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SUMMARY

InfluenzaAvirus (IAV) has shownpromise as anonco-
lytic agent. To improve IAV as an oncolytic virus, we
sought to design a transgenic virus expressing an im-
mune checkpoint-inhibiting antibody during the viral
life cycle. To test whether it was possible to express
an antibody during infection, an influenza virus was
constructed encoding the heavy chain of an antibody
on thePB1 segment and the light chain of an antibody
on the PA segment. This antibody-expressing IAV
grows to high titers, and the antibodies secreted
from infected cells exhibit comparable functionality
with hybridoma-produced antibodies. To enhance
the anti-cancer activity of IAV, an influenza virus
was engineered to express a single-chain antibody
antagonizing the immune checkpoint CTLA4 (IAV-
CTLA4). In mice implanted with the aggressive B16-
F10 melanoma, intratumoral injection with IAV-
CTLA4 delayed the growth of treated tumors, medi-
ated an abscopal effect, and increased overall sur-
vival.
INTRODUCTION

Oncolytic viruses have demonstrated potential as a treatment

agent for advanced melanoma (Andtbacka et al., 2015). The ef-

ficacy of oncolytic viruses relies on two predominant mecha-

nisms: (1) the direct killing of infected tumor cells; and (2) the abil-

ity to provoke a systemic, anti-tumor immune response that

mediates the clearance of non-infected tumor cells (Russell

et al., 2012). In 2015, oncolytic virus therapy was approved in

the United States. Recently, the oncolytic virus talimogene laher-

parepvec (T-VEC) was tested in combination with the anti-

CTLA4 checkpoint inhibitor antibody ipilimumab in a phase 1b

trial; combination therapy was demonstrated to be safe and

seemed to enhance efficacy (Chesney et al., 2016; Puzanov

et al., 2016). Moreover, it has been established that T-VEC + ipi-

limumab combination therapy is more effective than ipilimumab

alone (Chesney et al., 2017).

While combining two immunotherapy agents is an attractive

strategy to support an anti-cancer immune response, systemic

delivery of checkpoint inhibitors has been associated with
This is an open access article under the CC BY-N
adverse autoimmune responses (Bertrand et al., 2015; Weber,

2007). To circumvent this obstacle, it has been shown that the

response to low-dose, intratumoral administration of checkpoint

inhibitors is comparable to systemic, high-dose delivery (Fran-

sen et al., 2013; Sandin et al., 2014; Simmons et al., 2008;

Tuve et al., 2007) and that the expression of checkpoint inhibitors

directly from oncolytic viruses is a viable strategy to promote a

tumor-specific immune response (Bartee et al., 2017; Dias

et al., 2012; Engeland et al., 2014; Kleinpeter et al., 2016).

Influenza A virus (IAV) has long been studied as an oncolytic

virus (Lindenmann and Klein, 1967; Moore, 1949). Moreover,

the tumor-targeting ability of IAV has been enhanced through

the inactivation of the IAV protein responsible for interferon

antagonism, NS1 (Bergmann et al., 2001; Efferson et al., 2006;

Muster et al., 2004), and through the manipulation of the host im-

mune response via cytokine expression (Hock et al., 2017; van

Rikxoort et al., 2012). Influenza viruses expressing transgenes

from the polymerase segments have been described previously

(Fulton et al., 2015; Heaton et al., 2013; Pena et al., 2013; Tran

et al., 2013), although this strategy has not been employed to ex-

pressmore than one transgene from the same virus. As a proof of

concept, this report describes a replication-competent IAV that

utilizes the PB1 and PA viral polymerase segments to express

a well-characterized antibody that targets group 2 IAV hemag-

glutinins. In addition, this strategy was used to express an anti-

CTLA4 checkpoint inhibitor, which enhances the oncolytic po-

tential of IAV in a mouse melanoma model.
RESULTS

Design and Rescue of an Antibody-Expressing IAV
To engineer a replication-competent IAV that expresses anti-

bodies during the viral life cycle, the polymerase PB1 and PA

segments were utilized. To assess the feasibility of antibody

expression by IAV, genes for the well-characterized antibody

9H10 (Tan et al., 2014) were first encoded into the A/Puerto

Rico/8/34 (PR8) IAV background. The 9H10 antibody binds the

stalk region of group 2 hemagglutinins (such as the H3 of the

X-31 virus) and does not bind group 1 viruses, such as PR8

(Tan et al., 2014).

