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We previously developed integrase-defective lentiviral vectors
(IDLVs) as an antigen delivery system for inducing strong
and prolonged immunity in animal models. Here, we examined
the association between persistence of antigen expression and
durability of immune response. Following a single intramus-
cular (i.m.) or subcutaneous (s.c.) injection of IDLV delivering
GFP in mice, we evaluated antigen expression and inflamma-
tion at the site of injection and persistence of antigen-specific
T cells at early and late time points. Durable antigen expression
was detected up to 90 days only after i.m. immunization.
Mononuclear inflammation was evident soon after IDLV injec-
tion in both i.m. and s.c. immunized mice, but remained
detectable up to 30 days postinjection only in i.m. immunized
mice. Similarly, GFP-specific T cells weremore persistent in the
i.m. immunized mice. Interestingly, GFP+ muscle fibers were
co-expressing major histocompatibility complex (MHC) class
I, suggesting that muscle cells are competent for presenting an-
tigens to T cells in vivo. In in vitro experiments, we demon-
strated that although both primary myoblasts and myocytes
present the antigen to GFP-specific T cells through MHC class
I, myoblasts are more resistant to Fas-dependent cytotoxic T
lymphocyte (CTL) killing activity. Overall, these data indicate
that muscle cells may serve as an antigen reservoir that contrib-
utes to the long-term immunity induced by IDLV vaccination.
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INTRODUCTION
Conventional vaccine approaches, including inactivated and live
attenuated pathogens and subunit vaccines, provide protection
against several infectious diseases.1 However, those approaches are
not viable options against a variety of infectious pathogens able to
evade the immune response, such as HIV-1, tuberculosis, and many
others.2 Therefore, the development of vaccine platforms that can
efficiently protect against more challenging pathogens remains a
high priority.

Genetic vaccines, including DNA plasmid and recombinant vector-
based approaches, have emerged as alternative and versatile platforms
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for antigen delivery in both preventive and therapeutic settings.3,4

Compared with subunit-based vaccines intended to induce mainly
antibody responses, genetic vaccines induce a more comprehensive
and durable immunity, including potent T cell responses.5 Among
genetic vaccines, viral vectors hold much promise as vaccine plat-
forms, providing durable expression of the antigen and strong and
long-term immune responses.6–8 Viral-based vaccines have now
reached an excellent safety profile and include a variety of recombi-
nant vectors for tailoring the immune response to specific applica-
tions. Currently, many of them are under investigation in human
trials.4 Further elucidation of immune responses preferentially
induced by specific viral vectors and how those responses are
maintained is required to determine as to which vectors are most
effective for vaccination against specific infectious agents.

We have previously shown that integrase-defective lentiviral vectors
(IDLVs) are an efficient and safe platform for vaccination.9,10 IDLVs
are self-inactivating, non-integrating, and non-replicating lentiviral
vectors with high transduction efficiency both in vitro and in vivo.
In contrast with parental integrating lentiviral vectors, IDLVs are
produced by incorporating a mutated form of the integrase protein,
preventing integration and avoiding the risk for insertional mutagen-
esis.11 In the absence of integration, transgene expression is from the
unintegrated circular forms of the vector, which are maintained as
DNA episomes in non-proliferating target cells.12–14 Only the
transgene of interest is expressed from episomal IDLV in the absence
of any other parental viral product.
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IDLV represents an effective antigen delivery and gene-editing
platform.10,15 In particular, IDLV vaccination has been shown to elicit
robust antigen-specific immune responses in mice16–19 and non-
human primates (NHPs),20,21 as well as in humans in anti-cancer im-
mune therapy.22We demonstrated that episomal IDLV persists at the
injection site up to several months after intramuscular (i.m.) immu-
nization,16,23 supporting the association between duration of antigen
expression by IDLV and induction of strong and persistent immunity,
as previously described for other vaccines.24,25 Importantly, we have
recently demonstrated that IDLV persistence in vivo correlates with
the induction of STING-independent CD8+ T cell responses.26

In the present study, we explored the association between duration of
antigen expression and induction of durable immune responses by
focusing on the role of the cells transduced by IDLV following i.m.
or subcutaneous (s.c.) immunization. We demonstrated that after
i.m. immunization, the antigen expression persists up to 90 days in
IDLV-transduced muscle cells. We also demonstrated that although
primary muscle cells can efficiently present the antigen to T cells
via major histocompatibility complex (MHC) class I, they showed a
low sensitivity to cytotoxic T lymphocyte (CTL)-induced cytotoxicity
mediated by FasL. In the absence of a robust inflammatory response,
IDLV persists and continuously expresses the encoded antigen, which
in turn maintains the vaccine-induced immune response.
RESULTS
Antigen Persists at the Site of Injection after i.m. Immunization

