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ABSTRACT Vaccination remains one of the greatest medical breakthroughs in hu-
man history and has resulted in the near eradication of many formerly lethal dis-
eases in many countries, including the complete eradication of smallpox. However,
there remain a number of diseases for which there are no or only partially effective
vaccines. There are numerous hurdles in vaccine development, of which knowing
the appropriate immune response to target is one of them. Recently, tissue-resident
T cells have been shown to mediate high levels of protection for several infections,
although the best way to induce these cells is still unclear. Here we compare the
ability to generate skin-resident T cells in sites distant from the immunization site
following intramuscular and intradermal injection using optimized synthetic DNA
vaccines. We found that mice immunized intradermally with a synthetic consensus
DNA HIV envelope vaccine by electroporation (EP) are better able to maintain dura-
ble antigen-specific cellular responses in the skin than mice immunized by the intra-
muscular route. We extended these studies by delivering a synthetic DNA vaccine
encoding Leishmania glycosomal phosphoenolpyruvate carboxykinase (PEPCK) by EP
and again found that the intradermal route was superior to the intramuscular route
for generating skin-resident PEPCK-specific T cells. We observed that when chal-
lenged with Leishmania major parasites, mice immunized intradermally exhibited sig-
nificant protection, while mice immunized intramuscularly did not. The protection
seen in intradermally vaccinated mice supports the viability of this platform not only
to generate skin-resident T cells but also to promote durable protective immune re-
sponses at relevant tissue sites.
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The most successful approach to controlling infectious diseases is the development
of protective vaccines, but unfortunately, there remain several diseases for which

no vaccines are available. Resolving this deficit will require identifying the immune
responses that provide protection and then understanding how best to generate them.
Recent studies with several diseases have reported that T cells residing in the tissues
(resident memory T cells or Trm cells) can often provide greater protection than those
that are circulating (1–3), although how to best generate Trm cells through a vaccine
remains poorly understood. For example, some studies suggest that intradermal (i.d.)
immunizations or skin scarification may be particularly effective at generating skin Trm
cells (4–10, 38), while other studies are less clear on this practical issue. We wanted to

Citation Louis L, Clark M, Wise MC, Glennie N,
Wong A, Broderick K, Uzonna J, Weiner DB,
Scott P. 2019. Intradermal synthetic DNA
vaccination generates Leishmania-specific T
cells in the skin and protection against
Leishmania major. Infect Immun 87:e00227-19.
https://doi.org/10.1128/IAI.00227-19.

Editor John H. Adams, University of South
Florida

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to David B. Weiner,
dweiner@wistar.org, or Phillip Scott,
pscott@vet.upenn.edu.

Received 22 March 2019
Returned for modification 27 May 2019
Accepted 4 June 2019

Accepted manuscript posted online 10
June 2019
Published

MICROBIAL IMMUNITY AND VACCINES

crossm

August 2019 Volume 87 Issue 8 e00227-19 iai.asm.org 1Infection and Immunity

23 July 2019

https://doi.org/10.1128/IAI.00227-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:dweiner@wistar.org
mailto:pscott@vet.upenn.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00227-19&domain=pdf&date_stamp=2019-6-10
https://iai.asm.org


address this issue in part by comparing the generation of skin-resident T cells and
protection against cutaneous leishmaniasis following DNA immunizations via the in-
tramuscular (i.m.) route, most often used for currently approved vaccines, and the
intradermal route.

Leishmania infection occurs in over 88 countries, with an estimated 12 million
people currently infected and over 350 million people at risk (11–13). The parasitic
infection is spread by the sand fly, primarily impacting people in resource-strained
settings. There are a number of barriers that bar access to the few treatments available
for leishmaniasis, including high costs, quality control issues, low production capacities,
and physical geography (14, 15). However, evidence that people who recover from
clinical disease are generally protected from future infection suggests that a vaccine
approach is feasible, and there are currently a large number of potential vaccines being
tested in both experimental animal models and clinical trials (16–18). However, none of
these options are currently available for human leishmaniasis. Clinical trials that have
used heat-killed whole Leishmania parasite antigens have resulted in disappointing
outcomes where any observed efficacy is short-lived, and as such, they are unlikely to
mount protective immune responses (19–25). Live parasites have also been used in the
past to induce immunity with some success; however, concerns with protracted and
nonhealing lesions as well as parasite passage issues have caused this option to fall out
of favor (26–28). A major problem in the field of vaccine development for leishmaniasis
has been the lack of an identified immunodominant leishmanial antigen. Recently,
however, this deficit has been rectified with the discovery of a leishmania protein,
Leishmania phosphoenolpyruvate carboxykinase (PEPCK), which is an enzyme that is
critical for gluconeogenesis. At the peak of Leishmania infection, nearly 20% of all
Leishmania-reactive CD4� T cells are PEPCK specific (29). Furthermore, the authors of
that study found that peripheral blood mononuclear cells (PBMCs) from people who
have recovered from zoonotic Leishmania major infection recognize PEPCK, express
high levels of interferon gamma (IFN-�) and granzyme B, and have increased cell
proliferation compared to PBMCs from healthy noninfected people when stimulated
with recombinant PEPCK protein, suggesting the potential of clinical benefit.

