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ABSTRACT
Increasing transgene expression has been a major focus of attempts to improve DNA vaccine-induced
immunity in both preclinical studies and clinical trials. Novel mini-intronic plasmids (MIPs) have been
shown to cause elevated and sustained transgene expression in vivo. We sought to test the antitumor
activity of a MIP, compared to standard DNA plasmid immunization, using the tumor-specific antigen SSX2
in an HLA-A2-restricted tumor model. We found that MIP vaccination elicited a greater frequency of
antigen-specific CD8C T cells when compared to conventional plasmid, and protected animals from
subsequent tumor challenge. However, therapeutic vaccination with the MIP resulted in an inferior
antitumor effect, and CD8C tumor-infiltrating lymphocytes from these mice expressed higher levels of
surface LAG3. Antitumor efficacy of MIP vaccination could be recovered upon antibody blockade of LAG3.
In non-tumor bearing mice, MIP immunization led to a loss of epitope dominance, attenuated CD8C

cytokine responses to the dominant p103 epitope, and increased LAG3 expression on p103-specific CD8C

T cells. Further, LAG3 expression on CD8C T cells was associated with antigen dose and persistence in
spite of DNA-induced innate immunity. These data suggest that for antitumor immunization, approaches
leading to increased antigen expression following vaccination might optimally be combined with LAG3
inhibition in human trials. On the other hand, mini-intronic vector approaches may be a superior means to
elicit LAG3-dependent tolerance in the treatment of autoimmune diseases.
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Introduction

DNA vaccines are bacterial plasmids encoding a protein or
peptide antigen under a strong mammalian promoter. They are
simple, safe, economical, and easy to mass produce. Though
initially employed as vectors for in vivo transfer of a therapeutic
gene,1,2 it was later observed that plasmid DNA encoding a
viral protein was able to elicit antigen-specific cellular and
humoral immune responses, and also protect against viral chal-
lenge.3,4 Follow-up studies showed preclinical efficacy of DNA
vaccines in a large number of infectious and tumor disease
models.3 However, results from human trials have been com-
paratively disappointing, with only modest immune responses
observed in a majority of the cases.5

One of the major reasons cited for low immunogenicity of
DNA vaccines in human subjects has been poor in vivo transfec-
tion efficiency and resultant low antigen/body mass ratio from
plasmid DNA injections. Consequently, efforts to boost DNA
vaccine efficacy have mainly focused on increasing antigen
expression through either enhancing transfection efficiency (elec-
troporation, gene guns, and similar particle bombardment type
approaches) or optimization of the plasmid vector (strong pro-
moters, Kozak sequences, codon optimization, and so on).5-18

Each of these techniques has achieved an incremental increase in

DNA vaccine efficacy in preclinical models, setting the stage for
an effort to further increase antigen expression using iterations or
combinations of the above approaches.

Recent advances in the gene therapy field have shown that
gene expression from traditional plasmid vectors is silenced
rapidly in vivo, and this can be avoided by reducing the extra-
genic spacer length by either the removal of the bacterial back-
bone components (usually an origin of replication and an
antibiotic resistance gene) as in DNA minicircles, or by insert-
ing these elements necessary for plasmid propogation into an
intron as in mini-intronic plasmids (MIPs).19-21 Thus, use of
these vectors presents an opportunity to examine the effects of
greatly increasing antigen expression without necessarily modi-
fying the innate immune response to vaccination as in electro-
poration or similar approaches.22-24 Recently, DNA minicircles
were reported to elicit greater frequencies of antigen-specific
CD8C T cells when compared to conventional plasmid immu-
nization, and minicircle immunization was able to better pro-
tect against infection by an intracellular bacterium.25,26

However, these studies did not evaluate the efficacy of mini-
circle DNA immunization as an antitumor therapy. Further, to
our knowledge, there have been no reports exploring the effi-
cacy of MIP vaccination in any setting.
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In the current study, we sought to evaluate whether DNA
minicircle or MIP vectors provided sustained expression of a
target tumor antigen, and whether this approach was superior
relative to standard plasmid DNA in eliciting antigen-specific
antitumor immunity. This was evaluated in a system we have
previously reported using a plasmid DNA vaccine encoding the
tumor associated cancer-testis antigen SSX2 (Synovial Sarcoma,
X Breakpoint 2),27 relevant HLA-A2 transgenic mice that per-
mit analysis of epitope specific immunity, and a syngeneic
tumor cell line model engineered to express the antigen of
interest.28-30 We found that MIP-SSX2 immunization elicited
greater frequencies of tetramer positive CD8 T cells and anti-
gen-specific IFNg responses, as others have previously reported
with minicircles. However, we observed that while MIP-SSX2
protected against tumor challenge in a prophylactic setting,
there was a paradoxical loss of antitumor effect following treat-
ment of established tumors. We found that this inferior
response was associated with increased expression of the
immune checkpoint molecule lymphocyte activation gene 3
(LAG3) on CD8C tumor-infiltrating lymphocytes and on anti-
gen-specific CD8C T cells from the spleens of animals receiving
the mini-intronic vaccine. Further, we demonstrated that
LAG3 expression on CD8C T cells was directly associated with
antigen dose and persistence in a tolerizing environment both
in vitro and in vivo. These data suggest the involvement of the
LAG3 checkpoint pathway molecule in DNA vaccine-induced
immunity, and that antitumor vaccine approaches designed to
increase antigen dose or persistence might best be combined
with LAG3 blockade in clinical trials.