with IDLV

We previously reported the persistence of vector DNA in the skeletal
muscle of both mice and macaques immunized with IDLV up to
6 months post-immunization.21,27 To investigate the role of antigen
persistence in the generation of long-term immunity induced by
immunization with IDLV, we injected mice either i.m. or s.c. with
IDLV-GFP, phosphate-buffered saline (PBS), or left them untreated.
Animals were sacrificed at 3, 30, or 90 days after a single vaccination,
and the expression of GFP at the injection site and in draining lymph
nodes (dLNs) was assessed by confocal microscopy (Figure 1). Three
days after immunization, GFP expression was detected at the injec-
tion site in both muscle and in skin (Figures 1Aa, 1Ab, and 1Bj),
but remained detectable at day 30 after immunization only in muscle
(Figures 1Ad and 1Ae), where it persisted at lower levels up to 90 days
postinjection (Figures 1Ag and 1Ah). In contrast, 30 days after s.c. im-
munization, GFP expression was undetectable in the skin (Figure 1Bl).
Muscle and skin sections from PBS-injected mice were used as nega-
tive controls (Figures 1Ac, 1Af, 1Bi, 1Bk, and 1Bm). As expected,
GFP-expressing cells were evident in dLNs 3 days after i.m. and s.c.
immunization with IDLV-GFP (Figures 1Cn and 1Cp, respectively),
whereas no GFP expression was detected in LNs 30 days postinjection
(Figures 1Cq and 1Cs). dLNs from PBS-injected mice were used as
negative controls (Figures 1Co and 1Cr). By using the ImageJ soft-
ware on confocal microscopy images (Figure 1D), a higher GFP
expression was observed in dLNs from the s.c. group compared
with i.m., likely because of the higher number of resident antigen-pre-
Molecul
senting cells (APCs) transduced with the injected vector in the skin
compared with the muscle.

These results indicate that GFP is expressed in dLNs early after IDLV-
GFP injection, regardless of the route of immunization, whereas
IDLV-transduced skeletal muscle cells continue to express the
encoded antigen for several weeks after i.m. injection.

IDLV Immunization InducesDetectable Cellular Infiltration at the

Site of Injection

Inflammation at the injection site was assessed by routine H&E
histology at 3, 30, and 90 days after injection. We observed similar
levels of mononuclear inflammation at the injection site early postin-
jection in animals receiving either IDLV-GFP or PBS (Figure 2A),
suggesting that early inflammation at the injection site is primarily
due to the injection itself. Thirty days postinjection, inflammation
persisted at very low levels in the muscle of animals i.m. injected
with IDLV-GFP, whereas inflammation had resolved in animals
receiving s.c. injections of IDLV-GFP or PBS (Figure 2B). We charac-
terized the cellular infiltrate at the site of injection after i.m. injection
of IDLV-GFP or PBS by immunohistochemistry. T cells and F4/80+

macrophages were detectable in the inflammation infiltrate 30 days
post-vaccination (Figure 2C). These results suggest that immuniza-
tion with an IDLV-based vaccine induces transient inflammation at
the injection site, and that persistence of transduced cells in muscle
expressing the vaccine antigen is associated with foci containing small
numbers of macrophages and T cells at later time points.

i.m. Immunization Provides a More Durable Antigen-Specific

Immune Response Than s.c. Immunization

In order to assess and compare the durability of the GFP-specific
T cell response after i.m. or s.c. vaccination with IDLV-GFP, we
harvested splenocytes from IDLV-immunized mice 30 and
90 days after immunization and measured the magnitude of
functional GFP-specific CD8+ T cells by interferon g (IFNg)
Enzyme-Linked Immunospot (ELISpot) assay. GFP-specific T cell
response, measured as spot-forming cells (SFCs) per million sple-
nocytes and as a percentage of GFP-specific T cells present in the
sample calculated as a ratio between GFP-SFC and concanavalin
A (ConA)-SFC (Figure 3), could be detected 90 days after vaccina-
tion regardless of the injection route. These results confirm pub-
lished data showing that IDLV induces a long-lasting and func-
tional antigen-specific immune response after a single
vaccination.18,27 However, in s.c. immunized mice, the magnitude
of the response decreased more rapidly compared with i.m. injected
mice (p < 0.05; Figure 3B). Conversely, there was no significant
decline in the i.m. immunized mice, suggesting that the injection
route and the persistent antigen expression from the transduced
target cells play a role in the durability of IDLV-induced immunity.

GFP-Positive Muscle Fibers In Vivo Express MHC Class I

To further understand the role of transduced muscle cells in the dura-
bility of IDLV-induced immunity, we assessed whether we could
detect the expression of MHC class I molecules in muscle from naive,
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Figure 1. Persistent GFP Expression at the Injection Site after Intramuscular Immunization with IDLV-GFP

BALB/cmice injectedwith IDLV-GFP or PBS using either the intramuscular (i.m.) or subcutaneous (s.c.) route were sacrificed at different time points. Skeletal muscle and skin

sections were stained for GFP (green) and DAPI (blue). (A and B) Representative confocal microscopy images of muscle after i.m. immunization (A) and skin after s.c.

immunization (B) are shown at 3, 30, and 90 days (D3, D30, and D90). Longitudinal (a, d, and g) and cross-sectional images (b, e, and h) of skeletal muscle are shown. (C)

Representative confocal microscopy images of dLNs stained for GFP and DAPI from mice injected either i.m. (n and q) or s.c. (p and s) with IDLV-GFP or PBS (o and r). (D)

Quantitative analysis of GFP expression evaluated using the ImageJ software, shown as % GFP+ area on DAPI+ area in dLNs from IDLV-GFP-immunized mice (n = 3 for

each group).
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PBS-injected, and IDLV-GFP-immunized mice. MHC class I expres-
sion was detected by immunofluorescence on the sarcolemma of
scattered muscle fibers (Figure 4A). No difference between naive
and IDLV-GFP-injected mice was observed either at 3 or 30 days after
IDLV injection, suggesting that MHC class I expression was not
substantially modified upon vaccination with IDLV (Figure 4B).
Double staining for MHC class I and GFP revealed expression of
MHC class I in GFP-positive fibers at 3 and 30 days post-immuniza-
tion (Figure 4C), suggesting that muscle cells can present the antigen
to T cells through MHC class I.
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Primary Myoblasts and Myocytes Can Present Antigen to