In order to determine if the route of vaccination (i.m. versus i.d.) would influence the
generation of skin-resident T cells, we first tested the ability of a well-defined DNA
vaccine developed for HIV to generate these cells by these two routes. We then created
two synthetic consensus DNA plasmids that encode PEPCK, which represent a consen-
sus of PEPCK sequences from six Leishmania parasites, including Leishmania infantum,
L. donovani, L. major, L. mexicana, L. braziliensis, and L. panamensis. These species
represent both Old and New World Leishmania parasites that can cause cutaneous,
mucosal, and visceral leishmaniasis. We immunized mice with these plasmids either
intramuscularly or intradermally by Cellectra electroporation (EP) to evaluate vaccine-
induced immunity and assess protection following challenge. We found that mice
immunized intradermally were better protected against L. major challenge than mice
immunized intramuscularly. The levels of protection seen in intradermally immunized
mice were similar to those seen in immune mice that were previously infected with
parasites, as measured by lesion size and parasite burden, and suggest that the
intradermal route may be most efficient at generating Trm cells and protection against
leishmania parasites.

RESULTS
Intradermal Env vaccination leads to durable immune responses in the skin

compared to intramuscular delivery. An important outcome for vaccination is to
generate long-lived immunity to protect against future pathogen exposure. Therefore,
we sought to examine in pilot experiments the immune responses elicited postvacci-
nation as well as the response at a memory time point using defined constructs.
C57BL/6 mice (n � 5) were immunized with 25 �g of an HIV Env DNA vaccine either
intramuscularly with Cellectra EP or i.d. in the abdominal flank with surface electropo-
ration (SEP), twice, 2 weeks apart (Fig. 1A). Spleens and skin at the injection site were
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collected 10 days after the final vaccination to analyze antigen-specific responses. A
quantitative enzyme-linked immunosorbent spot (ELISpot) assay was performed to
analyze the IFN-� response in the spleen, and we found that mice immunized intra-
muscularly had an average of 1,000 spot-forming units (SFU) per million splenocytes,
while intradermally vaccinated mice had an average of 250 SFU (Fig. 1B). In the skin,
there was no significant difference between i.m. and i.d. immunized mice in the
frequencies of IFN-�-, interleukin-2 (IL-2)-, and tumor necrosis factor alpha (TNF-�)-
secreting CD4� T cells at the site of immunization; however, there was a significant
difference in the frequencies of IL-2- and TNF-�-producing CD4� T cells at the con-
tralateral site, suggesting some enhanced homing and mobility of these antigen-
specific T cells induced in the skin by i.d. immunization (Fig. 1C).

We next examined immune responses 75 days after the final vaccination to study
the durability of the antigen-specific responses (Fig. 2A). There was some contraction
of the IFN-� response, with averages of 800 SFU/million splenocytes for the i.m. group
and 150 SFU/million for the i.d. group (Fig. 2B), but strikingly, there was a significant
number of IFN-�- and TNF-�-secreting CD4� T cells in the i.d. group compared to the
i.m. group in the skin (Fig. 2C), suggesting that i.d. immunization has the potential to
generate long-lasting immunity at the site of vaccination. We did not observe a

FIG 1 HIV Env DNA vaccination at intramuscular and intradermal sites induces immune responses in the skin. (A) Immunization schedule for tissue-specific
DNA vaccination. C57BL/6 mice were immunized twice, 2 weeks apart (n � 3 to 5 per group), either intramuscularly (IM) or intradermally (ID). Spleens and skin
from the flank and TA were collected 10 days after the final vaccination to analyze antigen-specific immune responses. d.p.f.v., days post-final vaccination. (B)
The frequency of Env-specific IFN-� responses (spot-forming units per million splenocytes) induced after vaccination was determined by an IFN-� ELISpot assay
in response to pooled Env peptides. (C) Env-specific CD4� T cell responses by intracellular cytokine staining at vaccination and contralateral sites. *, P � 0.05;
**, P � 0.005; ***, P � 0.0005; ****, P � 0.0001; ns, not significant.
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significant number of antigen-specific CD4� T cells at the contralateral site at the
memory time point in this model. Encouraged by these data, we next studied intra-
dermal vaccination in a Leishmania model for which a mouse challenge exists.

