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Abstract
We tested the concept that host preexisting influenza A virus immunity can be redirected to inhibit tumor growth and metas-
tasis through systemic administration of influenza A virus–related peptides to targeted tumors. Mice infected with influenza 
A virus strain A/Puerto Rico/8/34 (PR8) were used as a model of a host with preexisting viral immunity. The extent to which 
preexisting influenza A immunity in PR8-immunized mice can be redirected to inhibit tumor growth and metastasis was 
first examined by ectopic expression of influenza A nucleoprotein (NP) and hemagglutinin (HA) in syngeneic mammary 
tumor cells via lentiviral transduction. Then, the feasibility of implementing this strategy using a systemic therapy approach 
was assessed by systemic delivery of major histocompatibility complex class I (MHC-I)-compatible peptides to targeted 
mammary tumors overexpressing human epidermal growth factor receptor-2 (HER2) in mice using a novel HER2-targeting 
single-lipid nanoparticle (SLNP). Our results show that preexisting influenza A immunity in PR8-immunized mice could 
be quickly redirected to syngeneic tumors expressing influenza A NP and HA, leading to strong inhibition of tumor growth 
and metastasis and improvement of survival compared to the findings in antigen-naïve control mice. MHC-I-compatible 
peptides could be delivered to targeted mammary tumors in mice using the HER2-targeting SLNP for antigen presentation, 
which subsequently redirected preexisting influenza A immunity to the tumors to exert antitumor activities. In conclusion, 
preexisting influenza A immunity can be repurposed for cancer immunotherapy through systemic delivery of influenza A–
related peptides to targeted tumors. Further development of the strategy for clinical translation is warranted.

Keywords Influenza A virus · Preexisting immunity · Human epidermal growth factor receptor-2 · Single-lipid 
nanoparticle · Cancer immunotherapy

Abbreviations
DOPC  1,2-Dioleoyl-sn-glycero-3-phosphati-

dylcholine
FACS  Fluorescence-activated cell sorting
HA  Hemagglutinin
HER2  Human epidermal growth factor 

receptor-2
MHC-I  Major histocompatibility complex 

class I
MB  Membrane-binding
NP  Nucleoprotein

PR8  Influenza A/Puerto Rico/8/34 (H1N1)
SLNP  Single-lipid nanoparticle
TZM-MB  Trastuzumab fused with IgG MB 

domain
TZM-MB-SLNPs  HER2-targeting SLNPs

Introduction

The use of vaccines to eliminate infectious diseases, includ-
ing some caused by the most deadly pathogens, is one of the 
greatest achievements in human history [1]. However, the 
dream of using vaccines to prevent or treat human cancer 
remains largely unfulfilled [2, 3], except in a few types of 
human cancer that have a clear viral origin, e.g., cervical 
cancer, which is etiologically linked to human papillomavi-
rus infection [4]. Although tumor-specific cytotoxic T cells 
have been observed in cancer patients, most tumor-associ-
ated antigens investigated so far are self-proteins or mutated 
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self-proteins that are unable to elicit immune responses 
comparable in strength to immune responses to exogenous 
antigens of viral origin [5]. Moreover, cancer cells reside in 
a formidably immunosuppressive tumor microenvironment 
wherein cytotoxic T cells directed against tumor-associated 
antigens are typically suppressed [6]. Recent promising 
clinical responses to immune checkpoint blockade therapy 
in patients with several types of cancer represent a milestone 
in the history of cancer immunotherapy; however, significant 
challenges remain because the degree of clinical response to 
immune checkpoint blockade therapy varies substantially by 
cancer type and patient [7].

In contrast to the weak antitumor immune responses 
in the tumor microenvironment, cancer patients’ preexist-
ing immunity generated in response to previous infection 
or vaccination against infectious agents during childhood 
may remain functional in the form of memory T cells [8], 
which could be leveraged for cancer treatment. This notion 
is supported by studies of treatment of bladder cancer via 
intravesical instillation of bacillus Calmette-Guérin (BCG) 
[9]. Intravesical BCG instillation typically achieves response 
rates of 50% to 70% in patients with superficial non-mus-
cle-invasive bladder cancer [10]. This treatment has long 
been believed to cause nonspecific stimulation of the tumor 
immune response through triggering local inflammation, 
an interpretation supported by William Coley’s pioneering 
work [11]. In 2012, it was reported that intravesical instilla-
tion of BCG achieved 5-year recurrence-free survival rates 
of approximately 75% in patients who had received BCG 
vaccine in childhood versus 40% in patients who had not 
[9]. The researchers demonstrated in an animal model that 
delivery of BCG vaccine to the inner lining of the blad-
der via a urinary catheter, which rendered bladder cancer 
cells accessible to BCG-related antigens and presentation 
of the antigens in major histocompatibility complex class 
I (MHC-I), resulted in redirection of preexisting CD8 + T 
cells to the bladder cancer cells and triggered an immune 
response to the cancer cells [9]. However, most primary and 
metastatic tumors are not accessible for direct intratumoral 
injection or other local administration of vaccine-related 
antigens. An earlier study that established this concept was 
performed mainly with local delivery of recombinant viruses 
or vaccine-related antigens and examined only impacts on 
local tumor growth [12].