Results

A mini-intronic plasmid encoding SSX2 provided sustained
transgene expression in vitro and in vivo

We first constructed a DNA minicircle (DMC-SSX2) by clon-
ing the expression cassette of pTVG-SSX2 (a plasmid encoding
the cancer-testis antigen SSX2 that we have previously
described)30,31 into a minicircle production vector (Figs. 1A
and B). We then used an optimized intron design (containing
exonic splicing enhancers, a bacterial origin of replication mod-
ified to remove potential splice sites, and an RNA-based selec-
tion system) 32 to construct a MIP encoding SSX2 (MIP-SSX2,

Fig. 1C).20 All plasmids were confirmed by sequencing (data
not shown). We similarly generated a minicircle construct
encoding enhanced green fluorescent protein (EGFP, DMC-
EGFP, data not shown).

Transgene expression from these constructs was confirmed
in vitro by transient transfection of equimolar amounts of
pTVG-SSX2 and MIP-SSX2 into LNCaP prostate cancer cells
cultured in low serum conditions. Two and seven days post-
transfection, the cells were lysed and SSX2 expression was
quantitatively assayed by ELISA. As shown in Fig. 2A, MIP-
SSX2 transfection resulted in higher detectable levels of SSX2
on both day 2 (left) and day 7 (right). Similar results were
obtained with minicircle (DMC-SSX2 and DMC-EGFP) con-
structs (Fig. S1), as expected.33 To test transgene persistence in
vivo, we administered equimolar amounts of the different
SSX2-expressing constructs into FVB mice by tail vein injection
and assayed for SSX2 expression in harvested liver tissue by
qRT-PCR. As shown in Fig. 2B, MIP-SSX2 delivery led to a
near constant SSX2 expression in hepatocytes over a two-week
period, whereas with pTVG-SSX2 delivery mRNA levels fell
over 100-fold from the peak day 2 levels. These data correspond
to previous studies showing that silencing of gene expression
from conventional plasmid vectors is more pronounced in qui-
escent tissue in vivo.19,34,35 Given the similarity of gene expres-
sion from minicircle or MIP vectors, and given the ease of
preparation of pure MIP vectors without contaminating DNA
populations common with minicircle preparations (Fig. S2),
subsequent studies focused on the use of the MIP construct.36

MIP immunization led to greater CD8C T cell frequencies,
but changes in cytokine secretion and elevated LAG3
expression on CD8C T cells specific for the dominant
epitope

In order to determine whether sustained expression through the
use of a DNAMIP elicited greater CD8C T cell responses, we vac-
cinated age-matched groups of HLA-A2/DRI expressing mice
with either empty vector (pTVG4) or equimolar amounts of
pTVG-SSX2 (100 mg) or MIP-SSX2 (83 mg) and assayed for Th1
biased immune responses after three biweekly intradermal immu-
nizations. As shown in Fig. 3, we observed an increase in antigen-
specific CD8C T-cell mediated IFNg secretion (Fig. 3A) and

Figure 1. Construction of plasmids used. (A) Conventional plasmid encoding cancer-testis antigen SSX2 (pTVG-SSX2), as previously described.27 (B) Minicircle DNA (DMC-
SSX2) harboring an identical transgene expression cassette as pTVG-SSX2, created using the pMC.CMV-MCS-SV40polyA minicircle production vector and the FC31 inte-
grase sensitive ZYCY10P3S2T E. coli strain (System Biosciences). (C) Mini-intronic plasmid encoding SSX2 (MIP-SSX2), obtained upon cloning of an OIPR intron containing
a modified bacterial origin of replication, exonic splicing enhancers and a selectable RNA-OUT marker (Nature Technology Corporation), into a unique restriction site
downstream of the CMV promoter in the DMC-SSX2 construct (as previously described).20

e1223002-2 V. T. COLLURU ET AL.



tetramer positive CD8 T cells (Fig. 3E) in MIP-SSX2 immunized
animals compared to plasmid immunization. Of note, similar
results were observed using a minicircle encoding SSX2 compared
to conventional plasmid DNA (Fig. S3). However, we observed
that while pTVG-SSX2 resulted in secretion of TNFa, IFNg, and
IL2 in a p103 epitope-specific fashion, MIP-SSX2 immunization
resulted in p103 epitope-specific release of only IFNg at levels
above background (Fig. 3A). Conversely, only MIP-SSX2-treated
animals had significant TNFa- and IFNg-secreting CD8C T cell
responses to the subdominant p41 epitope (Fig. 3A). Representa-
tive flow plots for these data are shown in Fig. S4. Fig. 3B summa-
rizes the difference in immune responses between the two
treatment groups. As demonstrated in Fig. 3C, we did not detect a
significant difference in the proportion of polyfunctional cells
secreting more than one cytokine between the different treatment
groups, rather differences in T cells responding to either epitope
were largely due to distinct populations of CD8C T cells secreting
either TNFa, IFNg, or IL2 alone.

Lastly, we investigated whether SSX2 specific CD8C T cells
in each group differed with respect to surface expression of
checkpoint molecules.37-39 As seen in Figs. 3D and E, p103 epi-
tope-specific CD8C T cells in the MIP-SSX2 treatment group
had significantly higher expression of LAG3, whereas there was
no detectable difference in CD8C T cells responding to p41. No
changes were observed in levels of PD1, TIM3, or CTLA4 (rep-
resentative plots in Fig. S5) on these cell populations.