Development of a consensus Leishmania PEPCK vaccine. Challenges in Leishma-
nia vaccine development are due in part to the lack of an understanding of the antigens
capable of eliciting potent Th1 IFN-� CD4� T cell responses. However, recent work by
Mou et al. (29) has identified a conserved dominant protein, PEPCK, that elicited strong
CD4� T cell responses. They found that �17% of Leishmania-reactive CD4� T cells were
PEPCK specific at the peak of the immune response during L. major infection. Given this
robust response, we designed two constructs that encode consensus sequences for
PEPCK to maximize the coverage of both Old and New World strains of Leishmania (Fig.
3A and B). The PEPCK genes were inserted into a pGX0001 backbone with a cytomeg-
alovirus (CMV) promoter and an immunoglobulin E (IgE) leader (Fig. 3C). Construct
expression in vitro was confirmed using Western blotting (Fig. 3D), to detect binding to
PEPCK. Expression of PEPCK was observed in the lysates of transfected cells but was not
observed in the supernatant (see Fig. S4 in the supplemental material).

Consensus PEPCK plasmids are immunogenic and induce strong cellular IFN-�
responses following intramuscular vaccination. As IDM2 and PB differ by 7.5% in
their amino acid sequences, we wanted to verify that both plasmids were immunogenic
and to determine whether there might be an advantage to delivering both plasmids in
a vaccine strategy. We performed intramuscular DNA delivery of either IDM2 or PB in
C57BL/6 mice at a dose of 20 �g each, followed by EP, two times, 2 weeks apart

FIG 2 HIV Env DNA vaccination to intramuscular and intradermal sites maintains durable immune responses at the memory time point. (A) Immunization
schedule for tissue-specific DNA vaccination. C57BL/6 mice were immunized twice, 2 weeks apart (n � 4 to 5 per group), either intramuscularly or intradermally.
Spleens and skin from the flank and TA were collected 75 days after the final vaccination to analyze antigen-specific immune responses. (B) The frequency of
Env-specific IFN-� (spot-forming units per million splenocytes) maintained at the memory time point was determined by an IFN-� ELISpot assay in response
to pooled Env peptides. (C) Env-specific CD4� T cell responses by intracellular cytokine staining at the vaccination site.
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(Fig. 4A). Ten days after the final vaccination, we analyzed the degree of immune
responses by isolating splenocytes. A quantitative ELISpot assay was performed to
determine the number of PEPCK-specific IFN-�-secreting T cells that responded to
vaccination (Fig. 4B). Both mice vaccinated with IDM2 and those vaccinated with PB
mounted a robust immune response, with averages of 2,500 SFU/million and 3,700
SFU/million splenocytes against IDM2 and PB, respectively. Strikingly, there were a
much greater number of T cells that responded to peptides in pool 1 of PB than in pool
1 of IDM2, potentially suggesting additional epitopes that the T cells are recognizing.
Based on this observation, we decided to combine the two plasmids into one vaccine
for the remainder of the studies.

Consensus PEPCK plasmids induce a strong systemic immune response follow-
ing intramuscular and intradermal vaccination. Given that the majority of vaccines
administered today are delivered intramuscularly, we wanted to verify that our PEPCK
constructs would be immunogenic whether administered i.m. or i.d. We performed
PEPCK (IDM2 and PB) vaccination either i.m. in C57BL/6 mice (n � 5) with a dosage of
40 �g total of DNA (20 �g IDM2 and 20 �g PB) or i.d. (n � 5) with the same dosage,
followed by i.m. EP or i.d. SEP, two times, 2 weeks apart (Fig. 5A). The i.d. SEP device is
less invasive and targets the epidermis. Ten days after the final vaccination, we
analyzed the degree of immune responses by isolating splenocytes. A quantitative
ELISpot assay was performed to determine the number of PEPCK-specific IFN-�-
secreting T cells that responded to vaccination (Fig. 5B). Both mice vaccinated i.m. and
those vaccinated i.d. mounted robust immune responses, with averages of 1,600 and
1,800 SFU/million splenocytes against IDM2 and 2,500 and 2,200 SFU/million spleno-
cytes against PB, respectively. T cell polyfunctionality has been shown to be protective