To express the 9H10 antibody from IAV, both the heavy- and

light-chain genes were inserted into the IAV genome (Figure 1A).

The heavy-chain gene was cloned downstream of PB1. The

Porcine teschovirus 1 (PTV-1) 2Asequencewas insertedbetween

the PB1 and heavy-chain genes to allow for the co-translational
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Figure 1. In Vitro and In Vivo Growth Char-

acteristics of IAV-9H10

(A) Diagram of IAV engineered to express anti-

bodies during infection.

(B) Peak titer following viral growth in eggs at

33�C for 3 days. IAV-9H10 (harboring both PB1-

9H10heavy chain and PA-9H10light chain segments)

viruses containing single transgenic segments

and WT IAV are shown. HC, heavy chain; LC, light

chain.

(C) Viral growth in eggs, 5 eggs per time point per

virus. *Samples below the limit of detection (LOD).

(D) Viral lung titers 2 days post intranasal infection

with 5 3 105 PFUs of IAV-9H10 or WT IAV (n = 3

mice per group).

(E and F) Following infection, (E) body weight loss

and (F) survival were quantified (n = 4 mice per

group). Experiments were performed in duplicate

and all error bars represent SEM. Diagram is not to

scale.
separation of the PB1 and heavy-chain proteins. Additionally, a

signal peptide sequence was cloned between the 2A and the

heavy-chain sequence to target the nascent heavy-chain

polypeptide for translation into the endoplasmic reticulum and

subsequent secretion. The same strategywas employed to direct

light-chain expression from the viral PA segment.

An IAV expressing both PB1-9H10heavy chain and PA-9H10light

chain segments was rescued (IAV-9H10), as well as viruses ex-

pressing either of the transgenic segments alone. All viruses

grew to high titer, with IAV-9H10 reaching �1 3 108 plaque-

forming units (PFUs)/mL, an approximate 1 log10 reduction in

peak titer compared to wild-type (WT) IAV (Figure 1B). Moreover,

the multicycle replication kinetics of IAV-9H10 closely mimicked

that of WT IAV (Figure 1C).

Additionally, the capability of IAV-9H10 to replicate in vivowas

assessed. Intranasal infection of mice with IAV-9H10 resulted in

both high viral lung titers (Figure 1D) and weight loss-associated
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morbidity and mortality (Figures 1E and

1F). The dose at which 50% of the mice

succumbed to infection was 101.5 PFUs

for WT IAV and 102.5 PFUs for IAV-

9H10, aminimal attenuation that is similar

to that of recombinant PR8 viruses

harboring a single transgenic polymerase

segment (Heaton et al., 2013). Together,

it can be concluded that encoding both

antibody genes into the IAV genomemini-

mally affects viral growth and virulence

in vivo.

Antibody Is Produced during IAV-
9H10 Infection
We next sought to address the produc-

tion of antibody during IAV-9H10 infec-

tion. First, RT-PCR was used to establish

that viral IAV-9H10 stocks contained

transgenic segments of the expected
size. The terminal 300 nt of WT IAV PB1 and PA, or 1,902 and

1,194 nt for the transgenic segments, respectively, was ampli-

fied (Figure 2A). Next, we assessed the kinetics of antibody pro-

duction during IAV-9H10 infection. Eggs were inoculated with

IAV-9H10, and the amount of antibody present in the allantoic

fluid was quantified; antibody was detectable 2 days following

inoculation and peaked at 4–5 days (Figure 2B).

The transgenes encoded by IAV-9H10 are relatively large:

1,605 additional nt is encoded on the PB1 segment and 897 nt

is encoded on the PA segment. Because of these large inser-

tions, we next addressed the stability of antibody expression

over time. Passaging of IAV-9H10 was performed in eggs and

functional transgene expression was assessed. Dilutions and

viral amplifications were repeated for a total of four passages,

and no loss in the quantity of antibody produced was observed

(Figure 2C), suggesting that the antibody genes are stably main-

tained in the IAV genome.



A B C Figure 2. Antibody Is Produced during IAV-

9H10 Infection In Ovo

(A) Detection of transgenic segments in IAV-9H10.