Specific Effector T Cells

To evaluate the ability of skeletal muscle cells to present the antigen to
effector T cells, we performed in vitro co-culture experiments using
primary murine muscle cells at different stages of differentiation.
Myoblasts isolated from 3-week-old BALB/c mice were cultured
either in the absence or presence of differentiation stimuli to allow
differentiation into myocytes (Figure 5A). MHC class I expression
was detected by immunofluorescence in both myoblasts and myo-
cytes (Figure 5B). Next, we assessed the ability of primary myoblasts
020



Figure 2. IDLV Immunization Induces Mononuclear Cellular Infiltration

(A) H&E staining of skeletal muscle and skin sections frommice injected i.m. or s.c., respectively, with IDLV-GFP, PBS, or left untreated (naive) at 3 days (D3) postinjection. (B)

H&E staining of muscle and skin tissues at 30 days (D30) after i.m. or s.c. injection, respectively, with IDLV-GFP or PBS. Arrows indicate foci of inflammatory cells. (C) F4/80

and CD3 as macrophage and T cell markers, respectively, were used to stain muscle sections from mice injected with IDLV-GFP or PBS at 30 days after injection. Arrows

indicate macrophages and T cells within the cellular infiltration.
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Figure 3. GFP-Specific T Cell Response Is More

Persistent after i.m. Immunization

GFP-specific T cells from mice immunized with IDLV-GFP

were evaluated in splenocytes by IFN-g ELISpot assay at

30 and 90 days after i.m. or s.c. injection. Cells were

stimulated overnight with H-2d-restricted GFP 9-mer

peptide HYLSTQSAL (GFP), concanavalin A (ConA), or left

untreated. Data are expressed as numbers of specific spot-

forming cells (SFCs) per million cells (left panel) and as % of

GFP-specific SFCs normalized per ConA-induced SFCs

(right panel). Data from three different experiments (n = 12)

are shown. Black lines represent the mean and SEM.

Asterisk indicates a statistically significant difference be-

tween the indicated groups (*p < 0.05).
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andmyocytes to present the antigen to antigen-specific effector T cells
by IFN-g ELISpot assay. Myoblasts and myocytes were pulsed with
either MHC I-restricted GFP peptide or transduced with the integrase
competent lentiviral vector (LV)-GFP and then co-cultured with sple-
nocytes isolated frommice previously immunized with IDLV-GFP or
injected with PBS, as depicted in details in Figure 5C. Both GFP pep-
tide-pulsed and LV-GFP-transduced myoblasts and myocytes
induced IFN-g production by GFP-specific splenocytes (Figure 5D).
GFP-pulsed splenocytes were used as a positive control of the assay.
Treatment with anti-MHC class I antibody blocked the production
of IFN-g by antigen-specific T cells, demonstrating that primary
muscle cells present the antigen to effector T cells through MHC class
I (Figure 5D).
Myoblasts Are Resistant to CTL-Induced Cytotoxicity Mediated

by the Fas/FasL Pathway

CTLs play an important role in the clearance of cells expressing
foreign antigens, such as viral-infected cells or tumor cells. Because
both primary myoblasts and myocytes are capable of presenting an-
tigens to T cells, they could be susceptible to killing by antigen-specific
CTLs. To address this, we performed a lactate dehydrogenase (LDH)
assay to measure CTL-induced cytotoxicity using splenocytes isolated
from either IDLV-GFP- or PBS-injected mice activated in vitro with
MHC class I-restricted GFP peptide for 3 days and then co-cultured
with GFP peptide-pulsed primary muscle cells or the H-2d-matched
P815 cell line. After 8 h of incubation, the activated antigen-specific
T cells successfully killed GFP-positive myocytes and control P815
cells but demonstrated limited or no killing of myoblasts (Figure 6A).

It has been shown that the Fas/FasL signaling pathway is linked to
CTL-induced apoptosis.28 We therefore assessed the expression of
Fas in cultured primary myoblasts and myocytes by confocal micro-
scopy (Figure 6B). Both cell types expressed Fas, with the myocytes
having higher Fas expression, as quantified by flow cytometry (Fig-
ure 6C). Interestingly, after transduction with LV-GFP, we observed
a decrease in the level of Fas expression in myocytes, although it was
still higher compared withmyoblasts (Figure 6C).We therefore inves-
tigated whether primary myoblasts and myocytes could be killed
536 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
following treatment with low and high doses of FasL. Trypan blue
staining was performed to assess cell death following recombinant
FasL protein treatment. As shown in Figure 6D, the higher dose of
FasL (2 mg/mL) induced cytotoxicity of primary myocytes but had
no effect on primary myoblasts (Figure 6D). Splenocytes used as pos-
itive control showed the highest sensitivity to FasL-induced cell death,
evident even at the lowest dose of FasL (1 mg/mL). It has been shown
that serum deprivation induces apoptosis in some cell lines.29,30

Because primary myoblasts are maintained in high percentage of
serum, we decided to remove the serum from the culture during
the treatment with FasL to facilitate the cell death. Indeed, when
the same assay was performed using serum-free medium, an increase
of cytotoxicity was evident in myocytes showing dose-dependent
cytotoxicity (Figure 6D), but not in myoblasts, confirming that myo-
blasts are resistant to CTL-mediated cytotoxicity induced through the
Fas/FasL pathway.