FIG 3 Diversity among Leishmania parasite and consensus sequences. (A and B) Evolutionary history was inferred by the neighbor-joining method, and all
evolutionary distances were computed using the Poisson correction method and are in units of amino acid substitutions per site. All positions with �30% site
coverage were eliminated. (C) Map of plasmid construct design for consensus sequences. Each plasmid contains a CMV promoter followed by an IgE leader
sequence beside the consensus PEPCK sequence. BGH pA, bovine growth hormone poly(A). (D) HEK293T cells were transfected with either IDM2 or PB
consensus plasmids that contained a C-terminal HA tag for detection. Lysates from these cells were used for Western blotting for detection of plasmid
expression.
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in some models; thus, we sought to assess the quality of T cells that were responsive
to our vaccination. We found that PEPCK-specific CD4� T cells secreted IFN-�, IL-2, and
TNF-� and that many of these CD4� T cells secreted all three cytokines (Fig. 5C and D).
Furthermore, we observed the humoral response to PEPCK vaccination by an immu-
nofluorescence assay (IFA) (Fig. 5E). Sera from PEPCK-immunized mice were used to
detect antibody binding to IDM2/PB-transfected HEK293T cells.

Consensus PEPCK plasmids induce a strong cellular response in the skin
following intradermal vaccination. With a high percentage of leishmaniasis cases
presenting in the skin, potential therapies for the infection should be able to induce
immune responses in this important organ. The vaccine must also be able to induce T
cells that are capable of homing to the point of parasitic infection, even when the
vaccination site is not in close proximity. To address this, we compared the immune
responses mounted in the skin at the site of immunization as well as contralateral sites
in response to PEPCK vaccination given by either the i.m. or i.d. route. We found that
i.d. immunization resulted in a high frequency of IFN-�- and TNF-�-secreting PEPCK-
specific CD4� T cells in the skin at the immunization site (Fig. 6A). We did not detect
any significant vaccine-induced immune responses in the skin of mice immunized i.m.
More importantly, PEPCK-specific CD4� T cells were found in the skin contralateral to
the vaccination site (Fig. 6B), suggesting that this immunization strategy generated T
cells that were able to home to noninflamed skin. These responses were primarily found
in mice immunized i.d. against both IDM2 and PB.

Immune responses to PEPCK DNA vaccination are maintained at memory time
points. We next sought to test the durability of the immune responses generated by
vaccination, so we immunized mice as described above and harvested spleens 45 days
after the final vaccination (Fig. 7A). As expected, IFN-� responses contracted, with
averages of 1,200 and 500 SFU/million splenocytes against IDM2 in the i.m. and i.d.
groups and 2,000 and 800 SFU/million splenocytes against PB, respectively (Fig. 7B). In
the spleen, both i.m. and i.d. groups were able to maintain IFN-�, IL-2, and TNF-�

FIG 4 Delivery of PEPCK IDM2 or PB induces systemic immune responses in the spleen. (A) Immunization schedule for DNA
vaccination. C57BL/6 mice were immunized twice, 2 weeks apart (n � 4 to 5 per group), with IDM2 or PB. Spleens were harvested
10 days after the final vaccination to analyze antigen-specific T cell responses. (B) The frequency of PEPCK-specific IFN-� responses
(spot-forming units per million splenocytes) induced after vaccination was determined by an IFN-� ELISpot assay in response to
pooled PEPCK peptides.
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responses, with the i.m. group maintaining the highest frequency (Fig. 7C). Splenic
responses appear to be most affected in the i.d. group, with a 3-fold contraction in
IFN-� ELISpot responses, compared to the i.m. group, which was able to maintain
similar numbers of antigen-specific IFN-�-secreting T cells (Fig. 7D). However, this was
not true in the skin. Mice that were immunized i.d. were able to maintain a more
significant frequency of IFN-�-producing CD4� T cells than were mice immunized i.m.
(Fig. 7E).