In the work described in this paper, we explored the 
feasibility of redirecting preexisting antiviral immunity 
acquired through vaccination or infection to cancer cells 
as a novel cancer immunotherapy, especially for metastatic 
cancer, through systemic delivery of virus-related antigens. 
We chose influenza as the model of viral infection because 
influenza immunity is common in the general population 
as millions of people around the world are infected with 
influenza every year and influenza vaccines are administered 

annually. Moreover, intratumoral injection of seasonal influ-
enza vaccine has been reported to convert immunologically 
“cold” tumors to “hot” tumors [13]. Furthermore, it was 
recently reported that preexisting influenza virus–specific 
T cells could extend their surveillance to tumors after injec-
tion of adjuvant-free influenza-related peptides into mouse 
and human tumors [14]. Our hypothesis was that the immune 
system can be “tricked” to perceive cancer cells as influenza 
virus–infected cells following systemic delivery of virus-
related antigens to targeted tumors and consequently launch 
an effective immune response against the cancer cells for 
treatment of metastatic disease. To test our hypothesis, we 
used influenza A virus–related antigens because influenza A 
virus is the most common cause of influenza virus infection 
in humans [15, 16].

Materials and methods

Mice and mouse tumor models

BALB/c and C57BL/6 mice (6–8 weeks old) were purchased 
from Charles River Laboratories. All murine experiments 
were performed in accordance with the guidelines and pro-
tocols approved by the Institutional Animal Care and Use 
Committee at MD Anderson Cancer Center.

TUBO mouse mammary tumor cells, originally derived 
from a spontaneous mammary tumor of a rodent HER2-
neu transgenic mouse model [17, 18], were provided by Dr. 
Guido Forni (University of Turin, Orbassano, Italy). TUBO 
cells were transduced for expression of influenza A nucleo-
protein (NP) [19] using the pLEX lentiviral transduction 
system (Thermo Fisher Scientific, Waltham, MA). The 4T1 
and EO771 mouse mammary tumor cells, provided by Dr. 
Mien-Chie Hung (MD Anderson Cancer Center), were trans-
duced for expression of NP, hemagglutinin (HA) [20, 21], 
NP plus HA, luciferase, or HER2 using the pLEX lentiviral 
transduction system. The plasmid DNA templates containing 
coding sequences of influenza A NP and HA were purchased 
from Sino Biological (Beijing, China). All mouse cell lines 
were grown in RPMI-1640 medium supplemented with 10% 
fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 
and 100 μg/mL streptomycin.

Mouse mammary tumors were established by implant-
ing tumor cells in the mouse mammary fat pad. Growth 
of tumors in the mouse mammary fat pad was measured 
two-dimensionally twice a week using digital calipers, and 
tumor volumes were determined by using the formula: tumor 
volume = (π/6) x length x  width2, where length represents 
the longest tumor diameter and width represents the per-
pendicular short tumor diameter. Metastasis of luciferase-
tagged tumors was assessed with the IVIS Spectrum in vivo 
imaging system (Caliper Life Sciences, Hopkinton, MA) in 
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living animals after intraperitoneal injection of D-luciferin 
(3.3 mg in 100 μL) and induction of anesthesia by inhalation 
of 2.5% isoflurane (IsoSol; Vedco, Inc., St. Joseph, MO). 
Bioluminescent imaging data were analyzed using Living 
Image software (Caliper Life Sciences).

Immunization of mice with influenza A virus

Preexisting influenza A virus immunity was primed by intra-
nasal infection of BALB/c mice with A/Puerto Rico/8/34 
(PR8, Avian Vaccine Services of Charles River Laborato-
ries, Norwich, CT), a well-characterized H1N1 influenza 
A virus strain [22, 23], at a dose of 20 HA units per 20 μL 
of PBS. After infection, the mice were rested for 30 days 
to allow for clearance of the influenza virus and for devel-
opment of adaptive immune responses. To boost immune 
response, the mice were subjected to a second dose of 60 
HA units of PR8 virus intranasally 10 days before tumor 
challenge.

Quantification of IFN‑γ by enzyme‑linked 
immunoassay (ELISA)

Mouse IFN-γ produced in conditioned medium following 
co-culture of mouse splenocytes and tumor cells was ana-
lyzed using a mouse IFN-γ ELISA kit purchased from BD 
Biosciences (San Jose, CA). The ELISA procedure was per-
formed in a 96-well microplate according to the protocol 
provided by the vendor. A 100 μL of conditioned medium 
(diluted if necessary) from the co-culture was added to the 
wells of the 96-well microplate for IFN-γ quantification.

Immunophenotyping by multicolor 
fluorescence‑activated cell sorting (FACS)

Mouse tumors, tumor-draining lymph nodes, and spleens 
were processed by mincing the tissues into small pieces in 
a 70-μm mesh cell strainer using a syringe plunger and then 
passing the samples through the strainer to isolate a single 
cell suspension in FACS buffer (0.5% BSA in PBS). Single 
cell suspensions (0.5–1 ×  106 cells/sample) were prepared 
in 100 μL of FACS buffer and stained with various fluores-
cently conjugated primary antibodies along with an isotype-
matched control antibody for 30 min at 4 °C, following Fc 
receptor blockade using 2.4G2 antibody. The cell samples 
were then washed twice with FACS buffer, and the intensity 
of fluorescence was measured by using a BD Biosciences 
Canto II analyzer. The data were analyzed by using FlowJo 
software.