To address this further, we overexpressed Fas in primary myoblasts
using a lentiviral vector expressing Fas fused to the GFP protein
(LV-Fas/GFP), as evaluated by flow cytometry (Figure 7A). Treat-
ment of LV-Fas/GFP-transduced myoblasts with FasL (2 mg/ml)
induced cell death in a high percentage of GFP+ cells (Figure 7B).
These results demonstrated that overexpression of Fas partially
overcomes the resistance to FasL-mediated cytotoxicity in myoblasts.

To confirm Fas expression on muscle cells in vivo, we assessed its
expression on muscle tissue at days 3 and 30 after i.m. injection
with IDLV-GFP or PBS. As shown in Figure 8, similar levels of Fas
expression were detected in muscle fibers from both PBS- and
IDLV-injected mice and at both early and late time points after the
injection.
DISCUSSION
Several studies by our group and others have demonstrated that
IDLV-based vaccines administered via different routes induce
strong and persistent cellular and humoral antigen-specific
immunity.17,19,20,26,31,32 The IDLV-delivered transgene has been
shown to persist at the injection site up to several months after
020



Figure 4. Baseline MHC Class I Expression in Muscle

Is Not Modified by IDLV Injection

(A) Muscle from naive and IDLV-GFP-immunized mice

3 days (D3) and 30 days (D30) postinjection was stained

with the cell membrane marker beta-spectrin (green), MHC

class I (red), and DAPI (blue) as nuclear staining. The right

panels show MHC class I-positive area (white arrowheads)

at higher magnification (far right panels). (B) MHC class I

expression was quantified using ImageJ software (n = 3 for

each group). Error bars represent the SD of three different

samples. (C) Representative confocal images of muscle

from IDLV-GFP-immunized mice at 3 and 30 days post-

injection stained for GFP (green), MHC class I (red), and

DAPI (blue). Arrowheads indicate MHC class I and GFP

double-positive cells.
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immunization both as DNA16,17,33 and mRNA.21 In this work, we
focused our attention on the protein expression to directly associate
the antigen production with the persistence of immune response
induced by IDLV vaccine.

We showed that IDLV-transduced muscle cells continue to produce
the antigen up to 3 months after a single i.m. immunization, demon-
strating the ability of IDLV to continuously express a non-self-anti-
gen in vivo. Conversely, s.c. immunization resulted in only transient
detection of GFP-expressing cells in the skin early postimmunization.
These results are in line with a previous report showing IDLV disap-
pearance following s.c. injection,34 likely because of the nature of the
cells transduced by the vector following s.c. injection, including den-
dritic cells (DCs) that migrate to the dLNs following vaccination.35–37

Both the s.c. and i.m. routes elicited GFP-specific immune responses,
as indicated by the number of GFP-specific IFNg-producing T cells
Molecular Therapy: Methods
detected at 30 days after injection. Indeed, it is
well known that the initiation of the immune
response after vaccination occurred in dLNs,
where the antigen, directly migrated through
lymphatic vessels or carried by APCs present at
the injection site, is processed and presented by
APCs to naive T cells.37 We clearly showed the
presence of GFP-expressing cells in dLNs after
i.m. and s.c. immunization at 3 days, indicating
that the antigen presentation to naive T cells
occurred in dLNs and is responsible for the in-
duction of the antigen-specific immunity
observed in both i.m. and s.c. immunized mice.
However, although the immune response
induced by i.m. injection of IDLV-GFP persisted
at similar levels at day 90 post-immunization, a
significant decline was observed from days 30
to 90 in the s.c. immunized mice, suggesting
that the IDLV-transduced target cells might
play a role in the persistence of IDLV-induced
immunity. We therefore focused our attention
on understanding the role of muscle cells and
questioned whether the prolonged antigen expression observed in
muscle tissue is associated with the maintenance of long-term immu-
nity following IDLV immunization, and if so, why the antigen-ex-
pressing muscle cells are not eliminated by antigen-specific CTLs.

Analysis of the cellular infiltrate after i.m. and s.c. injection with
IDLV-GFP demonstrated the presence of a detectable local inflamma-
tion, mainly due to the injection per se, as demonstrated by the similar
levels of inflammation in tissues from PBS-injected mice. The inflam-
mation resolved completely by 30 days after injection in the skin and
partially in the IDLV-injected muscle, whereas infiltrating CD3+

T cells and macrophages were still focally evident. Following on our
earlier studies showing that intravenous injection of IDLV generated
weak and transient innate responses characterized by low levels of
inflammatory cytokines and chemokines and transient DC matura-
tion,26 here we provide evidence that i.m. IDLV immunization
induces transient and localized inflammation that results in
& Clinical Development Vol. 17 June 2020 537
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Figure 5. Primary Myoblasts and Myocytes Present the Antigen to Specific Effector T Cells through MHC Class I

(A) Light microscopy images of primary myoblasts purified from 3-week-old BALB/c mice and after differentiation into myocytes. (B) Confocal images of myoblasts and

myocytes transduced with LV-GFP or non-transduced (NT), stained for MHC class I (red), GFP (green), and DAPI (blue). White arrowheads indicateMHC class I expression on

GFP-positive cells. (C) Layout of the experiment performed to demonstrate the ability of primary muscle cells to stimulate specific T cells. Primary myoblasts and myocytes

were either pulsed with H-2d-restricted GFP 9-mer peptide HYLSTQSAL or transduced with LV-GFP and treated with anti-H-2d antibody or an unrelated IgG and then

co-cultured with splenocytes from IDLV-GFP- or PBS-injected mice in the ELISpot plate. (D) The stimulation of GFP-specific T cells was assessed by IFN-g ELISpot assay.