Intradermal vaccination with the PEPCK DNA vaccine leads to lower parasite
burden and reduced ear thickness following challenge. To determine the levels of
protection against L. major engendered by the two routes of immunization, vaccinated
and control mice were challenged in the ear. The challenged ear from each group was
collected to analyze the immune response at the site of challenge. In response to L.
major challenge and inflammation, the ear will form parasitic lesions, thicken, and
become inflamed (Fig. 8A). Naive mice were unable to clear their infection and as such
exhibited thickened ears, whereas i.d. immunized and immune mice maintained a
much lower ear thickness, and i.m. immunized mice had an intermediate presentation

FIG 5 Delivery of PEPCK DNA to intramuscular or intradermal sites induces systemic immune responses. (A) Immunization schedule for tissue-specific DNA
vaccination. C57BL/6 mice were immunized twice, 2 weeks apart (n � 4 to 5 per group), either intramuscularly or intradermally. Spleens were harvested 10 days
after the final vaccination to analyze antigen-specific T cell responses. (B) The frequency of PEPCK-specific IFN-� responses (spot-forming units per million
splenocytes) induced after vaccination was determined by an IFN-� ELISpot assay in response to pooled PEPCK peptides. (C) PEPCK-specific CD4� T-cell
responses to each consensus plasmid determined by intracellular cytokine staining after peptide stimulation. (D) Polyfunctionality of CD4� T cells in response
to PEPCK vaccination in intramuscular and intradermal groups. (E) HEK293T cells transfected with PEPCK plasmids and sera from C57BL/6 mice immunized with
the constructs were used to detect antibody binding to PEPCK by an IFA.
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(Fig. 8B). i.d. immunized mice were able to lower their parasite burden by nearly 3 logs,
very similar to the parasite burden seen in immune mice, while i.m. immunized mice
lowered their parasite burden by 2 logs (Fig. 8C). More strikingly, at a memory time
point, i.d. immunization is able to significantly reduce the parasite burden compared to
i.m. immunization (Fig. 8D), suggesting long-lasting protection against challenge. These
experiments suggest that i.d. immunization has the potential to generate long-lasting
protection against L. major infection, by a simple and less invasive immunization
approach.

DISCUSSION

In these studies, we provide insight into the potency and durability of intradermal
vaccination using the DNA platform in two different models. We observe that i.d.
immunization is able to induce systemic immune responses postvaccination as well as
maintain immune responses in the skin at memory time points. We demonstrate that
i.d. delivery of PEPCK DNA is able to protect mice against challenge at levels similar to
those seen in immune mice and superior to those with i.m. injection, both soon after
vaccination as well as at later time points. i.d. immunization resulted in reduced
inflammation in the ear after L. major challenge and a 3-log reduction in the parasite
burden in comparison to naive mice. In contrast, while i.m. immunization generated a
strong systemic cellular response, the T cell responses in the skin were limited, and
protection against challenge infection was not as robust as that seen following i.d.
immunization. We have previously demonstrated that the most optimal protection
against Leishmania challenge in mice is likely elicited from a combination of skin-
resident and circulating effector T cells (30). With this work, we have shown that while
both i.m. and i.d. PEPCK delivery induce similar levels of antigen-specific cellular
responses systemically, only i.d. immunized mice are able to significantly drive PEPCK-
specific T cells in the skin, resulting in enhanced protection against L. major challenge.

FIG 6 Delivery of PEPCK DNA to intradermal sites induces immune responses at the site of vaccination and contralateral sites. C57BL/6 mice were
immunized twice, at a 2-week interval (n � 4 to 5 per group), by either i.m. or i.d. EP. Flank or TA skin from vaccination and contralateral sites was
harvested 10 days after the final vaccination and analyzed for CD4� T cell responses. (A) PEPCK-specific responses to each plasmid at the site of
vaccination determined by intracellular cytokine staining after peptide stimulation. (B) PEPCK-specific CD4� T cell responses to each plasmid at the
contralateral site determined by intracellular staining after peptide stimulation.
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These results indicate the superior ability of i.d. DNA vaccination in the Leishmania
context to induce skin-resident T cells and protective immune responses and provide
practical information needed for translating this vaccine from a mouse model to human
study.

Leishmaniasis is an important neglected tropical disease that can cause severe
disfiguring lesions or fatal visceral infections (31), and although there have been
substantial efforts for decades to develop a leishmanial vaccine, no vaccine exists for
this infection. This is in spite of the fact that a primary infection with leishmania usually
leads to resistance to reinfection. In order to determine how best to generate effective
long-term immunity, we studied infection-induced resistance in mice infected with L.
major and found that CD4� T cells that resided in the skin following a primary infection
provided the best protection (4). Thus, after mice had resolved an infection, we were
able to find leishmania-specific CD4� T cells present at skin sites distant from the site
of the primary lesion. Furthermore, in skin grafting experiments, we demonstrated that
these tissue-resident memory T cells (Trm cells) were maintained in the absence of
persistent parasites and could provide significant protection independent of any
systemic immune responses (4). Taken together with multiple studies showing the