Fluorescently conjugated primary antibodies used 
in the study were purchased from Tonbo Biosciences 
(San Diego, CA) or from BioLegend (San Diego, CA). 
The following antibodies were from Tonbo Biosciences: 

PE-Cy7-anti-mouse CD3e (clone 145-2C11), APC-anti-
mouse CD62L (L-Selectin) (MEL-14), Violet Fluor 
450-anti-human/mouse CD44 (IM7), APC-anti-mouse 
FoxP3 (3G3), FITC-anti-mouse CD4 (RM4-5), PE-anti-
mouse CD8a (53–6.7), PE-anti-mouse CD11c (N418), 
FITC-anti-mouse Ly-6G (Gr-1) (RB6-8C5), FITC-rat-
anti-mouse IgG2a isotype control (2A3), and rat anti-
mouse CD16/CD32 (2.4G2) antibodies. The following 
antibodies were from BioLegend: Pacific Blue-anti-mouse 
CD49b (DX5) (pan-NK cells), BV421-anti-HER2 (24D2), 
and PE-Cy7-anti-mouse H-2Kb/SIINFEKL (25-D1.16) 
antibodies.

Generation of nanoparticles and injection 
of nanoparticles for HER2‑targeted delivery 
of cargos to tumors in vivo

Anti-human epidermal growth factor receptor-2 (HER2) 
trastuzumab was used to develop a novel single-lipid nano-
particle (SLNP) targeting HER2-overexpressing tumors. 
DNAs coding for trastuzumab heavy chain and light chain 
were synthesized according to the sequences at GenBank 
(GM685463.1 for trastuzumab heavy chain and GM685465.1 
for trastuzumab light chain). The DNA sequence of a mem-
brane-binding (MB) domain of membrane-bound IgG, 
including a short sequence of extracellular domain and the 
transmembrane region with an intracellular cytoplasmic 
tail, was obtained from GenBank (BAC87509.1) and was 
fused to trastuzumab heavy chain at the 3’ end via PCR. The 
PCR product and the DNA sequence for trastuzumab light 
chain were subcloned into a pLEX-based lentiviral construct 
and then transduced into CHO-S cells via lentiviral trans-
duction. CHO-S cells were lysed using a mild lysis buffer 
(50 mM TrisHCl, pH 7.4, 150 mM NaCl, 1% Igepal CA-630, 
1 mM EGTA, 1 mM EDTA, and a protease inhibitor cocktail 
[Sigma-Aldrich]). Trastuzumab fused with IgG MB domain 
(TZM-MB) was purified via binding to a protein A column, 
followed by elution with 0.1 M glycine (pH 2.6), neutrali-
zation immediately with 1 M TrisHCl, pH 11, and dialysis 
against PBS (pH 6.7).

TZM-MB was used to prepare HER2-targeting SLNPs 
(TZM-MB-SLNPs) by addition of TZM-MB to a mixture of 
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) and 
the cargos (peptides). In brief, TZM-MB-SLNPs or SLNPs 
were prepared by mixing 2.5 µg of cargo (peptides) with 
DOPC at a ratio of 1:10 (w/w). Tween 20 was added to the 
mixture at a ratio of 1:19 (Tween 20:DOPC) [24, 25]. The 
mixture was vortexed, frozen in an acetone/dry ice bath, 
and lyophilized. This preparation was then hydrated with 
PBS incorporating 5 µg of TZM-MB, trastuzumab (to make 
a simple mixture of trastuzumab with SLNPs to serve as a 
control), or PBS only and injected into mouse tail veins (100 
μL per injection).
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To assess antigen presentation in the targeted tumor after 
delivery of TZM-MB-SLNPs in vivo, H-2Kb-compatible 
ovalbumin peptide (SIINFEKL, InvivoGen, San Diego, 
CA) was used as the peptide cargo. To assess the therapeu-
tic impact on tumor growth of systemic delivery of influ-
enza A–related peptides encapsulated in TZM-MB-SLNPs 
to mice with preexisting influenza A immunity, 2 custom-
synthesized H-2Kd-compatible influenza A peptides (RS 
Synthesis, Louisville, KY), one NP-related peptide (TYQR-
TRALV) and one HA-related peptide (IYSTVASSL), were 
used as the peptide cargo.

Statistical analysis

For analysis of data from in vivo and ex vivo experiments, 
the mean values with standard error of the mean or with 
standard deviation of the mean are presented. Differences 
between 2 groups were analyzed by using 2-tailed unpaired 

Student’s t test, whereas differences between multiple groups 
were analyzed by using 2-way ANOVA. p < 0.05 was con-
sidered statistically significant for all analyses.

Results

Antitumor response to tumors expressing influenza 
A virus antigens is expeditious and more powerful 
in PR8‑immunized mice than in antigen‑naïve 
control mice

We first optimized an influenza A virus infection/immu-
nization protocol (Fig. 1A) by subjecting BALB/c mice 
to nasal dropping of PR8 virus at various doses ranging 
from 5 to 40 HA units per 20 µL; a dose of 20 HA units 
per 20 µL was found to be the highest tolerable dose. On 
day 30 after immunization with PR8 virus or with an equal 

Fig. 1  Preexisting influenza A immunity in PR8-immunized mice can 
be redirected to inhibit growth of syngeneic TUBO mouse mammary 
tumors expressing influenza A virus NP protein. A Schematic illustra-
tion of PR8 immunization protocol in BALB/c mice (6–8 weeks old). 
B On day 30 after immunization with PR8 influenza A virus or mock 
immunization with PBS (control), 3 mice from each group were euth-
anized, and splenocytes were isolated, plated in 96-well microplates 
(1 ×  106 cells/well), and co-cultured with TUBO or TUBO/NP cells 