MIP-SSX2 immunization was inferior to standard plasmid
DNA immunization as an antitumor therapy and resulted
in elevated expression of LAG-3 on CD8C tumor-infiltrating
lymphocytes (TILs)

To evaluate MIP plasmids as antitumor vaccines, we first chal-
lenged HLA-A2/DRI expressing mice with syngeneic-SSX2
expressing tumor cells after four bi-weekly immunizations with
either pTVG4 control vector, pTVG-SSX2 or MIP-SSX2. As
seen in Fig. 4A (left), both pTVG-SSX2 and MIP-SSX2 pro-
tected animals against tumor cell challenge in an antigen-spe-
cific fashion, suggesting that functional CTL responses to the
antigen were elicited by both constructs. Six weeks after tumor
challenge, mice were evaluated for systemic SSX2-specific
CD8C T cells by tetramer staining. As shown in Fig. 4A (right),

MIP-SSX2 vaccination again resulted in higher frequencies of
p103 epitope-specific CD8C T cells that persisted even 8 weeks
after the final booster immunization. Splenocytes from animals
immunized with MIP-SSX2 also had cytolytic activity to the
SSX2-expressing tumor cell line in vitro (Fig. S6). Next, HLA-
A2/DRI expressing mice were first inoculated with syngeneic
sarcoma cells expressing SSX2, and then vaccinated with either
pTVG4 (100 mg), pTVG-SSX2 (100 mg), or MIP-SSX2 (83 mg)
on days 1 and 15. Tumor growth was monitored over time, and
as seen in Fig. 4B and C, MIP-SSX2 unexpectedly failed to pro-
vide a significant antitumor response over vector control-
treated animals. Given our recent findings that altering the
plasmid sequence to encode an altered peptide epitope with
enhanced HLA-A2 binding capacity could lead to increased
expression of PD1 on vaccine elicited epitope-specific CD8C T
cells, and our current observations of elevated LAG3 expression
following MIP vaccination (Figs 3D and E), we evaluated tumor
cells and tumor-infiltrating lymphocytes (TIL) for differences
in T-cell checkpoint molecules and ligands.29 As shown in
Fig. 4D, we found that CD8C TIL from animals treated with
MIP-SSX2 had significantly higher levels of surface LAG3
expression than CD8C TIL from pTVG-SSX2-treated animals.
These CD8C TIL also showed slightly reduced staining for
PD1, albeit not significantly so, and no difference in TIM3
expression. Similarly, no changes were observed in CD8C TIL
expression of CD244 or CD160 (data not shown). Expression
of checkpoint ligands HVEM, PD-L1, CD48, and Galectin-9 on
tumor/tumor associated populations were also not statistically
different among treatment groups (data not shown).

Antitumor effects of MIP-SSX2 immunization can be
rescued by combination with anti-LAG3

To evaluate whether the high LAG3 expression on CD8C T
cells was responsible for loss of antitumor efficacy in the MIP-
SSX2-treated animals, we first implanted tumors and vacci-
nated animals as above. Animals then received either PBS vehi-
cle control or 200 mg aLAG3 on days 1 and 3 after each
immunization. As shown in Fig. 5A, LAG3 blockade was able
to restore the antitumor activity of MIP-SSX2. Both DNA vac-
cines (pTVG-SSX2 or MIP-SSX2) when combined with
aLAG3 were able to cause complete tumor regressions (CR) in

Figure 2. Delivery of MIP-SSX2 in vitro and in vivo resulted in elevated and sustained transgene expression. (A) Equimolar amounts of pTVG-SSX2 (2 mg) and MIP-SSX2
(1.6 mg) were used to transiently transfect LNCaP cells grown in low serum conditions. SSX2 production was assayed by quantitative ELISA on days 2 and 7 (n D 3 experi-
mental replicates). pTVG4 D control plasmid vector not encoding SSX2. (B) Equimolar amounts of pTVG-SSX2 (30 mg) and MIP-SSX2 (24 mg) were administered to age-
matched FVB mice (n D 3/group/time point) via tail vein injection. Livers were harvested on days 2, 7, and 14 and assayed for transgene expression using qRT-PCR.
(� denotes a p-value< 0.05, two-sided t-test).
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several animals, not observed in the absence of LAG3 blockade
(Fig. 5B). However, the improvement in the pTVG-SSX2 treat-
ment upon addition of LAG3 blockade was not statistically sig-
nificant. We further observed that LAG3 blockade along with
MIP-SSX2 treatment increased CD8C T cell infiltration into
the tumors (Fig. 5C).

LAG3 expression on CD8C T cells increases with magnitude
and duration of antigenic stimulation

LAG3 upregulation on CD8C T cells has been detected as early as
24 h post-TCR activation, but kinetic studies have revealed that
surface expression continues to rise and is maximal at 72 h.37,40

However, little is known about the effect of a pulse of antigen
expression, as is likely with conventional plasmid immunization,
versus sustained expression, as may be more likely with MIP
immunization, on LAG3 expression during initial priming. It has
been previously demonstrated that higher antigen dose can lead
to higher LAG3 expression.37 To model this with DNA immuni-
zation in a separate model system, and be able to evaluate differen-
ces following a single priming immunization, we used the OT-1
murine model. First, we transfected B16 cells with low or high
doses of plasmid DNA encoding secretory ovalbumin, and media
from transfected cells was then used to stimulate OT-1 cells. As
shown in Fig. 6A, increasing concentrations of antigen led to
increased LAG3 expression. This could be replicated with peptide

Figure 3. MIP immunization led to greater CD8C T cell frequencies, but changes in cytokine secretion and elevated LAG3 expression on CD8C T cells specific for the dom-
inant epitope. HLA-A2/DRI mice (n D 6 per group) were immunized three times with either an empty vector control (pTVG4), or equimolar amounts of pTVG-SSX2
(100 mg) or MIP-SSX2 (83 mg). A) One week after the final immunization animals were euthanized and splenocytes were assayed for antigen-specific CD8C responses by
release of IFNg , TNFa, or IL2 (panel A). (B) Averaged epitope-specific IFNg (orange), TNFa (blue), or IL2 (violet) release for the two treatment groups over background lev-
els. Diameter of the chart is proportional to the magnitude of total cytokine release. (C) Averaged proportions of epitope-specific polyfunctional CD8C T cells. Diameter of
the chart is proportional to the quantum of response, and each color is representative of the relative proportion of cells releasing either 1 (blue), 2 (red), or 3 (green) Th1
cytokines. (D) % of CD8C T cells secreting at least 1 Th1 cytokine in response to either p41 or p103 restimulation that also expressed LAG3. (E) Frequencies of CD8C T cells
from animals receiving either pTVG-SSX2 or MIP-SSX2 immunizations that stained positive for p41 or p103 specific tetramers (left). Levels of LAG3 on p103 tetramer posi-
tive CD8C T cells as measured by flow cytometry, with IgG fluorescent control MFI indicated by dotted line (right). These data are representative of three independent
experiments. For all panels, � denotes a p-value< 0.05, two-sided t-test.
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alone, as increasing concentrations of SIINFEKL peptide alone
could lead to increased LAG3 expression on OT-1 cells stimulated
in vitro (Fig. 6B). Next, OT-1 cells were transferred to naive C57/
Bl6 mice and mice were then immunized with different doses of
plasmid DNA. As shown in Fig. 6C, higher doses of plasmid
DNA encoding ovalbumin with a single immunization led to
increased LAG3 expression on activated antigen-specific CD8C T
cells. To then examine whether the duration of antigenic stimula-
tion also affects LAG3 levels on CD8C T cells, we stimulated naive
OT1 splenocytes with the SIINFEKL peptide for either 24 h or
72 h. Samples stimulated for 24 h were washed and rested for