FIG 7 Immune responses are maintained at memory time points following intramuscular or intradermal PEPCK DNA vaccination. (A) Immunization
schedule for PEPCK DNA vaccination. C57BL/6 mice were immunized twice, 2 weeks apart (n � 4 to 5 per group), either intramuscularly or intradermally.
Spleens were harvested 45 days after the final vaccination for analysis of antigen-specific CD4� T cell responses in the memory phase. (B) The frequency
of PEPCK-specific IFN-� responses (spot-forming units per million splenocytes) induced after vaccination was determined by an IFN-� ELISpot assay in
response to pooled PEPCK peptides. (C) Fold contraction of IFN-� responses at 10 versus 45 days after the final vaccination. (D) PEPCK-specific CD4� T
cell responses to each consensus plasmid determined by intracellular cytokine staining after peptide stimulation. (E) PEPCK-specific responses to each
plasmid at the site of vaccination determined by intracellular cytokine staining after peptide stimulation.
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superior protective capacity of tissue-resident memory T cells against many other
infections (32), these results indicate that a leishmania vaccine should be targeting Trm
cells.

While our studies have identified the appropriate T cells to target in a vaccine, the
other major hurdle has been identifying appropriate vaccine candidates that generate
effective long-term immunity. A substantial step forward was the identification of a
class II-restricted immunodominant antigen (PEPCK) in leishmania. At the peak of
infection in mice, over 12% of the CD4� T cells in the blood recognized PEPCK (29), and
vaccination with PEPCK protein, peptides, or DNA could induce significant protection
against an L. major challenge. Moreover, PEPCK was found to be a component of many
different species of leishmania, including those that cause both cutaneous and visceral
disease, making it likely that it could be part of a panleishmania vaccine. Consensus
vaccines have the potential to induce cross-protection across species, making it pos-
sible to envision a single vaccine that could provide broad protection against a number
of Leishmania parasite strains. Therefore, we chose a consensus PEPCK for our studies
of how best to induce skin-resident T cells. While intradermal SEP PEPCK vaccination
was able to provide protection against L. major challenge and reduce parasite burdens
postvaccination and at a memory time point, immune mice still had a lower parasite
burden, suggesting room for improvement. As immune mice are whole-parasite expe-
rienced, including other antigens besides PEPCK may help improve vaccine-induced
immune responses and further reduce parasite burdens as well as lesion size and
inflammation.

The notion that T cells primed in a specific site are more likely to return to that site
as effector cells is well established, and therefore, it is consistent that the i.d. route may
be superior to the i.m. route for generating skin-resident T cells. An excellent example
of this concept comes from the earliest vaccine, the use of scarification with vaccinia,
which not only generates resident memory T cells at the site of immunization but also
leads to the accumulation of Trm cells in sites distant from the immunized skin (3).
Similarly, our studies demonstrate that i.d. immunization also generates global immu-
nity in the skin, in a platform that could easily be transferred to human vaccination.

FIG 8 Intradermal PEPCK DNA vaccination enhances protection of mice against L. major challenge. (A) Images
of L. major-infected ears of naive and immune mice. L. major challenge can cause ear thickening and lesions.
(B) Ear thickness curve plotting ear thickness over the span of the challenge. (C) Parasite burden in L.
major-challenged ears 55 days after the final vaccination and at 45 days postchallenge. (D) Parasite burden in
L. major-challenged ears at the memory time point 90 days after the final vaccination and at 45 days
postchallenge.
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Aside from a better ability to generate skin-resident T cells, there may be additional
advantages to the i.d. route. As the skin contains more antigen-presenting cells than
the muscle, it is believed that i.d. delivery may result in a more efficient vaccination,
potentially leading to a dose-sparing effect. This could have a significant impact on the
pandemic vaccine field, where there is always a fear of a limited supply of available
doses. Data from rabies and influenza clinical trials suggest that i.d. delivery can
maintain similar antibody titers while reducing the dose, compared to i.m. delivery (33).
Intradermal vaccination is also considered more tolerable than intramuscular vaccina-
tion, which can have a positive impact on vaccination rates and adherence, and with
the continued development of intradermal devices that reduce the need for needles,
reduced needlestick injuries and greater safety may follow (37).

As the climate continues to change, Leishmania, endemic to tropical and subtropical
regions, will continue to spread throughout the globe. More therapies are desperately
needed to treat leishmaniasis patients, and an effective vaccine could dramatically
reduce the burden associated with this disease. Our studies in mice provide the
foundation for how best to translate this experimental vaccine into a practical effective
vaccine for human leishmaniasis and demonstrate the superior nature of the i.d. route
for generating skin-resident Trm cells.