Splenocytes pulsed with GFP peptide were used as a positive control of the assay. Results from a representative experiment are shown. Data are expressed as specific

spot-forming cells (SFCs) per million splenocytes. Error bars represent the SD of duplicates.
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preservation of the antigen, eventually leading to an efficient and du-
rable immunity. In line with these data, it has been shown that among
the different serotypes, the most potent adenoviral vectors, in terms of
immunity induced after vaccination, are those that induce low innate
immunity, providing a more persistent antigen expression.25 All of
these data further support the role of the antigen persistence in the
generation of durable immune responses.24

To investigate the interplay between immune and muscle cells in the
setting of i.m. immunization with IDLV, we assessed the expression of
MHC class I molecules in muscle cells early after injection and at later
time points. MHC class I molecules, expressed on the cell surface, pre-
sent peptide fragments to the T cell receptor (TCR) on CD8+ T cells,
triggering a specific immune response to non-self-antigens.38 Most
nucleated cells express MHC class I, although the amount of MHC
class I on the cell surface varies among cell types and under different
inflammatory conditions. In particular, under normal physiological
conditions, muscle fibers were reported to express low or undetect-
able MHC class I.39 However, MHC class I can be strongly
upregulated in pathological conditions, especially in inflammatory
muscle diseases, such as myositis.40,41 In the present study, we
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detected scattered MHC class I expression on muscle fibers, which
suggests that although muscle cells have the potential to express
MHC class I, not all muscle fibers are expressing MHC class I at
the same time. Interestingly, after immunization with IDLV-GFP,
we observed co-expression of MHC class I and GFP in muscle cells,
suggesting that GFP-expressing muscle cells could contribute toward
the maintenance of the immune response by interacting with infil-
trating T cells through MHC class I. By large-scale image scanning
and quantitative analysis, we did not find a significant difference in
the MHC class I expression in muscle tissue between naive, PBS-in-
jected, or IDLV-vaccinated mice. Similar MHC class I expression pat-
terns were observed in muscle tissues harvested at early and late time
points after immunization, indicating that IDLV injection did not
induce upregulation of MHC class I.

To recapitulate the interplay between muscle cells and T cells in vivo,
we set up an in vitro co-culture system between splenocytes from
IDLV-GFP-immunizedmice and primarymyoblasts or myocytes iso-
lated from the skeletal muscles of naive BALB/cmice.We showed that
murine-derived primary myoblasts and myocytes constitutively
expressed MHC class I and efficiently presented the antigen to
020



Figure 6. Myoblasts, but Not Myocytes, Are Resistant

to CTL-Induced Cytotoxicity

(A) LDH assay was performed to assess the cytotoxicity

mediated by specific CTLs. Splenocytes from IDLV-GFP-

immunized mice were activated in vitro for 3 days with GFP

peptide and then co-cultured for 8 h with myoblasts and

myocytes pulsed with GFP peptide or left untreated. P815

cell line pulsed or not with GFP peptide was used as a

positive control of the assay. Data are expressed as mean

% specific cytotoxicity ± SD of three different experiments

assessed at E:T ratio of 80:1. (B) Fas expression evaluated

by confocal microscopy on myoblasts and myocytes

before (NT) and after transduction with LV-GFP. Anti-Fas

(red) and anti-GFP (green) antibodies were used. (C) Fas

expression on myoblasts and myocytes by flow cytometry.

Data in (C) are expressed as specific geomean fluores-

cence intensity (gMFI ± SD) from three different experi-

ments after subtraction of the isotype-treated samples

gMFI. A representative experiment of analysis by flow cy-

tometry is shown. (D) FasL-His recombinant protein (1 and

2 mg/mL) and anti-His Ab were used to induce cytotoxicity

on splenocytes, myoblasts, and myocytes using either

complete medium (left) or medium without serum (right).

FasL-induced cell death was measured by trypan blue

staining and expressed as mean % cytotoxicity ± SD of

three different experiments.
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antigen-specific effector T cells through MHC class I. This is in line
with previous in vitro studies demonstrating that human myoblasts
can form a functional immunological synapse with T cells, by express-
ing MHC class I or class II molecules, thus acting as nonprofessional
APCs.41 Interestingly, we showed that only myocytes were susceptible
to antigen-specific CTLs, whereas myoblasts demonstrated resistance
to CTL-induced cytotoxicity.