48 h. As shown in Fig. 7A, OT1 splenocytes that were stimulated
continuously for 72 h had significantly higher surface LAG3 levels
than those that received pulsatile stimulation of only 24 h. To eval-
uate this in an in vivo vaccination setting, C57BL6 were adoptively
transferred with OT1 splenocytes (day 0). One day post transfer
mice received an intradermal injection with 100 mg of SIINFEKL
peptide along with 50 mg of empty plasmid vector pTVG4. Mice
were then either boosted on day 5, given that intra-splenic peptide
levels peak 125 h post-administration, with either PBS, 100 mg of
SIINFEKL peptide, or 100 mg of SIINFEKL peptide C 50 mg
pTVG4.41 With each of these treatments, we aimed to replicate

Figure 4. MIP-SSX2 immunization was inferior to standard plasmid DNA immunization as an antitumor therapy and resulted in elevated expression of LAG-3 on CD8C

tumor-infiltrating lymphocytes (TILs). A) HLA-A2/DR1 expressing mice were immunized four times bi-weekly (n D 6 per group) and subsequently challenged with a syn-
geneic sarcoma line engineered to overexpress SSX2. Tumor size was monitored over time (left). Splenocytes from tumor-challenged animals were analyzed for the fre-
quency of SSX2-specific CD8C T cells 35 d post tumor inoculation using tetramer staining specific for either p41 or p103 HLA-A2-restricted epitopes (right). (B) HLA-A2/
DR1 expressing mice (n D 6–8 per group) were implanted with 5 £ 104 syngeneic sarcoma cells overexpressing SSX2. On days 1 and 15 post-tumor inoculation, mice
were immunized with either an empty vector control (pTVG4), or equimolar amounts of pTVG-SSX2 (100 mg) or MIP-SSX2 (83 mg), and tumor growth was monitored
over time. Shown are the average tumor sizes per treatment group (B), or tumor growth curves for individual animals over time in the individual pTVG-SSX2 or MIP-SSX2
treatment groups (C). (D) CD8C tumor-infiltrating lymphocytes from these animals were analyzed for surface expression of LAG3, PD1, and TIM3 checkpoint markers.
MFI D median fluorescence intensity. For all panels, � denotes a p-value < 0.05, two-sided t-test. Similar results were observed in three independent studies.
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the scenario of a single exposure to antigen (PBS boost), repeated
exposure to high levels of antigen as with MIP immunization
(peptide boost), or repeated exposure to antigen in the presence of

an adjuvant as with traditional plasmid immunization (peptide C
vector DNA). As seen in Fig. 7B, continuous antigen exposure
caused elevated LAG3 expression on cognate CD8C T cells that

Figure 5. Antitumor effects of MIP-SSX2 immunization can be rescued by combination with anti-LAG3. (A) HLA-A2/DRI mice (n D 6 per group) were implanted with 5 £
104 syngeneic sarcoma cells overexpressing SSX2. Starting one day post tumor inoculation, mice were immunized with either an empty vector control, or equimolar
amounts of pTVG-SSX2 (100 mg) or MIP-SSX2 (83 mg) on days 1 and 15. Animals from each treatment group were then administered either anti-LAG3 (aLAG3, 200 mg on
days 2,4,16, and 19, clone C9B7W) or PBS (vehicle) control, and tumor growth was monitored over time. (A) The average tumor size per treatment group. (B) Tumor
growth curves for individual animals over time in the separate treatment groups. CRD complete tumor response. (C) Representative immunohistochemistry of tumor sec-
tions from the different treatment groups for CD8a (left). Ratio of CD3CCD4-CD8C TILs to CD45- cells as assessed by flow cytometry (right) in each of the treatment
groups. Data are representative of two independent experiments. For all panels, � denotes a p-value< 0.05, two-sided t-test.
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could be partially recovered with the provision of an adjuvant
effect from co-administration of plasmid DNA. Either higher anti-
gen dose or longer antigen exposure could result in greater signal-
ing through the TCR. Therefore, in order to directly test whether
increased TCR stimulation resulted in similar increases in LAG3,
we employed previously reported variants of the SIINFEKL pep-
tide, SIIGFEKL, and EIINFEKL, which have been demonstrated
to bind H-2kb with similar affinity but have decreased affinity for
the OT1 TCR.42 Consistent with our expectations, stimulation of
naive OT1 splenocytes with the epitopte variants led to a decrease
in LAG3 on CD8C T cells after 24 h, in a manner proportional to
the TCR affinity (Fig. 7C).