(1 ×  104 cells/well) for 72 h. Supernatants (100 μL/sample) were col-
lected, and IFN-γ production was quantified by ELISA. (C) On day 
30 after immunization with PR8 influenza A virus or mock immu-
nization with PBS, the remaining mice in the control group (n = 5) 
and the PR8 group (n = 6) were challenged with 2.5 ×  106 TUBO/NP 
cells. Tumor volume was monitored twice weekly over the following 
28 days. Data are presented as mean ± standard error of the mean. * 
p < 0.05 compared to corresponding control
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volume of PBS as a mock immunization, splenocytes from 
the mice in both groups were harvested and subjected to 
co-culture for 72 h with parental TUBO cells or TUBO 
cells transduced to express influenza A NP protein (termed 
TUBO/NP). As shown in Fig. 1B, following co-culture, 
the level of IFN-γ, a major cytokine released following 
T cell activation, was significantly higher in the condi-
tioned medium from co-culture of TUBO/NP cells with 
splenocytes from PR8-immunized mice than in the con-
ditioned medium from co-culture of TUBO/NP cells with 
splenocytes from antigen-naïve control mice. This result 
indicates that PR8-immunized mice had developed pre-
existing anti-influenza A immunity and thus responded 
to a recall antigen faster than the antigen-naïve control 
mice did. As shown in Fig. 1C, TUBO/NP tumors in the 
control mice grew robustly before the growth plateaued 
approximately 21 days after tumor cell implantation in the 
mammary fat pad, whereas TUBO/NP tumors in the PR8-
immunized mice grew significantly more slowly during the 
first 2 weeks after tumor cell implantation, a time interval 
before the mice could launch a priming immune response 
to NP. This finding supports the interpretation that the 
preexisting influenza A immunity in PR8-immunized mice 
was quickly recalled and redirected to TUBO/NP tumors 
to curb their growth.

We next sought to determine the extent to which the 
spread of cancer metastasis can be curbed by preexisting 
influenza A immunity in a similar scenario. Unlike TUBO 
cells, 4T1 mouse mammary tumor cells can metasta-
size spontaneously to multiple remote organs after being 
implanted in the mammary fat pad in BALB/c mice, and 
the metastasis can kill the mice [26]. The extent of metas-
tasis of 4T1 tumor can be tracked by in vivo imaging of 
4T1 cells transduced to express a luciferase reporter (termed 
4T1/Luc). We transduced 4T1/Luc cells to express influenza 
A–related antigens. In a pilot study, we found that expression 
of influenza A NP in 4T1 cells (to create cells termed 4T1/
Luc-NP) was insufficient to curb the metastasis of 4T1/Luc 
cells in PR8-immunized mice (data not shown). We there-
fore introduced a second influenza A protein, HA, in 4T1/
Luc-NP cells to create cells termed 4T1/Luc-NP/HA. We 
also gave the mice an additional boost of 60 HA units of PR8 
virus 30 days after priming immunization with 20 HA units 
of PR8 virus and 10 days before the mice were challenged 
with 4T1/Luc or 4T1/Luc-NP/HA cells (Fig. 2A).

Figure 2B shows the results of in vivo imaging on day 
12 and day 33 after tumor cell challenge in PR8-immunized 
mice and in antigen-naïve control mice. In the 4T1/Luc group, 
tumors were detectable by in vivo imaging and palpable on 
day 12 after tumor cell implantation in both control and PR8-
immunized mice and grew aggressively afterward; by day 33, 
metastasis was evident in both control and PR8-immunized 
mice (Fig. 2B, left 2 columns). 4T1/Luc tumors grew rapidly 

in both control and PR8-immunized mice (Fig. 2C), and by 
day 55, all these mice were dead (Fig. 2D). In contrast, in the 
4T1/Luc-NP/HA group, tumors exhibited delayed growth in 
both control and PR8-immunized mice, which was expected 
because of combined strong immunogenicity of HA and NP 
antigens in BALB/c mice. However, the growth delay was 
more pronounced in the PR8-immunized mice than in the 
control mice (Fig. 2B, right 2 columns). On day 12, in vivo 
imaging detected obvious 4T1/Luc-NP/HA tumor in 6 of 10 
mice in the control group, compared to 1 of 10 mice in the 
PR8-immunized group; on day 33, in vivo imaging detected 
obvious tumors in 7 of 10 mice in the control group, compared 
to 3 of 10 mice in the PR8-immunized group (Fig. 2B). The 
growth of 4T1/Luc-NP/HA tumors was significantly slower in 
the PR8-immunized mice than in the control group (Fig. 2C). 
At day 70, among the mice challenged with 4T1/Luc-NP/
HA cells, 7 of 10 mice in the control group had died, and the 
remaining 3 mice were alive and tumor free, whereas in the 
PR8-immunized group, remarkably, 7 of 10 mice were alive 
and tumor free (Fig. 2D). All surviving mice were monitored 
for 180 days after 4T1/Luc-NP/HA cell implantation, during 
which time there was no relapse of tumor growth, leading to a 
survival benefit (Fig. 2D).