There are two major pathways that CTL uses to eliminate target cells:
perforin-mediated and via Fas/FasL signaling.28 Although perforin-
mediated killing is a fast-acting reaction, killing mediated by Fas/
FasL-based interaction requires a longer time.42 In our study, we de-
tected cytotoxicity in myocytes, but not in myoblasts, only after 8 h of
co-culture with splenocytes from GFP-immunized mice, suggesting
that CTL-induced cytotoxicity in myocytes uses mainly the Fas/
FasL signaling pathway. Following FasL treatment, we observed the
killing of myocytes, but not myoblasts, confirming that myoblasts
are resistant to CTL-mediated cytotoxicity. Of note, to induce high
levels of cytotoxicity in myocytes, the use of a more stringent condi-
tion such as serum-free medium was necessary, suggesting that also
primary myocytes have a constitutively low sensitivity to FasL-medi-
ated cytotoxicity. In a previous study, primary Fas-expressing myo-
Molecular Therapy: Methods
blasts transduced with a retroviral vector to ex-
press functional FasL underwent apoptosis only
during differentiation in myocytes.43 This is in
line with our results, suggesting that myoblasts
are naturally resistant to Fas/FasL-induced cyto-
toxicity, providing an evasionmechanism against
CTL activity. Interestingly, we provided evidence that Fas expression
was upregulated during differentiation into myocytes, which may link
to FasL-induced cell death in myocytes compared with myoblasts,
and that myoblasts overexpressing Fas after LV-Fas transduction
increased their sensitivity to FasL-mediated cytotoxicity.

In summary, we have demonstrated that following i.m. immunization
with IDLV, the production of the antigen in muscle cells persisted for
several weeks, although a reduction in the amount of antigen pro-
duced was evident over the course of 3 months after a single immu-
nization. These data are in agreement with our previous report
showing a decrease in the amount of vector in the injected muscle
over time,16 likely due to physiological cell turnover and the modest
local CTL activity. Here, by combining the features of the vector
with those related to the muscle physiology, we elucidated mecha-
nisms underlying the efficient induction of immune response induced
by IDLV-based vaccine. In particular, the moderate inflammation
following IDLV injection, including the presence of i.m. T cells and
macrophages, together with the scattered but constitutive expression
of both MHC class I and Fas in muscle fibers and the constitutive
resistance of muscle cells to cell death, likely contribute to prolonged
stimulation of the specific immune response in combination with low
& Clinical Development Vol. 17 June 2020 539
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Figure 7. Overexpression of Fas in Myoblasts Resulted in Increased FasL-Mediated Cytotoxicity

(A) Fas expression on myoblasts transduced with LV-GFP, LV-Fas/GFP, or NT was evaluated by flow cytometry. Data are expressed as gMFI. (B) FasL-His recombinant

protein (2 mg/mL) and anti-His Ab were used to induce cytotoxicity in myoblasts transduced with LV-GFP or LV-Fas/GFP. FasL-induced cell death, quantified using a live/

dead (L/D) stain by flow cytometry, is expressed as mean % cytotoxicity ± SD of triplicates. Flow cytometry analyses of a representative experiment are shown.
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levels of local CTL-mediated cytotoxicity. Of note, the persistent anti-
body response observed in NHPs immunized i.m. with IDLV deliv-
ering HIV envelope as a secreted antigen strongly suggested that
the continuous release of the antigen from muscle cells contributes
also to the long-term IDLV-induced humoral immunity.20,21

Overall, our findings indicate that skeletal muscle cells function as an
antigen reservoir for the maintenance of the long-term immunity
induced by IDLV.

MATERIALS AND METHODS
Plasmids and Lentiviral Vectors Production

The SIV-based self-inactivating lentiviral transfer vector expressing
EGFP (pGAE-CMV-GFPW), the IN-defective packaging plasmid
pAd-D64V, and the Envelope plasmid pMD.G producing the pseudo-
typing vesicular stomatitis virus envelope glycoprotein G (VSV.G)
have been previously described21,23 and were used for IDLV-GFP
production. The lentiviral transfer vector codifying for murine Fas
and GFP fusion protein (pLV-mFas-GFPSpark) was obtained from
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Sino Biological (Wayne, PA, USA). The integrase competent lentiviral
vector LV-GFP used for in vitro assays was produced by using the IN-
competent packaging plasmid pAd-SIV3+.23 For production of
recombinant IDLV-GFP and LV-GFP, 3.5 � 106 human epithelium
kidney 293T Lenti-X cells (Clontech Laboratories, CA, USA) were
seeded on 100-mm-diameter Petri dishes and maintained in
Dulbecco’s modified Eagle’s medium (Thermo Fisher, MA, USA)
supplemented with 10% fetal bovine serum (GE Healthcare Life
Sciences, HyClone Laboratories, South Logan, UT, USA) and
100 U/mL penicillin-streptomycin-glutamine (Thermo Fisher). Cells
were transfected with 12 mg per plate of a plasmid mixture containing
transfer vector, packaging plasmid, and VSV.G plasmid in a 6:4:2
ratio, using the JetPrime transfection kit (Polyplus Transfection, Ill-
kirch, France) following the manufacturer’s recommendations. At
48 and 72 h posttransfection, filtered supernatants were concentrated
by ultracentrifugation for 2 h at 23,000 rpm on a 20% sucrose cushion.
Pelleted vector particles were resuspended in 1� PBS and stored at
�80�C. Each LV-GFP and IDLV-GFP stock was titered using reverse
transcriptase (RT) activity assay (RetroSys RT ELISA kit; Innovagen,
020



Figure 8. Fas Expression in Muscle Tissue Is

Independent of Immunization

Muscle tissue harvested at 3 and 30 days after i.m. injection

with IDLV-GFP or PBS was stained with anti-Fas antibody

(red) and DAPI (blue). White arrowheads indicate Fas-ex-

pressing cells.
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Lund, Sweden), and the corresponding transducing units (TUs)
calculated by comparing the RT activity with the infectious titers in
293T Lenti-X cells.