Discussion

Studies with DNA vaccines have demonstrated that detectable
immune responses after a single immunization are infrequent,
typically requiring multiple booster immunizations. This has
led many groups to seek to increase the immunogenicity of

DNA vaccines by improving DNA delivery and transgene
expression. In preclinical studies, increasing the efficiency of
DNA transfection in vivo through electroporation or optimiza-
tion of the plasmid vector for expression in a mammalian host
have led to increases in DNA vaccine immunogenicity and
antitumor efficacy in viral models.23,43 Recently, novel mini-
circle and MIP vector configurations with reduced extra-genic
spacer lengths have been reported to mediate greatly enhanced
transgene expression in vivo. DNA minicircles have also been
shown to elicit greater frequencies of antigen-specific CD8C T
cells when compared to conventional plasmid vaccination.
Such an approach would be vastly simpler than employing dif-
ferent delivery agents or electroporation. In this report, we
sought to evaluate, for the first time, whether a MIP encoding a
tumor-associated antigen was able to elicit a stronger antitumor
response relative to the native vaccine upon simple intradermal
injection. We demonstrated that MIP vectors used for vaccina-
tion elicited: (1) persistent antigen expression in vitro and in
vivo; (2) greater numbers of antigen-specific CD8C T cells; (3)

Figure 6. LAG3 expression on CD8C T cells is linked to antigen dose in vitro and in vivo. (A) B16 melanoma cells were transfected with either a suboptimal (2 mg) or opti-
mal (5 mg) amount of a plasmid expressing chicken ovalbumin (psOVA). One day later, the cells were assayed for levels of OVA mRNA by qPCR (left). Culture supernatant
from the transfected cells was used to stimulate OT1 splenocytes in vitro. Levels of LAG3 on the CD3CCD8C splenocytes stimulated with the different supernatants was
assayed 24 h later by flow cytometry (right). (B) OT1 splenocytes were stimulated with different amounts of SIINFEKL peptide and assayed for LAG3 expression 24 h later
as above (representative data from three independent experiments). (C) 106 OT1 splenocytes were adoptively transferred into wild type C57BL6 mice (n D 5 per group),
and then immunized with either 10 mg or 50 mg of psOVA. Three days later, LAG3 levels on SIINFEKL-specific tetramerCCD3CCD8C CD44C cells were assayed by flow
cytometry. Given the absence of CD44C tetramerC cells in animals given vector control, LAG3 expression on cells from control animals is shown for all SIINFEKL tetramer
positive CD8C T cells. For all panels, � denotes a p-value< 0.05, two-sided t-test.
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increased expression of LAG3 on cognate CD8C T cells with
attenuated cytokine responses and loss of epitope dominance;
and (4) inferior antitumor responses in the absence of LAG3
blockade. Further, we show that LAG3 expression on CD8C T
cells following immunization is associated with antigen dose,
length of antigenic stimulation, and possibly loss of an adjuvant
effect.

Our studies demonstrate, as expected, that simple changes to
the backbone structure of a DNA plasmid lead to an increase in the
magnitude and length of transgene expression. Using this type of
construct for immunization led to an increase in the magnitude of
CD8C T cells as determined by IFNg secretion and tetramer stain-
ing (Figs. 3A and E). Importantly, we also showed that these CD8C

T cells elicited by MIP vaccination had cytotoxic capacity and pro-
tected against tumor cell line challenge when vaccines were admin-
istered prophylactically (Fig. 4). These data are consistent with
previous reports using DNA minicircles.25,26 For example, Dietz
and others have shown that aminicircle expressing ovalbumin pro-
duced greater SIINFEKL tetramerC CD8C T cells and protected
against infection in a modified listeriosis model.26 Previous reports,
however, have not examined regulatorymarker expression or com-
plete Th1 cytokine expression profiles of minicircle-elicited CD8C

T cell responses, both of which have been shown to be important
for antitumor efficacy.29,39,44

Further analyses in our model revealed distinct differences in
the “quality” of the immune response between traditional plasmid
and MIP vaccination. Given persistent antigen expression, we
examined whether there was a difference in expression of check-
point proteins on antigen-specific CD8C T cells. We found that a
significantly greater proportion of p103 dominant epitope-specific
CD8C T cells from animals receiving the MIP vaccine expressed
surface LAG3 (Figs. 3D and E). Interestingly, and unlike what has
been observed in models of chronic viral infections, we found these
cells to be exclusively LAG3hi and not expressing higher levels of
PD1 or TIM3. We also observed increased cytokine responses to
the subdominant p41 epitope and attenuated cytokine responses to
the dominant p103 epitope, suggesting a loss of epitope dominance

(Fig. 3B). On the other hand,MIP vaccination, and not native plas-
mid immunization, resulted in detectable responses to the subdom-
inant p41 epitope (Fig. 3A). These differences suggest that
persistent expression of the antigen led to a LAG3-expressing toler-
ant phenotype to the dominant epitope, permitting the generation
of immunity to a subdominant epitope, in a manner similar to
changes in immunodominance patterns that have been observed
in viral epitopes upon chronic viral infections.45,46 For example,
Wherry and others have shown that chronic lymphocytic chorio-
meningitis virus infection led to disruption of the normal immuno-
dominance patterns and resulted in hierarchical CD8C T cell
dysfunction.46

We also examined the antitumor efficacy of immune
responses elicited by MIP vaccination, the first evaluation of
antitumor immunity using minicircle- or MIP-type DNA con-
structs as vaccines. While MIP vaccination could protect ani-
mals from subsequent tumor challenge, it was inferior to
conventional plasmid DNA in treating animals with pre-exist-
ing tumors (Fig. 4). Upon profiling CD8C TILs from these ani-
mals, we correspondingly found elevated LAG3 expression on
their surface. We have similarly reported recently that antigen-
specific upregulation of PD1 on CD8C T cells occurred as a
result of epitope optimization, and this led to lower antitumor
efficacy due to preferential dysregulation of PD1high CD8C T
cells in the tumor microenvironment.29 This suggests that con-
trary to the prevailing model about CD8C T cell exhaustion in
which sequential expression of multiple checkpoint proteins is
proposed, different CD8C T cell regulatory pathways can be
preferentially induced depending on the magnitude and dura-
tion of antigenic stimulation. Further, this study, along with
our previous report, highlight that activation- or priming-
induced checkpoint marker expression on CD8C T cells is also
important and can significantly influence efficacy in the pres-
ence of a pre-existing tumor expressing the cognate inhibitory
ligand. In fact, it has recently been shown that galectin-3 binds
to LAG3 on terminally differentiated CD8C T cells only in the
tumor microenvironment to cause their dysregulation.47