MATERIALS AND METHODS
DNA constructs. The HIV consensus clade C envelope vaccine used in these studies was previously

described (34). Briefly, a consensus sequence of HIV clade C was generated based on the sequences
retrieved from HIV databases (http://www.hiv.lanl.gov). To produce a CCR5-tropic version of the HIV-1
envelope, six important amino acids in the V3 loop were designed according to the sequences of early
transmitter isolates. Six amino acids in the V1 loop and three amino acids in the V2 loop were deleted.
The cytoplasmic tail region was removed to promote higher expression levels of Env protein. The
gp120/41 Env cleavage site was incorporated to promote proper folding of the synthetic Env protein. A
more efficient leader sequence was added to the N terminus of the gene.

A consensus sequence of Leishmania phosphoenolpyruvate carboxykinase (PEPCK) was generated
from sequences obtained from the UniProt database for the Leishmania species L. infantum, L. major, L.
mexicana, and L. donovani (accession numbers A4I2Y7, E9ADF9, E9AZ81, and E9BJI0) and is referred to
here as IDM2.

The second consensus sequence of Leishmania PEPCK was generated from sequences obtained from
the UniProt database for the Leishmania species L. panamensis and L. braziliensis (accession numbers
A0A088RTT4 and A4HFV1) and is referred to here as PB.

For both IDM2 and PB, a more efficient immunoglobulin E (IgE) leader sequence was added to the
N-terminal region of the gene, as previously described (35). Both inserts were specifically RNA and then
codon optimized. The synthesized IDM2 and PB were digested with BamHI and XhoI and cloned into the
pGX0001 backbone (GenScript, Piscataway, NJ) under the control of the cytomegalovirus (CMV) imme-
diate early promoter. Endotoxin levels were tested and found to be �0.005 endotoxin units (EU)/�g, and
no residual RNA or genomic DNA was visible on an agarose gel.

Western blotting. Transfections were performed using the TurboFectin 8.0 reagent, according to the
manufacturer’s protocols (OriGene, Rockville, MD). Briefly, HEK293T cells were grown to 80% confluence
in 6-well tissue culture plates and transfected with 2 �g of hemagglutinin (HA)-tagged IDM2 or PB. The
cells were collected 2 days after transfection, washed twice with phosphate-buffered saline (PBS), and
lysed with cell lysis buffer (Cell Signaling Technology, Danvers, MA). Gradient (4% to 12%) Bis-Tris
NuPAGE gels (Life Technologies, Carlsbad, CA) were loaded with transfected cell lysates and transferred
to a polyvinylidene difluoride (PDVF) membrane. The membranes were blocked in PBS Odyssey blocking
buffer (Li-Cor Biosciences, Lincoln, NE, USA) for 1 h at room temperature. To detect plasmid expression,
the anti-HA (clone 5E11D8, catalog number A01244; GenScript) antibody was diluted 1:1,000, and the
anti-�-actin antibody was diluted 1:5,000 in Odyssey blocking buffer with 0.2% Tween 20 (Bio-Rad,
Hercules, CA) and incubated with the membranes overnight at 4°C. The membranes were washed with
PBS-Tween (PBST) and then incubated with the appropriate secondary antibody (goat anti-mouse
IRDye680CW; Li-Cor Biosciences) at a 1:15,000 dilution in Odyssey blocking buffer for 1 h at room
temperature. After washing, the membranes were imaged on the Odyssey infrared imager (Li-Cor
Biosciences).

Immunofluorescence assay. For the immunofluorescence assay (IFA), HEK293T cells were grown in
6-well tissue culture glass-bottom plates and transfected with 2 �g of the IDM2 or PB vaccine. Two days
after transfection, the cells were fixed with 4% paraformaldehyde for 15 min. Nonspecific binding was
then blocked with normal goat serum diluted in PBS at room temperature for 1 h. The plates were then
washed in PBS for 5 min and subsequently incubated with sera from IDM2- and PB-immunized mice at
a 1:100 dilution overnight at 4°C. The plates were washed as described above and incubated with the
appropriate secondary antibody (goat anti-mouse IgG–Alexa Fluor 488 [AF488]; Sigma, St. Louis, MO) at
1:200 dilutions at room temperature for 1 h. After washing, DAPI (4=,6-diamidino-2-phenylindole; Milli-
pore Sigma, Burlington, MA) was added to stain the nuclei of all cells according to the manufacturer’s
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protocol. Wells were washed and maintained in PBS and observed under a microscope (Evos cell imaging
systems; Life Technologies).