Animals and Immunization Protocols

Female BALB/c mice 4–7 weeks of age were purchased from Charles
River Laboratories and housed in the Duke University Regional Bio-
containment Laboratory facilities. All animal procedures were
approved by the Institutional Animal Care and Use Committee (IA-
CUC) prior to the experiments. Animals were housed and cared for
according to local, state, and federal policies in an Association for
Assessment and Accreditation of Laboratory Animal Care Interna-
tional (AAALAC)-accredited facility. Groups of four mice were in-
jected with 5 � 106 TUs of IDLV-GFP or PBS in a final volume of
100 mL (50 mL/leg) either i.m. in the calf muscles or s.c. under the
skin surrounding the calf muscles. Groups of four naive mice were
kept untreated as negative controls. At the indicated time points,
mice were sacrificed by CO2 inhalation, and spleen, muscle, skin,
and dLNs were harvested and processed. Injection sites were excised
from the mice and fixed for 24 h in neutral-buffered formalin fol-
lowed by either routine paraffin embedding or freezing in Tissue-
Tek OCT medium (VWR, PA, USA) in an LN2-cooled isopentane
bath (Sigma, St. Louis, MO, USA).
Molecular Therapy: Methods
Immunofluorescence

Sections 8 mM thick were cut from OCT-
embedded tissue blocks and placed on charged
microscope slides for staining. Slides were blocked
for 60 min using 10% serum with 0.03% Triton X-
100 (Thermo Fisher) in 1� PBS. For immunoflu-
orescence staining of primary myoblasts and my-
ocytes, cells were incubated onwell chamber slides
and fixed with 4% paraformaldehyde in 1� PBS.
Subsequently, endogenous biotin was blocked us-
ing a biotin/streptavidin blocking kit according to
the manufacturers’ instructions (SP-2002; Vector
Lab, CA, USA). Antibodies were diluted in 1%
BSA (A7906; Sigma) and 0.03% Triton X-100
(staining/wash buffer). Primary antibodies,
including anti-GFP (Ab6556; Abcam, Cambridge,
UK), anti-beta-spectrin (2808; Abcam), Biotin
anti-H2Kd (BD553564; BD, NJ, USA), or anti-
Fas (82419; Abcam) were added at a 1:200 dilu-
tion. Slides were placed in a humidified chamber
and incubated overnight at 4�C. After three
washes with staining/wash buffer, Alexa Fluor
488 (Abcam), Alexa Fluor 594 (Abcam), and Streptavidin Alexa Fluor
594 (Thermo Fisher) secondary antibodies (Abcam) were added and
incubated for 1 h in the dark at room temperature. DAPI (Invitrogen,
CA, USA) was used to visualize nuclei. Coverslips were mounted using
Prolong Gold AntifadeMountant (Thermo Fisher) and allowed to cure
in the dark for up to 24 h. Slides were then imaged on a Zeiss LSM 510
Confocal microscope. ImageJ software (NIH) was used for expression
quantification.

Histology and Immunohistochemistry

To analyze the cellular infiltration, 5-mM-thick sections were cut from
paraffin-embedded tissue blocks and placed on charged microscope
slides for staining. Sections were deparaffinized, rehydrated, and sub-
jected to routine hematoxylin (Sigma) and eosin (Sigma) staining.
Representative images were acquired using a Zeiss AxioImager mi-
croscope. To determine the phenotype of the cells at the injection
site, 5-mM sections from paraffin-embedded tissues were cut, pre-
pared, and blocked as described above. Endogenous peroxidase/phos-
phatase activity was blocked using Bloxall reagent (Vector Labs).
Anti-F4/80 (6640; Abcam) and anti-CD3 (RM-9107; Thermo Scien-
tific) as primary antibodies and horseradish peroxidase (HRP)-conju-
gated secondary antibodies were used. Peroxidase activity was visual-
ized using NovaRed HRP substrate (Vector Labs). Slides were then
& Clinical Development Vol. 17 June 2020 541
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counterstained with hematoxylin, dehydrated with ethanol, and
cleared with xylene substitute (Sigma). Coverslips were mounted
with Organo/Limonene mounting medium (Sigma). Representative
images were acquired using a Zeiss AxioImager microscope.

IFNg ELISpot Assay

Spleens harvested from each mouse at the time of euthanasia were
homogenized using an Eppendorf pestle and passed through a 100-
mm filter cell strainer (BD) to obtain single-cell suspensions. Red cells
were lysed using Red Blood Cell Lysis Buffer (Sigma) according to the
manufacturers’ instructions. After washing, cells were resuspended in
RPMI 1640 medium (Thermo Fisher) supplemented with 10% FBS
(Sigma), 2 mM L-glutamine, 1% penicillin/streptomycin (Sigma),
and 50 mM 2-mercaptoethanol (Sigma). Cell viability was assessed
by trypan blue (Invitrogen) exclusion. Cells were seeded at 200,000
viable cells per well into polyvinylidene fluoride (PVDF) 96-well
plates coated with anti-mouse IFN-g antibody (Mouse IFN-g
ELISpot; BD). IFN-g detection was performed according to the man-
ufacturer’s instructions. The H-2Kd-restricted GFP 9-mer peptide
HYLSTQSAL (2 mg/mL; Proimmune, UK) was used to quantify
antigen-specific IFN-g-producing cells. Concanavalin A (10 mg/mL;
Sigma) was used as a positive control. MHC class I (H-2Kd/
H-2Dd) monoclonal antibody (Thermo Fisher) was used to block
MHC class I molecules. NovaRed HRP substrate was used to visualize
spots. Spots were counted using ImmunoSpot Analyzer (Immuno-
Spot). Data are expressed as GFP-specific SFCs per million cells
and as a ratio between GFP and ConA SFCs � 100 (%). A positive
response was at least a 2-fold increase of spots over medium-treated
wells (background) with minimum threshold of 50 SFCs per million
cells in the stimulated wells.