Viral RNA was isolated and RT-PCR was per-

formed to amplify the terminal 300 bp of WT PB1

or PA. The expected PCR products for the IAV-

9H10 PB1 and PA are 1,902 and 1,194 bp,

respectively.

(B) 9H10 quantity following inoculation with

�10 PFUs, 3–4 eggs per time point, and assessed

via ELISA. Eggs inoculated with WT IAV were

assessed on day 3. ND, not detected.

(C) Antibody expression is stable during passaging

of IAV-9H10 in eggs. IAV-9H10 was diluted 10�6

and 100 mL was used to inoculate 3 eggs

(passage 1 [P1]). Following viral growth at 33�C for 3 days, allantoic fluid was isolated, diluted 10�6, and injected back into 3 eggs. This was repeated for a total of

4 passages; 9H10 was quantified via ELISA.

(B) and (C) were performed in duplicate and error bars represent SEM. No tx, no treatment.
Antibody Produced in Eggs Functions in In Vitro and
In Vivo Assays
To address whether IAV-produced antibody functions like an

antibody produced via hybridoma technology, 9H10 antibody

was concentrated from the allantoic fluid of IAV-9H10-infected

eggs. Both IAV-produced and hybridoma-produced antibody

performed equally well for in vitro and in vivo assays. 9H10IAV
and 9H10hybridoma bound equivalently in an X-31 ELISA (Fig-

ure 3A), and both aliquots worked to inhibit the infection of Madin

Darby canine kidney (MDCK) cells when pre-incubated with X-31

(Figure 3B). Additionally, mice administered prophylaxis 9H10IAV
and 9H10hybridoma prior to X-31 challenge were protected from

infection-inducedmorbidity (Figure 3C) andmortality (Figure 3D).

Characterizing the IAV Infection of B16-F10 Melanoma
Cells
We reasoned that an influenza virus expressing an antibody

antagonizing an immune checkpoint would augment the onco-

lytic activity of IAV for treating melanoma cancer in vivo. How-

ever, IAV infection of melanoma cells first needed to be charac-

terized. In vitro, B16-F10 cells were susceptible to virus-induced

cell death, and no difference in cell death was observed between

WT IAV and IAV-9H10-infected cells (Figure 4A). Moreover, anti-

body was produced from B16-F10 cells infected with IAV-9H10

(Figure 4B). It was possible to reduce cell viability to below 5% if

tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin

was added to the media following infection, suggesting that

B16-F10 cells do not express the proteases necessary for multi-

cycle viral growth (data not shown). Indeed, IAV did not have the

capacity to initiate multicycle replication in B16-F10 melanoma

cells in the absence of trypsin, and addition of the protease re-

sulted in high viral titers (Figure 4C). This potentially enhances

the safety profile of influenza virus as an oncolytic for trypsin-

deficient tumors, as uncontrolled viral replication would not be

possible.

Treatment of B16-F10 Melanoma Tumors with
IAV-CTLA4 Delayed Tumor Growth and Prolonged
Overall Survival
To encode an antibody that mediates a checkpoint blockade, we

utilized a publicly available sequence for the 9D9 single-chain
variable fragment (scFv) targeting mouse CTLA4 (Allison and

Curran, 2011). The 9D9 scFv was cloned into both the PB1

and PA segments, using the strategy described in Figure 1,

and rescued in the PR8 background. A bilateral flank tumor

model was used to assess the activity of IAV-CTLA4: B16-F10

cells were implanted into both the right and left rear flanks of

mice. Only the right flank tumors were treated, and the left flank

tumors were monitored to assess an abscopal effect mediated

by the host anti-tumor immune response (Figure 4D).

Right-flank tumors received four intratumoral injections,

spaced 48 hr apart, and tumor growth was measured every

2 days. Treatment with WT IAV slowed the growth of right flank

tumors, compared to mice receiving PBS injections; however,

mice administered IAV-CTLA4 demonstrated minimal growth

of the treated tumor (Figure 4E). Additionally, IAV-CTLA4-treated

mice exhibited delayed growth of untreated, left flank tumors,

suggesting that IAV-CTLA4 treatment was supporting a sys-

temic anti-tumor immune response (Figure 4F). Importantly,

IAV-CTLA4 treatment led to prolonged survival compared to

mice administered WT IAV or PBS alone (Figure 4G).