Figure 7. LAG3 expression on CD8C T cells increases with length of antigenic stimulation. (A) Transgenic OT1 splenocytes were stimulated for either 24 h or 72 h with a
fixed concentration of SIINFEKL peptide and assayed for LAG3 expression on 4-1BBC CD8C T cells by flow cytometry at 72 h (data is representative of three independent
experiments, with 5–10 independent samples each). (B) Transgenic OT1 splenocytes were adoptively transferred into wild-type C57BL6 mice (n D 4 to 5 animals per
group) and administered a priming immunization of SIINFEKL peptide (100 mg) and pTVG4 (50 mg) 24 h later. Four days after priming, animals were divided into groups
and boosted with either PBS, SIINFEKL peptide (100 mg), or SIINFEKL peptide (100 mg) and pTVG4 (50mg). Two days after the booster immunization, levels of LAG3 were
assayed on SIINFEKL tetramerC CD8C T cells from the spleens of treated mice by flow cytometry. (C) Transgenic OT1 splenocytes were stimulated with either SIINFEKL,
EIINFEKL, or SIIGFEKL peptides at 2 mg/mL for 24 h and assayed for LAG3 expression by flow cytometry on CD8C T cells. For all panels, � denotes a p-value < 0.05, two-
sided t-test.
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Similarly, it is conceivable that the LAG3 binding MHCIIhigh

CD45C haematopoietic cells recruited only after tumor forma-
tion are primarily responsible for suppression of LAG3 express-
ing CD8C T cells. In our model, we have found both high levels
of MHCII and galectin-3 in the tumor microenvironment
(Fig. 5D and data not shown). Further mechanistic studies to
elucidate the precise mechanisms of tumor-mediated dysregu-
lation of LAG3-expressing CD8C T cells are underway.

Other groups have previously shown that antibody-medi-
ated LAG3 blockade can reverse CD8C T cell tolerance, either
alone or in combination with other checkpoint inhibitors.39,48

Consequently, we examined whether blockade of LAG3 could
rescue the antitumor response of MIP vaccination. As seen in
Fig. 6, LAG3 blockade was sufficient to restore MIP vaccine
efficacy and increased CD8C T cell infiltration of tumors.
LAG3 blockade without antigen-specific vaccination (in combi-
nation with pTVG4 vector control) had modest antitumor
effects. This is interesting, suggesting that LAG3 blockade
might alter the fate of the CD8C T cell during the initial prim-
ing in a manner dissimilar to PD1.40,49 Furthermore, LAG3
blockade in combination with pTVG-SSX2 vaccination also
resulted in improved antitumor efficacy as measured by the
number of complete tumor regressions, perhaps by improving
the function of even lower LAG3-expressing CD8C TIL in this
model. This suggests that DNA vaccination could be generally
combined with concurrent LAG3 blockade for improved anti-
tumor benefit. To our knowledge, ours is the first report show-
ing enhancement of the antitumor effect of a vaccine looking to
elicit CD8C T cell responses de novo upon combination with
LAG3 blockade alone. However, our observations correspond
with a previous report demonstrating that LAG3 blockade
mediated enhanced tumor infiltration and effector function of
adoptively transferred clonal CD8C T cells when combined
with a viral vaccine.48

Studies of LAG3 induction on CD8C T cells have previously
reported a link between antigen dose and LAG3 levels following
peptide immunization, and the activation of innate immunity.37

In Fig. 6, we show that treatment with increasing doses of oval-
bumin encoding plasmid DNA in both an in vitro model of
cross priming and an in vivo immunization setting similarly
resulted in higher LAG3 expression on cognate CD8C T cells.
The duration of antigen stimulation (Fig. 7) similarly

contributed to persistent LAG3 expression. Moreover, we
found that boosting rapidly with SIINFEKL peptide without an
adjuvant resulted in high LAG3 expression on adoptively trans-
ferred OT1 CD8C T cells that had been previously primed with
antigen. We also found that provision of plasmid DNA itself as
an adjuvant caused a modest but significant reduction of LAG3
levels on CD8C T cells. These data suggest that both antigen
levels and duration of antigenic stimulation determine LAG3
expression, which in turn can be modulated by the presence of
an adjuvant. Whether stronger adjuvants would be more effec-
tive in reducing LAG3 expression is currently unknown, but
these findings suggest that LAG3 expression could be associ-
ated with inflammation-induced production of ADAM pro-
teins that can cleave surface expression of LAG3 on T cells.37,50

While our findings are consistent with the well documented
role of LAG3 as a negative regulator of CD8C T cell function as
described above, it could be viewed to be in contrast to reports
describing the strong adjuvant activity of soluble LAG3 fused
to the Fc portion of IgG molecules (LAG3-Ig).51,52 In combina-
tion with LAG3-Ig, a DNA vaccine encoding Her-2/neu was
able to better protect against an autochthonous breast tumor.51

Similarly, Kano et al. demonstrated the utility of LAG3-Ig as an
adjuvant in enhancing antitumor responses upon peptide vac-
cination in the presence of Poly I:C.52 Mechanistic studies have
found that LAG3-Ig is able to mediate DC activation and matu-
ration through its binding to MHC-II, and it is currently
assumed that this is the primary mechanism of immune stimu-
lation.53 Our studies suggest that an alternative mechanism
may be that LAG3 signaling on antigen primed CD8C T cells is
inhibited by saturation of LAG3 binding partners following
LAG3-Ig administration, similar to the use of a LAG3-specific
blocking antibody. This hypothesis is further strengthened by
observations that LAG3-Ig is able to bind more strongly to
MHC-II than native LAG3.54,55