Generation of Primary Murine Myoblasts and Myocytes

Muscle satellite cells were isolated using a previously described proto-
col44 withminor modifications. In brief, thighmuscles were harvested
from 3-week-old BALB/c female mice. After chopping muscle into
1-mm-diameter pieces, tissue was digested by collagenase II (Sigma)
for 30 min at 37�C, ground through 70-mm filters (BD) to remove
large pieces, and seeded on 10% Matrigel pre-coated plates. After
72 h, cells were detached with 0.25% trypsin-EDTA and seeded on
uncoated culture plates for 45 min at 37�C to allow large cells,
including fibroblasts, to adhere. Supernatants containing myoblasts
that did not adhere to the plate were then collected and seeded
onto 10% Matrigel pre-coated plates. Myoblasts were maintained
either in culture medium, F-10 (GIBCO, MA, USA) containing
20% FBS (GIBCO), 2.5 ng/mL human FGF recombinant protein
(Thermo Fisher), and 0.2% chicken embryo extraction (Gemini
100-163P) or differentiated into myocytes using a differentiation
medium containing DMEM (GIBCO), 2% horse serum (HyClone,
IL, USA), and 4 mM human insulin (Sigma) for 5–7 days.

Transduction with LV-GFP and Flow Cytometry Analysis

Primary myoblasts were transduced with LV-GFP or LV-Fas/GFP
(multiplicity of infection of 5) in culture medium. After 3 days, cells
were washed and either maintained in myoblast culture medium or
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differentiated into myocytes as described above. GFP expression
was assessed by fluorescent microscopy or flow cytometry using an
LSRII flow cytometer (BD), and results were analyzed using FlowJo
software (Tree Star).

Expression of Fas was assessed by flow cytometry after staining with
anti-Fas-PE-Cy7 (Jo2; BD) for 30 min at 4�C in PBS containing 3%
FBS and 10 mM EDTA (Sigma). Dead cells were positively stained
with LIVE/DEAD Fixable Aqua Dead Cell Stains (Molecular Probes,
OR,USA)orLIVE/DEADFixable FarRedDeadCell Stains (Invitrogen,
CA, USA). Isotype control antibodies were used as negative controls.

LDH Cytotoxicity Assay

Splenocytes purified from IDLV-GFP-immunized mice were seeded
in 24-well plates at 1 � 106/mL and activated with the H-2Kd-
restricted 9-mer GFP peptide (10 mg/mL) for 3 days. Primary myo-
blasts and myocytes were pulsed with GFP peptide (5 mg/mL) for
2 h and then co-cultured with activated splenocytes (effector cells)
at different effector-to-target (E:T) cell ratios. The murine cell line
P815 (ATCC:TIB-64) was used as a positive control for the assay. Af-
ter 6 and 8 h of incubation, supernatants were collected, and the
release of LDH was measured using the LDH cytotoxicity assay kit
(Thermo Fisher) according to the manufacturer’s instructions. The
% cytotoxicity for each E:T cell ratio was calculated using the
following formula: % Cytotoxicity = (experimental value – effector
cells spontaneous control – target cells spontaneous control)/(target
cell maximum control – target cells spontaneous control) � 100.

FasL-Induced Cytotoxicity Assay

Primarymyoblasts andmyocytes were treated overnight with recombi-
nant mouse FasL-His Tag (526-SA; R&D Systems, MN, USA) protein
at different concentrations ranging from 0 to 2 mg/mL either in
complete culture medium or in serum-free medium, containing
10 mg/mL anti-His-Tag antibody (MA1-135; Thermo Fisher).
Splenocytes from naive BALB/c mice were used as a positive control
of FasL-induced cytotoxicity. Dead cells were counted after trypan
blue staining. Cells cultured without FasL were used as control of the
assay. The % cytotoxicity was calculated using the following equation:

% Cytotoxicity = ðNumber of dead cells--Number of

dead cells in control sampleÞ=
ðTotal cell number--Number

of dead cells in control sampleÞ � 100

The FasL-mediated cell death in myoblasts transduced with LV-GFP
and LV-Fas/GFP was evaluated by flow cytometry with LIVE/DEAD
Fixable Far Red Dead Cell Stains (Invitrogen, CA, USA), gating on the
GFP+ or GFP� populations.

Statistical Analyses

The magnitude and durability of immune responses in the different
immunization groups were compared using two linear regression
models, one for GFP-specific T cell responses and another for the
SFC ratio between GFP and ConA. The GFP-specific T cell responses
020
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were natural log transformed, and the SFC ratio between GFP and
ConA was arcsine transformed. There were no adjustments made
to the alpha level for multiple comparison; thus, p values <0.05
were considered significant.
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