Next, we assessed the extent to which the memory of influ-
enza A immunity can be recalled to reject tumors expressing 
influenza A antigens in aged mice. We immunized BALB/c 
mice with PR8 virus at the age of 6 weeks. The PR8-immu-
nized mice were kept in a pathogen-free facility, along with 
age-matched mice mock immunized with PBS, for 18 months, 
a time period roughly analogous to the time period of progres-
sion from birth to elderly age in humans. The PR8-immunized 
mice were given a PR8 virus boost 10 days before being chal-
lenged with 4T1/Luc-NP/HA cells, and the age-matched con-
trol mice received PBS only (Fig. 3A). The growth of 4T1/
Luc-NP/HA tumors in the age-matched control mice was 
slightly slower than the growth of 4T1/Luc tumors in the age-
matched control mice, but this difference was not statistically 
significant (Fig. 3B). In contrast, the growth of 4T1/Luc-NP/
HA tumors in the PR8-immunized/PR8-boosted mice was sig-
nificantly slower than the growth of 4T1/Luc and 4T1/Luc-NP/
HA tumors in the age-matched control mice.

Together, the data in Fig. 1 through Fig. 3 support the 
notion that preexisting influenza A virus immunity can be 
quickly recalled and redirected to curb metastasis of tumors 
expressing influenza A–related antigens, which can lead to a 
survival benefit in PR8-immunized mice compared with the 
survival in antigen-naïve control mice, and that the preexist-
ing influenza A immunity in PR8-immunized mice is long-
lasting and can be recalled upon a boost dose of PR8 virus.
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Innate and adaptive immune responses to tumors 
expressing influenza A virus antigens are stronger 
in PR8‑immunized mice than in antigen‑naïve 
control mice

We analyzed the profiles of innate and adaptive immune cells 
in tumors and tumor-draining lymph nodes harvested from 
young PR8-immunized and control BALB/c mice 7 days 
after implantation of 4T1/Luc cells or 4T1/Luc-NP/HA cells. 
As shown in Fig. 4A, there were no significant differences 
in the percentages of total tumor-associated macrophages 
 (CD45+CD11c–CD11b+F4/80+; Fig.  4A, left panel) or 
M1 macrophages  (CD45+CD11c–CD11b+F4/80+CD86+; 
Fig.  4A, right panel) between the tumors from 

PR8-immunized mice and control mice implanted with 
4T1/Luc cells or 4T1/Luc-NP/HA cells. The percentages 
of total dendritic cells  (CD45+CD11c+; Fig. 4B, left panel) 
and their mature form  (CD45+CD11c+CD11b–CD86+; 
Fig. 4B, right panel) were both higher in the tumors from 
PR8-immunized mice than in the tumors from control mice 
among the mice implanted with 4T1/Luc-NP/HA cells but 
not among the mice implanted with 4T1/Luc cells. The 
percentage of NK cells  (CD45+CD3–CD49b+) was higher 
(Fig. 4C) and the percentage of myeloid-derived suppres-
sor cells  (CD11b+Ly6G/Gr-1+) was lower (Fig.  4D) in 
PR8-immunized mice than in control mice among the mice 
implanted with 4T1/Luc-NP/HA cells but again not among 
the mice implanted with 4T1/Luc cells. These findings 

Fig. 2  Preexisting influenza A immunity in PR8-immunized mice can 
be redirected to inhibit metastasis of aggressive 4T1 mouse mam-
mary tumors expressing influenza A virus NP and HA proteins and 
prolong survival. A Schematic illustration of experimental proce-
dure. BALB/c mice (6–8  weeks old) were immunized with 20 HA 
units of PR8 influenza A virus or mock immunized with PBS (con-
trol) 40  days before and given a boost dose 10  days before tumor 
cell challenge, which was followed by monitoring as illustrated. B 
PR8-immunized and control mice (10 per group) were challenged 

with  106 4T1/Luc or 4T1/Luc-NP/HA cells in the mammary fat pad 
and monitored for tumor growth and metastasis by in  vivo imaging 
on day 12 and day 33 after tumor cell challenge. A red cross indi-
cates that the mouse died before day 33. C Tumor volumes meas-
ured using calipers. Tumor volume measurement was discontinued 
after day 40, when most of the mice challenged with 4T1/Luc cells 
had died. Data are presented as mean ± standard error of the mean. D 
Survival curves. The surviving mice were closely monitored for up to 
180 days. * p < 0.05.***p < 0.001
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collectively indicate stronger innate immune responses in 
PR8-immunized mice than in control mice among the mice 
implanted with 4T1/Luc-NP/HA cells but not among the 
mice implanted with 4T1/Luc cells.

With respect to the profiles of the adaptive immune 
cell repertoire, no significant differences were found in 
the tumor-draining lymph nodes between PR8-immunized 
mice and control mice among the mice implanted with 
4T1/Luc-NP/HA cells or among the mice implanted with 
4T1/Luc cells (data not shown). In the tumors, the percent-
age of total CD4 + T cells  (CD3+CD4+; Fig. 4E, left panel) 
was lower in PR8-immunized mice than in control mice 
among the mice implanted with 4T1/Luc-NP/HA cells but 

not among the mice implanted with 4T1/Luc cells. No 
differences were observed between PR8-immunized mice 
and control mice in the percentages of  CD4+ effector T 
cells  (CD3+CD4+CD44–CD62L–; Fig. 4E, middle panel). 
The percentages of regulatory T cells  (CD3+CD4+FoxP3+; 
Fig. 4E, right panel) were high and were similar between 
PR8-immunized mice and control mice implanted with 
4T1/Luc cells, consistent with the concept that 4T1 tumors 
are very immunosuppressive [27–30]. Interestingly, the 
percentage of regulatory T cells was lower (although not 
significantly so) in PR8-immunized mice than in control 
mice implanted with 4T1/Luc-NP/HA cells; this find-
ing was in agreement with the lower percentage of total 