Combining our findings with those from relevant previous
reports, we propose a model (Fig. 8) for induction of antigen-spe-
cific LAG3, and its effects on antigen-specific tolerance after vacci-
nation. As has been previously reported, LAG3 expression is
proportional to the magnitude of antigen presented, and a short
pulse of antigen expression (Fig. 8A) is likely to cause only tran-
sient expression of LAG3.37 Combining vaccines with certain
adjuvants is likely to further reduce the magnitude of this initial

Figure 8. Model: Increased antigen dose and duration of presentation lead to increased LAG3 expression and a tolerogenic phenotype. (A) Traditional model in which
LAG3 expression is transient with vaccination, and increases with high antigen dose. Addition of an appropriate adjuvant may reduce the initial upregulation of LAG3. (B)
Vaccination schemes that mediate persistent expression of antigen in a non-inflammatory environment (such as mini-intronic plasmids) result in sustained LAG3 expres-
sion on CD8C T cells, which is in turn associated with loss of effector function and a tolerant phenotype.
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LAG3 upregulation, and the increased benefit obtained from com-
bining even traditional plasmid vaccination with LAG3 blockade
suggests that this reduction might be beneficial for induction of
cellular immunity. Further, the success of electroporation
approaches with plasmid DNA vaccines are probably due to such
pulsatile antigen expression along with a strong adjuvant effect,
with electroporation causing an increase in magnitude but not the
duration of antigen expression.23 As demonstrated in our results,
however, vaccination schemes leading to persistence of antigen
expression in a non-inflammatory environment (Fig. 8B) are likely
to cause prolonged LAG3 expression on antigen-specific CD8C T
cells that ultimately leads to tolerance. Periodic administration of
an adjuvant in such a setting might help elucidate whether antigen
persistence in an inflammatory environment could delay or abro-
gate CD8C T cell tolerance. However, in studies involving chronic
infection with an influenza virus, Bucks and others have found
that chronic antigen exposure is alone sufficient to drive CD8C T
cell exhaustion in a PD1-independent manner.38 Hailemichel and
others have similarly reported that persistent antigen exposure at
the site of peptide vaccination through the use of incomplete
Freund’s adjuvant (IFA), a common formulation that has been
extensively tested in human trials, causes CD8C T cell dysfunction
and sequestration.56 It is conceivable that LAG3 blockade in such
settings might restore effective Th1 immunity.

Our results further open the possibility for minicircle and mini-
intronic plasmid vectors as a means of inducing antigen-specific
tolerance. In fact, repeated administration of low doses of plasmid
DNA encodingmyelin basic protein (MBP) as ameans of inducing
antigen-specific tolerance has been evaluated in patients with mul-
tiple sclerosis in a phase II clinical trial.57 Use of MIP constructs
encoding relevant antigensmight therefore create opportunities for
improved tolerance induction in autoimmune disease settings such
asmultiple sclerosis or type I diabetes.

Together, our results suggest that the LAG3 receptor may be
involved in attenuation of functional Th1 responses upon anti-
tumor vaccination, especially when employing methods that
increase antigen dose and persistence. This is of high relevance
to the design of antitumor vaccines, as well as the use of gene
delivery approaches to treat autoimmune diseases. In the case
of antitumor DNA vaccines, vaccination in combination with
LAG3 blockade is likely to improve immunogenicity and anti-
tumor efficacy, and combination approaches in human clinical
trials are eagerly anticipated.

Materials and methods

Mice and cell lines

HLA-A2.01/HLA-DRI expressing, murine MHC class I/II
knockout, mice (HHDII-DRI, HLA-A2/DR1) on a C57/BL6
background were obtained from Charles River Labs courtesy of
Dr Francois Lemonnier (Institut Pasteur, Paris, France). Mice
were maintained under aseptic conditions and all experiments
were conducted under an IACUC-approved protocol. Male
HHDII-DRI mice were bred with female C57/BL6J mice (Jack-
son Laboratories) to give heterologous mice with a full comple-
ment of immune receptors that were used in all the studies
described. Wild-type FVB and OT1 CD8C transgenic mice
were obtained from Jackson laboratories.

The A2/Sarcoma cell line expressing SSX2 (MCA-SSX2) was
generated as previously described.29 LNCaP and COS7 cells
were grown in RPMI 1640 media supplemented with 2% fetal
calf serum (FCS; Invitrogen). Cell lines were obtained from
American Type Culture Collection (ATCC), verified using
polyphasic testing to confirm identity (DDC Biomedical, Fair-
fleid, OH), and passaged for less than 6 mo.

DNA constructs

A DNA vaccine encoding SSX2 (pTVG-SSX2) was constructed
as previously described.27,28 A minicircle encoding SSX2
(DMC-SSX2) was prepared from a parent minicircle-producing
vector, pMC-SSX2, using standard methods as per the manu-
facturer’s instructions (System Biosciences). pMC-SSX2 itself
was prepared by cloning the complete transgene expression
cassette from pTVG-SSX2 into the MN501A1 pMC.CMV-
MCS-SV40polyA vector (System Biosciences) containing the
minicircle production and bacterial backbone elements using
the Polymerase Incomplete Primer Extension cloning method
using the following primer pairs: TCAATTCACTAGTCG
CGCCCG (vector forward), CTCTAGCTATCCCGCCCC-
TAACT (vector reverse), and GCGCGACTAGTGAATTGAC
GTTACATAACTTACGGTAAATGGCCCG (insert forward),
GGGCGGGATAGCTAGAGTTTACGGTTCCTGGCCTTTT
GCTG (insert reverse).58 MIP-SSX2 was constructed and prop-
agated by the inclusion of an optimized intron (OIPR) in an
Eco-RV restriction site upstream of the transgene coding
region.20 DMC-EGFP was produced from a parent pMC-EGFP
vector as above.

