer’s

instructions. Purified RNA was transcribed into cDNA using a

high-capacity cDNA reverse transcription kit (Thermo Fisher Scien-

tific, Schwerte, Germany). RNA expression levels of the human c-Raf-

BxB kinase were determined by TaqMan qRT-PCR on a LightCycler

480II machine (Roche, Mannheim, Germany). Each cDNA sample

was analyzed in triplicate and mean Cp values were normalized to

the signal of the housekeeping gene transcripts of glyceraldehyde

3-phosphate dehydrogenase and cytochrome c. Primer-sequences

and TaqMan probes used for qRT-PCR are listed in Table S3.

Immunofluorescence and IHC staining

The left lung lobe of each mouse was fixed with 0.7 mL of 4% PFA in

PBS for 1 h at room temperature. The fixed tissue was dehydrated in

ascending isopropanol dilutions for a maximum of 24 h, followed by

incubation in histol for 5 h; lungs were then embedded in paraffin and

sections of 4 mm were analyzed. Tumor area of two different sections

(approximately 400 mm apart) from each mouse and from 4 mice per

group and time point were quantified. Briefly, tissue sections were re-

hydrated and heat-mediated antigen retrieval was performed using

10 mM citric acid buffer (pH 6.0) for 20 min. To prevent unspecific

antibody binding, lung specimens were blocked with 10% FBS and

0.1% Triton X-100 for 30 min. Lung tissue was then stained with a

primary rabbit anti-human Raf-BxB kinase antibody (SP-63, dilution

1:100) for 1 h at room temperature, followed by a 40-min incubation

with an Alexa Fluor 647-conjugated secondary antibody. The fluores-

cence-positive areas of the samples were determined using the Celigo

Image Cytometer (Nexcelom Biosciences, Lawrence, MA), classified

as tumor area, and their relative area to the total tissue area was calcu-

lated per sample using Gimp software. IHC staining of lung speci-

mens was performed exactly as described above, except that a spe-

cies-specific biotinylated secondary antibody (Vector Laboratories,
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Newark, CA) was used and positive signals were visualized using the

Vectastain ABC-AP kit (Vector Laboratories) according to the man-

ufacturer’s instructions. Lung sections were then stained with hema-

toxylin for 2–3 min to visualize cell nuclei. Images of the entire lung

were obtained using the Biorevo BZ-9000 microscope (Keyence, Neu-

Isenburg, Germany) and Keyence BZ Analyzer software. Tissue

images of higher magnification were acquired with a Carl Zeiss

microscope (Axiovert 200M; Zeiss, Oberkochen, Germany) using

AxioVision software.

Analysis of the lung immune status

BAL was performed to obtain immune cells and cytokines from the

lungs for further investigation. In particular, mice were euthanized,

the trachea was exposed, and a cannula with an atraumatic catheter

was inserted into the trachea. The cannula was removed, and the

lungs were gently washed 5 times with 600 mL PBS containing

2 mM EDTA via the remaining catheter. BALF from the first wash

was collected separately for the determination of viral particles and

analysis of cytokine levels. The cell pellet from the first BAL was

pooled with the cells of the subsequent lavages and centrifuged at

350 � g for 10 min at 4�C. The erythrocytes were lysed, and the

percent viability of the cells was determined by the trypan blue exclu-

sion method using the Cell Countess System. Equal amounts of

viable cells were then stimulated for 5 h with eBioscience Cell Stim-

ulation Cocktail (Thermo Fisher Scientific) to simultaneously block

protein transport and secretion. Cells were then detached from the

6-well dish by incubation in 10 mM EDTA on ice for 20 min

(repeated twice). Then, cells were incubated with an anti-CD16/

CD32 antibody (BD Pharmingen, Heidelberg, Germany) to block

Fc receptors and subsequently stained for multicolor flow cytometric

analyses. Extracellular staining of cells for multicolor flow cytometric

analyses was performed by incubation with the appropriate fluoro-

phore-labeled antibodies on ice for 30 min. Cells were then washed

with PBS and fixed and permeabilized for intracellular staining using

the Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher

Scientific), following the procedure described in the manufacturer’s

protocol. Fixed and stained cells were subjected to flow cytometry

(Gallios, Beckmann Coulter, Krefeld, Germany), and the data ob-

tained were quantified using FlowJo software version 10 (Becton

Dickinson, Ashland, OR) based on the fluorescence minus one

(FMO) strategy. The total number of immune cells was determined

by single-cell discrimination, followed by normalization to the abso-

lute number of cells counted in the BALF of each mouse. The prin-

cipal gating strategy to distinguish immune cell subsets and their

respective activation markers was applied as previously described23

and is exemplified in Figures 3 and 4. Fluorophore-labeled anti-

bodies are listed in Table S4.

Quantification of secreted cytokines

The collected first BALF was analyzed for quantities of released cyto-

kines by the flow-based LEGENDplex 13-plex mouse antivirus

response panel kit (BioLegend) according to the manufacturer’s rec-

ommendations. Flow cytometry files were analyzed with BioLegend’s

Cloud-based LEGENDplex data analysis software.

Statistical analysis

All of the analyses were performed with GraphPad Prism software,

version 8. The statistical tests are indicated in the respective figure

legends.
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