Fig. 3  Influenza A immunity in elderly PR8-immunized mice can be 
recalled by boosting to reject challenge with tumors expressing influ-
enza A virus antigens. A Schematic illustration of experimental pro-
cedure. BALB/c mice (6–8 weeks old) were immunized with 20 HA 
units of PR8 influenza A virus or mock immunized with PBS. After 
residing in a pathogen-free facility for 18  months, the PR8-immu-
nized mice were given boosts of PR8 virus (n = 6). Ten days later, 
they were challenged with  106 4T1/Luc-NP/HA cells in the mammary 
fat pad. Age-matched BALB/c mice not immunized with PR8 virus 
were then challenged with  106 4T1/Luc cells (n = 9) or 4T1/Luc-NP/
HA cells (n = 9) in the mammary fat pad. B The mice in all groups 

were monitored for tumor growth using calipers after tumor cell chal-
lenge. Tumor volume measurement was discontinued after day 38, 
when most of the mice challenged with 4T1/Luc cells either had died 
or had been euthanized. Data are presented as mean ± standard error 
of the mean. * p < 0.05 on days 32 and day 38 for the 4T1/Luc-NP/
HA tumors in the aged PR8-immunized mice (with boost) compared 
to the 4T1/Luc-NP/HA tumors in the age-matched control mice, and 
for the 4T1/Luc-NP/HA tumors in the aged PR8-immunized mice 
(with boost) compared with the 4T1/Luc tumors in the age-matched 
control mice
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 CD4+ T cells in PR8-immunized mice than in control mice 
(Fig. 4E, left panel). The percentages of total  CD8+ T 
cells  (CD3+CD8+; Fig. 4F, left panel) and  CD8+ effec-
tor T cells  (CD3+CD8+CD44–CD62L–; Fig. 4F, middle 
panel) were both higher in PR8-immunized mice than in 
control mice among the mice implanted with 4T1/Luc-NP/
HA cells but not among the mice implanted with 4T1/Luc 
cells, indicating that preexisting  CD8+ memory T cells in 

PR8-immunized mice were able to become  CD8+ effector 
T cells and were then redirected to the tumor sites. This 
higher percentage of  CD8+ T cells led to a higher ratio of 
 CD8+ T cells to regulatory T cells in PR8-immunized mice 
than in control mice (Fig. 4F, right panel). Together, these 
findings indicate stronger adaptive immune responses in 
PR8-immunized mice than in control mice among the mice 

Fig. 4  Both innate and adaptive immune responses to 4T1 mouse 
mammary tumors expressing influenza A virus antigens are enhanced 
in PR8-immunized mice compared to control mice. BALB/c mice 
immunized with PR8 virus or mock immunized with PBS (control) 
and challenged with 4T1/Luc or 4T1/Luc-NP/HA cells in the mam-
mary fat pad as described in Fig.  2 were euthanized 7  days after 
tumor cell injection, and tumor samples were collected and processed 
for analysis of innate and adaptive immune cell markers by multicolor 

flow cytometry analysis using antibodies against various markers for 
quantification as shown. A Total tumor-associated macrophages and 
M1 macrophages. B Total and mature dendritic cells. C NK cells. D 
Myeloid-derived suppressor cells (MDSC). E Total  CD4+ T cells, 
 CD4+ effector T cells, and regulatory T cells (Tregs). f Total  CD8+ T 
cells,  CD8+ effector T cells, and the ratio of  CD8+ T cells to Tregs. * 
p < 0.05, ns: not statistically significant
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implanted with 4T1/Luc-NP/HA cells but not among the 
mice implanted with 4T1/Luc cells.

To sum up, these results from innate and adaptive 
immune cell profiling corroborate the findings in Fig. 1 
through Fig.  3 that preexisting influenza A immunity 
could be redirected to exert an antitumor activity against 
syngeneic mouse tumors expressing influenza A–related 
antigens.

Systemic delivery of influenza A–related peptides 
encapsulated in tumor‑targeting SLNPs to targeted 
tumors produces an antitumor response 
in PR8‑immunized mice

Next, to examine whether preexisting influenza A immu-
nity can be harnessed as a novel cancer immunotherapy, we 
tested if our strategy could be implemented through sys-
temic delivery of MHC-I-compatible influenza A–related 
peptides to tumors in vivo. We engineered HER2-targeting 
SLNPs (TZM-MB-SLNPs) loaded with MHC-I–compatible 
peptides for targeted delivery to EO771 mouse mammary 
tumor cells transduced for HER2 overexpression (EO771/
HER2). Figure 5 shows detection of chicken ovalbumin 
(OVA) peptide 257–264 (SIINFEKL), a well-characterized 
H-2Kb-restricted antigenic peptide [31, 32], by flow cytom-
etry analysis in EO771/HER2 cells implanted in the mam-
mary fat pad in C57BL/6 mice. The SIINFEKL peptide was 
detected in H-2Kb in 21.1% of EO771/HER2 cells when 
SIINFEKL was delivered by TZM-MB-SLNPs, compared to 
only 9.38% of EO771/HER2 cells treated with a simple mix-
ture of trastuzumab, SLNPs, and the peptide. These findings 

indicate that an MHC-I-compatible antigenic peptide could 
be delivered systemically to targeted tumors for antigen pres-
entation in MHC-I (H-2Kb).