Plasmid encoding full length secreted chicken egg ovalbu-
min (pCI-neo-sOVA (psOVA)) was a gift from Maria Castro
(Addgene plasmid #25098, Cambridge, MA).

Endotoxin free DNA constructs for transfection and immu-
nization were isolated using the ZymoPURE Giga Plasmid
Prep Kits (Zymo Research Corporation, Irvine, CA).

Immunization and transgene expression studies

Six- to ten-week old HLA-A2/DR1 mice were immunized with
plasmid DNA intradermally in the ear pinna as previously
reported.27,28 For tumor protection studies, mice were immu-
nized four times biweekly with the different constructs: pTVG4
(100 mg), pTVG-SSX2 (100 mg), or MIP-SSX2 (83 mg) and
challenged with 105 A2/Sarc SSX2 cells administered subcuta-
neously.29 For tumor therapy studies, animals were first inocu-
lated with 5 £ 104 tumor cells followed by bi-weekly
immunizations beginning day 1 after tumor implantation. In
studies using LAG3 blockade, 200 mg of the antibody (clone
C9B7W; BioXCell, West Lebanon, NH) was administered
intraperitoneally on days 1 and 3 post-immunization.

For in vivo transgene expression studies, age-matched
groups of three female FVB mice (per construct, per time
point) were injected with either pTVG-SSX2 (50 mg/mouse) or
MIP-SSX2 (41.5 mg/mouse) via tail vein injection in 2.0 mL of
0.9% NaCl solution. RNA from liver tissue was extracted using
the RNA DirectZol Mini-Prep Plus kit (Zymo Research)
and qPCR (SSoFast qPCR mix, BioRad, Hercules, CA) for
SSX2 mRNA was performed using the primer pair:
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CATCTTCCTCAGGGTCGCTGATCTC (forward) and CCA-
CAAAATGATGGGAAAGAGCTGTG (reverse). For in vitro
expression studies, the indicated cell lines were transfected
using Lipofectamine LTX with PLUS reagent (Life Technolo-
gies, Carlsbad, CA) and analyzed by the indicated method—
fluorescence microscopy, flow cytometry or ELISA.

For adoptive transfer experiments, age-matched female
C57BL6 mice were inoculated with 106 OT1 splenocytes intra-
peritoneally and treated as described. SIINFEKL peptide for
immunization was obtained from Lifetein (Somerset, NJ).

Immunological analyses

Tumor cell suspensions were obtained as previously described, 29

and stained with anti-CD3 (17A2; BD Biosciences), anti-CD8C

(53-6.7; BD Biosciences), anti-PD1 (J43; BD Biosciences), anti-
LAG3 (C9B7W; eBioscience (San Diego, CA)), anti-TIM3
(8B.2C12; eBioscience), anti-CD45 (30-F11; BD Biosciences), anti-
I-Ab (HM-48.1; BD Biosciences), and live-dead ghost 780 (Tonbo
biosciences, San Diego, CA). For intracellular cytokine staining,
splenocytes were stimulated with the relevant peptide for 2 h, fol-
lowed by treatment with monensin (GolgiStop, BD Biosciences)
for 4 h. Cells were then stained for surface markers as above, fol-
lowed by fixation, permeabilization (Cytofix/Cytoperm, BD Bio-
sciences) and cytokine staining: IFNg (XMG1.2; BD Biosciences),
TNFa (MP6-XT22; BD Biosciences), IL2 (JES6-5H4; eBioscience).
Where indicated, CD8C T cells were stained with tetramers specific
for the p41, p103, or SIINFEKL epitopes (NIH Tetramer Core
Facility, Emory, GA).

For in vitro stimulation experiments, wild-type or OTI trans-
genic splenocytes were incubated with either SIINFEKL, EIIN-
FEKL, or SIIGFEKL (2 mg/mL; Lifetein) peptide for 24 h or
72 h. Samples were stained and analyzed as above. Additional
CD44 staining in in vivo experiments involving OT1 adoptive
transfer was performed with clone IM7 (BD Biosciences).

Interferon (IFN)-g enzyme linked immunosorbent spot
(ELISPOT) assays were performed according to the manufac-
turer’s instructions (R&D Systems, Minneapolis, MN) as previ-
ously described.27,28,59 Enzyme linked immunosorbent assay
(ELISA) for SSX2 was performed using standard methods, and
the following reagents: 10 antibody 1A4 (Abnova, Heidelberg,
Germany), 20 antibody Rabbit polyclonal (Abnova).

Immunohistochemistry for CD8a was performed on FFPE
tumor tissue after antigen retrieval in citrate buffer (pH 6.0)
prior to staining with a 10 rat-anti-mouse CD8a antibody
(4SM15; eBioscience) and a 20 anti-rat IgG (MP-444; Vector,
Burlingame, CA). Standard development with DAB and hema-
toxylin counter-staining was performed.

In vitro cytotoxicity assays were performed using ex vivo
restimulated splenocytes and the CytoTox 96� Non-Radioac-
tive Cytotoxicity Assay Kit (Promega, Madison, WI) as per the
manufacturer’s instructions.

Statistical analysis

All data are representative of at least three independent experi-
ments, with data in each figure from one representative
experiment. No outliers were excluded from analyses. The
Mann–Whitney test was used for comparing group MFI values

for flow cytometry data. For all other analyses, comparisons
were made using a two-sided t test, assuming unequal variance.
In all studies, a p < 0.05 was used to define a significant differ-
ence. All statistical analyses were performed using GraphPad
Prism (version 5.0).
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