DISCUSSION

Oncolytic viruses have demonstrated potential as anti-cancer

agents both in the laboratory and in the clinic. Current develop-

ment focuses on honing the tumor specificity of oncolytic

viruses, as well as promoting the activation of the adaptive

immune system and a systemic, anti-tumor response.

This paper demonstrates that IAV can be engineered to ex-

press antibodies. IAV-expressed antibodies are secreted from

infected cells and are detectable in both the supernatant of

infected cells and the allantoic fluid of infected eggs. IAV-ex-

pressed antibody was found to be functional in both in vitro

ELISA and microneutralization assays, as well as in prophylaxis

protection studies in vivo. The functionality of IAV-expressed

antibody may vary depending on the antibody expressed.

Herein, we have studied the 9H10 antibody, which is predicted

to contain one N-linked glycosylation site in the constant

region of the heavy chain. As the influenza neuraminidase

cleaves sialic acid residues, this may potentially interfere with

the glycosylation of antibodies expressed during infection.
Cell Reports 22, 1–7, January 2, 2018 3
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Figure 3. Antibody Produced during IAV-

9H10 Infection In Ovo Is Functional

(A) ELISA assessing the binding of 9H10 to X-31

virus. Antibodies were diluted to 10 mg/mL, and

2-fold dilutions were performed in triplicate. OD,

optical density.

(B) Microneutralization assay comparing IAV-pro-

duced and hybridoma-produced 9H10 antibody.

Both aliquots protect MDCK cells from infection

with X-31.

(C and D) Intranasal treatment with 10 mg 9H10

24 hr prior to infection protects mice from (C)

morbidity and (D) mortality following X-31 chal-

lenge with 33 LD50 (n = 4 mice per group). Both

9H10hybridoma and 9H10IAV-9H10 protect mice from

challenge. All experiments were performed in

duplicate and error bars represent SEM.
Regardless, in this report the activity of IAV-expressed 9H10

was as expected.

This report demonstrates that the oncolytic activity of IAV is

enhanced through the expression of a single-chain variable frag-

ment targeting the immune checkpoint CTLA4. B16-F10 mela-

noma is a highly aggressive and metastatic model of cancer

known for its rapid growth in vivo (Kuzu et al., 2015; Overwijk

and Restifo, 2001). Intratumoral injection with IAV-CTLA4 re-

sulted in the potent growth inhibition of B16-F10 tumors. More-

over, treatment with IAV-CTLA4 mediated an abscopal effect,

delaying the growth of distal, untreated tumors, as well as

prolonging overall survival. Future studies will be necessary to

determine whether the oncolytic activity of IAV-CTLA4 is

restricted to B16-F10 melanoma or if it is broadly applicable to

other tumor models.

Previous work with oncolytic Newcastle disease virus (NDV)

has demonstrated that virus does not spread between the in-

jected and non-injected contralateral tumors (Zamarin et al.,

2014). The requirements for receptor usage and multicycle viral

growth are shared between NDV and IAV. Moreover, the sys-

temic spread of H1N1 IAV has not been observed in animal

models (Belser et al., 2010; Heaton et al., 2013). Together,

we do not expect IAV-CTLA4 to spread and directly replicate

in uninjected tumors. Instead, we hypothesize that there are tu-

mor-specific CD8+ T cells at the site of the tumors injected with

IAV-CTLA4 and that expression of a checkpoint inhibitor by in-

fected tumor cells potentiates their cytotoxic activity. This strat-

egy of checkpoint inhibitor expression at the site of a tumor

may favor the activation of tumor-specific T cells, compared

to systemic delivery of checkpoint inhibitor. However, more

work has to be done to demonstrate that this is the mechanism

mediating the abscopal effect in IAV-CTLA4-treated mice and

to determine if the abscopal effect is tumor type specific (as

has been observed with oncolytic NDV; Zamarin et al., 2014).

Additional studies will further assess whether IAV expression
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of checkpoint inhibitors is safer than

intravenous (i.v.) administration.