We then conducted a pilot study to examine the extent to 
which preexisting influenza A immunity in PR8-immunized 
mice can be redirected to exert a therapeutic activity fol-
lowing systemic delivery of MHC-I-compatible influenza 
A–related peptides to targeted tumors. In our pilot study, 
we found that in C57BL/6 mice implanted with EO771/
HER2 cells, the tumors started to regress spontaneously 
8–9  days after cell implantation even at 5 ×  106 cells/
mouse, which is 100 times the number of parental EO771 
cells required to form tumors in C57BL/6 mice. This HER2-
mediated immune response suppressed the development of 
EO771/HER2 tumors in C57BL/6 mice over a period of 
3–4 weeks after tumor implantation. In contrast, we found 
that in BALB/c mice implanted with 4T1/Luc-HER2 cells 
at 2–5 ×  106 cells/mouse, tumor size remained stable for 
3–4 weeks before tumors finally started to regress. The 4T1/
Luc-HER2 tumor model was therefore chosen to assess the 
therapeutic effect of systemic delivery of TZM-MB-SLNPs 
loaded with influenza A–related peptides.

As illustrated in Fig. 6A, prior to implantation of 4T1/
Luc-HER2 cells, one group of BALB/c mice received no 
treatment, another group of mice received PBS as a mock 
immunization, and a third group of mice received PR8 virus 
via nasal dropping followed by a boost using a protocol simi-
lar to the one shown in Fig. 2A. Beginning 1 week after 
tumor cell implantation, the mice in the mock immunization 
and PR8 immunization groups received 2 doses of TZM-
MB-SLNPs loaded with two H-2Kd-compatible influenza 

Fig. 5  MHC-I-compatible peptide delivered by TZM-MB-SLNPs can 
be presented on targeted mammary tumors in mice. C57BL/6 mice 
(6–8  weeks old) were implanted with 5 ×  106 EO771/HER2 cells in 
the mammary fat pad. TZM-MB-SLNPs loaded with SIINFEKL 
peptide were injected via mouse tail vein on day 8 after tumor cell 
implantation. Mice injected with simple mixture of trastuzumab, 
SLNPs, and the peptide served as control. The mice were euthanized 
24  h after the injections. The tumors were harvested and processed 

for flow cytometry analysis after staining with PE-conjugated anti-H-
2Kb-bound OVA257-264 (SIINFEKL) peptide antibody and BV421-
conjugated anti-HER2 antibody. The data were analyzed by FlowJo 
software. The percentages of cells with H-2Kb-bound SIINFEKL 
in the EO771/HER2 cells from the tumors in each group are shown 
in Q2 and are representative of the experiment from 3 mice in each 
group
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A–related peptides, IYSTVASSL (HA-related) and TYQR-
TRALV (NP-related), by intravenous administration 3 days 
apart. In the untreated mice, the tumors remained largely 
static over 28 days as measured by weekly in vivo imaging 
for tumor bioluminescence as an indicator of tumor burden 
(Fig. 6B). In the mock-immunized control mice, the tumor 
burden over 28 days was similar to the tumor burden in the 
untreated mice. In contrast, in the PR8-immunized mice, 
the tumor burden was reduced on day 14 and significantly 
reduced on day 21 and day 28 compared to the tumor burden 
in the other 2 groups at the same times. When compared 
to tumor burdens in the PR8-immunized mice on day 21, 

the tumor burdens on day 28 appeared to re-grow slightly, 
which may be due to presence of a fraction of tumor cells 
with inadequate delivery of the peptides, which indicates 
that additional treatment would be needed. However, after 
day 28, tumors in the control group (and also tumors in the 
other groups) started to regress, indicating that host immune 
response to HER2 expressed on 4T1/Luc-HER2 tumors was 
fully developed. This limitation prevented us from continu-
ing the treatment and conducting an analysis of immune cell 
phenotype similar to our analysis in the experiment shown 
in Fig. 4. Nevertheless, these findings provided evidence 

Fig. 6  Preexisting influenza A immunity can be redirected to targeted 
tumors leading to tumor regression in mice following delivery of 
MHC-I-compatible influenza A peptides loaded in TZM-MB-SLNPs 
to the targeted tumors. A Schematic illustration of experimental pro-
cedure. BALB/c mice (6–8  weeks old) were mock immunized with 
PBS (groups A and B) or immunized with 20 HA units of PR8 virus 
(group C) 40 days before and boosted 10 days before tumor cell chal-
lenge, which was followed by treatment and monitoring. B The PR8-
immunized mice and control mice (n = 6 per group) were challenged 
with 2 ×  106 4T1/Luc-HER2 cells in the mammary fat pad on day 

0. Beginning 7 days after tumor challenge, the mice were untreated 
(group A) or treated with TZM-MB-SLNPs plus the peptides via tail 
vein injections, twice 3 days apart (groups B and C). The mice were 
subjected to monitoring of tumor growth by in vivo imaging system 
before the treatment on day 7 and weekly after the treatment on days 
14, 21, and 28. Mean bioluminescence values of the tumors on days 
7, 14, 21, and 28 were quantified. The data in log scale are presented 
by scatter plot (mean ± SD) and compared as shown. * p < 0.05, ** 
p < 0.01, ns: not statistically significant
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supporting the concept that our strategy could be imple-
mented using a systemic therapy approach.

Discussion

In this study, we provide preclinical evidence that preexist-
ing influenza A virus immunity can be redirected for treat-
ment of cancer metastasis and we established the feasibil-
ity of the approach through systemic delivery of influenza 
A virus–related MHC-I-compatible peptides to targeted 
tumors in vivo. These results support our overall strategy of 
redirecting host preexisting antiviral immunity to cancers 
for immunotherapy and validate that the strategy could be 
implemented using a systemic therapy approach.

The idea of harnessing infectious disease–related host 
immunity for cancer treatment was proposed previously; 
however, this idea has been tested mainly via local or intra-
tumoral injection of vaccine-related antigens or recombinant 
viruses, and therapeutic activity has been assessed only in 
terms of the impact on growth of non-metastatic tumors [9, 
12]. In the work reported here, we investigated the antitumor 
activity of preexisting influenza A immunity against not only 
TUBO tumors, non-metastatic syngeneic mammary tumors 
that grow robustly locally, but also 4T1 tumors, very aggres-
sive and highly metastatic syngeneic mammary tumors that 
can kill mice. Moreover, we explored for the first time a 
systemic therapy approach in which influenza A–related 
MHC-I-compatible peptides encapsulated in tumor-target-
ing SLNPs engineered to target HER2 were administered 
intravenously.

HER2, thanks to the introduction of next generation 
sequencing into clinical practice in the past decade, is 
emerging as a promising target for genomically informed 
therapy across a variety of cancer types beyond breast can-
cer and gastric cancer, the original cancer types in which 
HER2 was used as a therapeutic target [33, 34]. However, 
in our current study, a major limitation of using HER2 as a 
representative therapeutic target is that ectopic expression 
of human HER2 on syngeneic mouse tumor cells is immu-
nogenic in immunocompetent mice and can cause tumor 
regression in syngeneic mice. We were able to deal with this 
limitation in part by implanting a high number of aggres-
sive 4T1/Luc-HER2 cells for tumor cell challenge. In a 3- 
to 4-week window before host immune response to HER2 
was fully launched and curbed tumor growth, we observed a 
clear therapeutic effect on 4T1/Luc-HER2 tumors following 
delivery of influenza A NP-related and HA-related peptides 
in PR8-immunized mice compared to antigen-naïve control 
mice. We acknowledge that the observed therapeutic effect 
on 4T1/Luc-HER2 tumors may not be due only to redirection 
of preexisting influenza A immunity. Possible improvements 
in the approach for use in our follow-up studies would be to 

use transgenic mice immunotolerant to human HER2 so that 
syngeneic mouse tumors overexpressing human HER2 may 
not be rejected spontaneously [35–37] or to develop a similar 
SLNP targeting a mouse tumor marker suitable for targeted 
delivery of MHC-I-compatible antigens.

In the current study, we explored the novel approach of 
engineering trastuzumab-guided SLNPs (TZM-MB-SLNP) 
to deliver MHC-compatible peptides to 4T1-Luc/HER2 
tumors in mice. We retrieved the sequences of trastuzumab 
and a membrane-binding domain of membrane-bound 
IgG and designed a strategy by fusing the MB domain to 
the C-terminus of trastuzumab heavy chain through DNA 
recombination. This fusion of membrane-binding domain, 
which is hydrophobic, facilitated natural integration of the 
trastuzumab-MB fusion IgG into the lipid layer of SLNP, 
generating a novel tumor-targeting SLNP without conven-
tional use of chemical reagents that could damage immu-
noreactivity of tumor-targeting SLNP [38–40]. Our data 
clearly show that MHC-I-compatible peptides encapsulated 
in TZM-MB-SLNPs were successfully presented on MHC-I 
of the targeted tumors in vivo and that preexisting influenza 
A immunity in PR8-immunized mice was subsequently redi-
rected to the targeted tumor, exerting a therapeutic antitumor 
activity.

The current study was designed to obtain proof of our 
concept by using influenza A as the viral infection model 
for redirecting host preexisting immunity to cancer cells. 
The types of host preexisting immunity that could be har-
nessed for cancer immunotherapy may be expanded to other 
viral infections, such as cytomegalovirus infection, which 
occurs in 50% to 80% of adults in the US by age 40 years 
[41], and to vaccinations that have successfully prevented 
infectious diseases, such as BCG and trivalent measles-
mumps-rubella vaccine. COVID-19 has caused a once-
in-a-generation global pandemic, and recent studies show 
that COVID-19 vaccines induced persistent human germi-
nal center responses and long-lived bone marrow plasma 
cells in humans [42, 43]. If upcoming studies confirm that 
COVID-19 immunity is long-lasting following infection or 
vaccination, it may be worth testing if COVID-19 immu-
nity could be redirected for cancer immunotherapy using 
our strategy. With respect to the targets for tumor-specific 
delivery of viral antigens, candidates other than HER2 that 
can be considered include epidermal growth factor recep-
tor, which is overexpressed in head and neck cancers and 
other cancers; folate receptor α, which is overexpressed in 
ovarian cancer and other cancers; and CD19 and CD20, 
which are overexpressed in B cell lymphoma and lympho-
cytic leukemia [44]. Last, the SLNP-based delivery system 
used in current study is approved by the US Food and Drug 
Administration for testing in clinical trials at MD Anderson 
Cancer Center (NCT01591356 and NCT01159028). Never-
theless, other nanoparticle platforms should also be explored 
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for improvement in efficiency, efficacy and pharmaceuti-
cal developability for delivering viral antigens to targeted 
tumors via systemic administration.

In summary, our findings support the idea that patients’ 
preexisting immunity acquired as a result of natural infection 
or vaccination could be redirected to tumors as a new type 
of cancer immunotherapy for treatment of cancer metasta-
sis. Our findings support the feasibility of using a systemic 
therapy approach for delivery of MHC-I-compatible anti-
gens to targeted tumors to redirect preexisting noncancer 
immunity to cancer cells.
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