IAV is an attractive oncolytic candidate

because, as an RNA virus, it is incapable

of integration into the host genome. Pre-
vious research on oncolytic influenza viruses has focused on

utilizing NS1-deficient viruses as oncolytic agents (Bergmann

et al., 2001; Efferson et al., 2006; Muster et al., 2004). NS1 is

responsible for interferon antagonism during IAV infection,

and it is essential for replication in interferon-competent cells

(Garcı́a-Sastre et al., 1998). It has been demonstrated that

NS1-deficient IAVs are capable of replicating in ras-expressing

tumor cells (Bergmann et al., 2001), as well those deficient for

interferon production. It will be valuable to compare the onco-

lytic activity of antibody-expressing IAV with and without

NS1; it may be that the injection of IAV directly into melanoma

tumors is sufficient to target the virus to preferentially infect

tumorous cells and, therefore, does not necessitate NS1

attenuation.

In summary, we have used an antibody-expressing IAV as an

anti-cancer agent. IAV-CTLA4 treatment limited melanoma tu-

mor growth and prolonged survival time. The minimal attenua-

tion of the antibody-expressing IAV suggests that the IAV

genome may be capable of tolerating the insertion of even

larger transgenes. While this paper has focused on the oncolytic

capabilities of an antibody-expressing IAV, this platform may

further be useful for the in vitro evolution of antibodies or as a

mechanism for directing the expression of beneficial mono-

clonal antibodies in the upper respiratory tract of IAV-infected

individuals.

EXPERIMENTAL PROCEDURES

Cell Lines and Viruses

293T, B16-F10, and MDCK cells were used in this study (ATCC). 293T cells

were maintained in DMEM, B16-F10 cells were maintained in DMEM:F12,

and MDCK cells were maintained in Eagle’s minimal essential medium

(EMEM, Gibco). Media were supplemented with 10% fetal bovine serum

(FBS) and penicillin/streptomycin. PR8, X-31, IAV-9H10, and IAV-CTLA4

viruses were grown in 10-day-old specific pathogen-free (SPF) chicken eggs

(Charles River Laboratories).
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Figure 4. IAV-CTLA4 Delays Growth of B16-

F10Melanoma Tumors In Vivo and Prolongs

Overall Survival

(A) B16-F10 cells undergo cell death in vitro

following infection with WT IAV or IAV-9H10.

Viability was assayed 48 hpi in quadruplicates and

normalized to uninfected cells.

(B) B16-F10 cells secrete antibody following IAV-

9H10 infection at MOI = 5; 9H10 was quantified

48 hpi in triplicate via ELISA. ND, not detected.

(C) B16-F10 cells do not support multicycle

replication in the absence of TPCK-trypsin.

Cells were infected at MOI = 0.01 with WT IAV,

incubated ±TPCK-trypsin, and virus titrated in

triplicate.

(D) Experimental timeline for the assessment of

IAV-CTLA4 as an oncolytic agent. B16-F10 cells

were implanted in the right flank on day 0 and in

the left flank on day 4. Right-flank tumors were

intratumorally injected with WT IAV or IAV-CTLA4

(5.5 3 105 PFUs/injection) or PBS on days 5, 7, 9,

and 11. From day 13 onward, tumor volumes were

measured every 2 days.

(E) Right-flank tumors treated with IAV-CTLA4

demonstrate delayed growth compared to PBS-

and IAV WT-treated tumors. Mice with tumors

exceeding 1,000 mm3 were sacrificed, and their

last-measured tumor volumes were used for

subsequent tumor measurements. Stars indicate

when mice received right-flank intratumoral in-

jections (n = 13, n = 8, and n = 9mice per PBS, WT

IAV, and IAV-CTLA4 groups, respectively).

(F) An abscopal effect is induced by IAV-CTLA4

treatment. Left-flank, untreated tumors of mice

administered IAV-CTLA4 demonstrate a delayed

growth, compared to mice treated with WT IAV.

NT, not tested; NS, not significant. Statistical

analysis was performed using unpaired, two-tailed

Student’s t tests (*p % 0.05, **p % 0.01, and

***p % 0.001). Symbols indicate individual tumor

volumes; note that on day 21 only one mouse re-

mained in each of the PBS andWT IAV groups. For

(E) and (F), data are shown until all PBS and WT

IAV mice developed tumors >1,000 mm3.

(G) IAV-CTLA4 treatment prolongs overall survival.

LOD, limit of detection. Experiments were per-

formed in duplicate and error bars represent SEM.
Plasmids and Rescue of Recombinant Antibody-Expressing

Influenza Viruses

PB1-9H10heavy chain, PA-9H10light chain, PB1-9D9ScFv, and PA-9D9ScFv se-

quences were cloned into the ambisense cloning vector pDZ, as previously

described (Grimm et al., 2007), and sequenced prior to viral rescue. See the

Supplemental Experimental Procedures for further details.

Viability Assays

Viability of B16-F10 cells following IAV infection was quantified 48 hr post

infection (hpi) using Cell Titer Glo (Promega), as described in the Supplemental

Experimental Procedures.

RT-PCR and vRNA Isolation

Viral RNA (vRNA) was extracted and RT-PCR was performed to amplify

the terminal 300 nt of WT PB1 and PA segments. Because of transgene inser-

tion, the predicted sizes of PA-9D9light chain and PB1-9D9ScFv transgenic seg-

ments are 1,902 and 1,194 bp, respectively. Additional details and primer

sequences can be found in the Supplemental Experimental Procedures.
Purification of Antibodies

Hybridoma-produced antibody was isolated as described previously (Tan

et al., 2014). To isolate 9H10 from IAV-9H10-infected eggs, eggs were inocu-

lated, incubated at 33�C for 3–4 days, and allantoic fluid was pooled. 9H10

was concentrated using Protein G, as detailed in the Supplemental Experi-

mental Procedures.

ELISA and Microneutralization Assay

ELISAs were performed as previously described (Hamilton et al., 2016) and are

detailed in the Supplemental Experimental Procedures. The quantity of 9H10

antibody per egg was calculated by multiplying the total volume of allantoic

fluid per egg by the concentration of the antibody.

Microneutralization assays were performed by mixing diluted antibody with

X-31 prior to incubation with MDCK cells. Following incubation, the virus/

antibody mix was replaced with media containing the appropriate antibody

dilution. Infection was detected and analyzed as described previously (He

et al., 2015). More details are provided in the Supplemental Experimental

Procedures.
Cell Reports 22, 1–7, January 2, 2018 5



Viral Infections

Eggs were inoculated with 100 PFUs IAV-9H10 or WT IAV for in ovo viral

growth curves. For in vitro growth curves, B16-F10 cells were infected with

WT IAV, MOI = 0.01, ±TPCK-trypsin at 1 mg/mL (Sigma). For the detection of

antibody following a single-cycle viral infection in vitro, B16-F10 cells were

infected with IAV-9H10 for 48 hr, MOI = 5. All viral samples were titrated via

standard plaque assay on MDCK cells. More details are provided in the Sup-

plemental Experimental Procedures.

Animal Experiments

Female C57BL/6 mice were purchased (Jackson ImmunoResearch Labora-

tories), and all animal experiments were performed in accordance with the

Icahn School of Medicine at Mount Sinai Animal Care and Use Committee.

For tumor studies, 4- to 6-week-old mice were anesthetized by intraperito-

neal (i.p.) injections of ketamine/xylazine, and 2 3 105 B16-F10 cells were

implanted intradermally on the right flank, and then 4 days later 1 3 105 cells

were implanted on the left flank. Tumor progression was measured every 48 hr

starting at 5–6 days post-right flank implantation. Right-flank tumors were

injected with 5.5 3 105 PFUs WT IAV or IAV-CTLA4 diluted to 100 mL in

PBS on days 5, 7, 9, and 13. Mice were sacrificed when tumors exceeded

1,000 mm3, and their last-measured tumor volumes were used for subsequent

right-flank tumor measurements. Mice with right-flank tumors >40 mm3 on

day 5 and mice that developed intramuscular tumors were excluded from

the study.

Intranasal influenza virus infections were performed using 6- to 8-week-old

mice, as described previously (Hamilton et al., 2016), andmice were sacrificed

when reaching 80% of their starting body weight. Viral lung titer quantification

was also described previously (Hamilton et al., 2016).

For in vivo protection studies, mice were anesthetized with ketamine/

xylazine and administered 10 mg 9H10 in 40 mL PBS 24 hr prior to intranasal

infection with 33 LD50 X-31. During prophylactic treatment, all groups also

received the anti-PR8 hemagglutinin (HA) antibody PY102 at a final concentra-

tion of 30 mg/mL in order to neutralize any IAV-9H10 virus that was present in

the 9H10IAV antibody aliquot.

Statistical Analysis

Unpaired, two-tailed Student’s t tests were used to calculate significance with

p % 0.05 considered significant (Prism, GraphPad).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and can be found with this article online at https://doi.org/10.1016/j.celrep.

2017.12.025.
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Supplemental Experimental Procedures  
 
 
Plasmids and rescue of recombinant antibody-expressing influenza viruses 
PB1-9H10heavy chain and PA-9D9light chain were cloned into the ambisense cloning vector pDZ 
between bidirectional promoters that transcribe both vRNA and mRNA for viral rescue, as 
previously described (Grimm et al., 2007). To prevent duplication of packaging sequences within 
the PB1 and PA vRNA segments, silent mutations within the terminal 117 bp of PB1 or 123 bp 
of PA (as described by Gao et al., (2010) A nine-segment influenza A virus carrying subtype H1 
and H3 hemagglutinins. J. Virol. 84, 8062–71.) were utilized, and the unmodified packaging 
sequences were duplicated downstream of the antibody genes. The 2A sequence from Porcine 
teschovirus 1 (GSGATNFSLLKQAGDVEENPGP) was used to promote co-translational 
separation of the polymerase and antibody proteins. The human IL-2 signal sequence 
(MYRMQLLSCIALSLALVTNS) was used to target the translation of the antibody nascent 
polypeptide into the secretory pathway (see figure 1 for diagram).  
 
The 9H10 IgG2a antibody sequence (Tan et al., 2014)  was codon optimized 
(http://genomes.urv.es/OPTIMIZER/) to match the codon usage of influenza virus 
(http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=465364) and the transgenic 
regions of the PB1-9H10heavy chain and PA-9D9light chain were synthesized (Integrated DNA 
Technologies).  
 
PB1 and PA with codon switched packaging sequences (as described by Gao et al., (2010) A 
nine-segment influenza a virus carrying subtype H1 and H3 hemagglutinins. J. Virol. 84, 8062–
71.) and the synthesized transgenic regions were amplified via PCR. Primers were designed to 
encode 18 nucleotides of homology between the appropriate PCR products, which were inserted 
into SapI-digested pDZ plasmid via recombination-based Infusion HD cloning (Takara Bio Inc). 
All plasmids generated were sequenced verified prior to viral rescue.  
 
The PB1-9H10heavy chain and PA-9D9light chain pDZ plasmids were introduced into 293T cells using 
LT-1 transfection reagent (Mirus) along with the six pDZ plasmids encoding the remaining viral 
segments. 48 hours post transfection, supernatant of the transfected cells was injected into 10-
day old specific pathogen free (SPF) eggs (Charles River) and virus was amplified at 33°C for 3-
days prior to allantoic fluid isolation. Rescued viruses were dilution purified in eggs prior to the 
growth of viral stocks.  
 
The same strategy was used to engineer and rescue IAV-CTLA4, which expresses the 9D9 scFv 
from both PB1 and PA segments. The 9D9 scFv sequence was obtained from the US 
20110044953 A1 patent application (Inventors: Drs. James Allison and Michael Curran), and 
codon optimized to match the IAV genome, as described above. 
 
Viability assays 
To assay the viability following IAV infection, 5x104 B16-F10 cells were plated per well in 12-
well plates. Virus was diluted in infection media, as described previously (Hamilton et al., 2016), 
and 200ul was used to infect for 1 hour at 37°C. The inoculum was then aspirated, and 1 ml 
media was added back per well. Media was aspirated and 200ul of PBS+200ul Cell Titer Glo 
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(Promega) was added to each well 48 HPI. Plates were agitated on an orbital shaker for 2 
minutes at room temperature (RT), followed by a 15-minute incubation in the dark. The 
luciferase activity of each well was quantified and samples were collected in quadruplicates. 
 
RT-PCR and vRNA isolation 
Viral stocks were mixed in equal volume (0.5ml) with RLT buffer and passed through 
QIAshredder at 8000 x g (QIAGEN). Flow-through was mixed with 0.5ml 70% ethanol and viral 
RNA was extracted following the RNeasy protocol (QIAGEN) and eluted in 30ul of Ultrapure 
DNAse and RNAse-free water (Thermo Fisher). RT-PCR was performed with Superscript III 
One-Step RT-PCR System with Platinum Taq (Thermo Fisher). cDNA was synthesized at 60°C 
for 30 minutes and RT-PCR reactions were supplemented with 5% DMSO (Sigma) The 
transgenic region of PA was amplified using 5’-GCAGGACTTTATTAGCAAAGTCGGT-3’ 
and 5’-AGTAGAAACAAGGTACTTTTTTGGA-3’ primers, and the transgenic region of PB1 
was amplified using 5’-CCATCTTGAATACAAGTCAAAGAGG-3’ and 5’-
AGTAGAAACAAGGCATTTTTTCATG-3’ primers. 
 
Protein G purification of antibodies 
To isolate 9H10 from IAV-Ab infected eggs, 10-7 dilution of IAV-Ab was performed in PBS and 
100ul was injected per 10-day old SPF egg. Eggs were incubated at 33°C for 72-96 hours and 
then allantoic fluid was isolated, pooled, filtered through a vacuum 0.22um filter (Falcon), and 
applied to a 1.5 x 30cm chromatography column (Bio-Rad) packed with Protein G/Agarose 
(Invivogen). Flow-through was collected and re-applied to the column. Following antibody 
capture, the column was washed 2x with PBS and antibody was eluted with 45ml of 0.1 M 
glycine, pH 2.7 into 5ml of Tris-HCl pH 10. Antibody was concentrated and buffer was 
exchanged to PBS using an Amicon Ultra-15 filter unit (EMD Millipore) and concentration was 
quantified via NanoDrop (Thermo Fisher). 
 
ELISA 
ELISA plates (Thermo Fisher) were coated with A/X-31 H3N2 virus (diluted 1:5 in PBS) at 4°C 
overnight and then blocked with 1% BSA in PBS for 2 hours at RT. Samples were applied and 
plates incubated overnight at 4°C or for 1 hour at RT. Plates were then washed 3x with PBS, and 
incubated with anti-mouse HRP-conjugated secondary antibody (GE Healthcare Life Sciences) 
for 30 minutes. Plates were developed with SigmaFAST OPD (Sigma) and read on a FilterMax 
F3 Multi-Mode Microplate Reader (Molecular Devices) at 450nm. A standard curve was 
generated for each plate using known concentrations of hybridoma-produced 9H10 antibody, 
which was subsequently used to interpolate unknown concentrations using a 4-parameter non-
linear regression in Prism (GraphPad).  
 
Microneutralization assays 
MDCK cells were plated at 3x104 cells per well in 96-well plates. Twenty-four hours later, 2-
fold dilutions of antibody aliquots were performed and each dilution was mixed with 100 pfu X-
31 in 1x MEM media (Gibco) and incubated for 1 hour at room temperature. The virus/antibody 
mix was then added to MDCK cells and incubated for 1 hour at 37°C. The virus/antibody mix 
was then aspirated and replaced with 1x MEM containing the appropriate antibody dilution. A 
neutralizing, anti-PR8 HA antibody (PY102) was added to all wells at a concentration of 
30ug/ml to neutralize any IAV-9H10 present in the 9H10IAV antibody aliquot. 
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Viral infections 
For in ovo viral growth curves, virus was diluted to 1000pfu/ml in PBS and 100ul was injected 
per egg. Eggs were incubated at 33°C, 5 eggs per time point. For in vitro viral growth curves, 
virus was diluted to an MOI=0.01 in 300ul and 5x104 B16-F10 cells were infected in 6-well 
plates. Following virus absorption for 1hr at 37°C, inoculum was removed and replaced with 
OPTI-MEM (Gibco) supplemented with 3% BSA and Pen/Strep, with or without TPCK-treated 
trypsin (Sigma) at a final concentration of 1ug/ml. Samples were taken in triplicate. All viral 
samples were titrated via standard plaque assay on MDCK cells. 
 
To quantify the amount of antibody produced following IAV-9H10 infection of B16-F10 cells, 
approximately 6.7x106 cells were infected at an MOI = 5 and the quantity of 9H10 antibody in 
the supernatant was measured 48 hours post infection. Samples were collected in triplicate. All 
viral samples were titrated via standard plaque assay on MDCK cells. 
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