Animals. All mice were housed in compliance with the NIH, the University of Pennsylvania School of
Veterinary Medicine, and the Wistar Institutional Animal Care and Use Committee (IACUC). Six- to
eight-week-old female C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME).

Animal immunizations. For HIV studies, mice were immunized with 25 �g of DNA in a total volume
of 30 �l of water. Mice were injected either intramuscularly (i.m.) in the shaved tibialis anterior (TA)
muscle followed by electroporation (EP) using Cellectra 3P or intradermally (i.d.) in the shaved abdominal
flank followed by EP using surface electroporation (SEP) (Inovio Pharmaceuticals, Plymouth Meeting, PA),
as previously described (36). For PEPCK studies, mice were immunized with 20 �g of IDM2 and 20 �g of
PB in 30 �l water delivered either intramuscularly or intradermally as described above. Mice were
immunized two times at 2-week intervals.

Electroporation devices. The epidermis-targeting SEP device consists of an electrode array made up
from a 4-by-4 array of gold-plated trocar needles with a 0.43-mm diameter at a 1.5-mm spacing (Inovio
Pharmaceuticals). The SEP array was pressed down on the surface of the skin above the intradermal bleb
(or wheel) made by Mantoux delivery of a 30-�l plasmid formulation, in a manner in which all electrodes
across the array made contact with the surface of the skin. The electrodes did not penetrate the live skin
layers. Three individual 100-ms pulses of 10 to 50 V were delivered. The Cellectra 3P EP device (Inovio
Pharmaceuticals) was employed to assist in the delivery of the 30-�l plasmid formulation to mouse TA.
For each immunization, mice were administered two 0.1-A electric constant current square-wave pulses.

Animal challenge studies. Mice were challenged with 2 � 106 L. major parasites in the ear 1 week
after the final vaccination. L. major (WHO/MHOM/IL/80/Friedlin) parasites were grown in Schneider’s
insect medium (Invitrogen) supplemented with 20% heat-inactivated fetal bovine serum (FBS), 2 mM
glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin. Metacyclic enriched promastigotes were
used for infection. Immune mice were previously challenged in the opposite ear 12 weeks before
subsequent challenge with the same number of parasites. For memory studies, mice were rested for 6
weeks after the final vaccination before being challenged with 2 � 106 L. major parasites.

Flank skin isolation. Flank skin was shaved using an electric trimmer equipped with a two-hole
precision blade (Wahl). A section of dermis was excised and then minced with a sterile scalpel blade into
�2-mm sections. Flank sections were incubated in RPMI containing 250 �g/ml Liberase TL for 120 min,
with vortexing every 30 min. The resulting solution was passed through a 40-�m cell strainer and
resuspended in complete RPMI (cRPMI), which is supplemented with 10% FBS, 100 U/ml penicillin,
100 �g/ml streptomycin, and 55 �M 2-mercaptoethanol.

Ear isolation. For ear preparation, dorsal and ventral layers of the ear were separated and
incubated in RPMI (Invitrogen) with 250 �g/ml Liberase TL (Roche, Basel, Switzerland) for 90 min at
37°C in 5% CO2. Ears were dissociated using a 40-�m cell strainer (BD) and resuspended in RPMI
medium containing 10% FBS.

The parasite burden from ear was calculated by serial 2-fold dilution in 96-well plates of complete
Schneider’s medium (CSM) and incubation at 26°C. The number of viable parasites was calculated from
the highest dilution at which parasites were observed 7 days into culture.

ELISpot assay. Anti-IFN-�-precoated 96-well plates (MabTech, Cincinnati, OH) were used to quantify
IFN-� responses to the vaccine. Spleens were isolated from mice either 1 week after the final vaccination
or at 6 weeks postchallenge. Single-cell suspensions of splenocytes were made by homogenizing and
processing the spleens through a 40-�m cell strainer. Cells were then resuspended in ACK lysing buffer
(Gibco) for 5 min to lyse red blood cells before two washes with PBS and final resuspension in complete
RPMI medium (RPMI 1640 plus 10% FBS and 1% penicillin-streptomycin).

For HIV studies, 200,000 splenocytes were added to each well and stimulated overnight at 37°C in 5%
CO2 with R10 (negative control), concanavalin A (3 �g/ml; positive control), or specific HIV Env clade C
peptides (NIH AIDS Reagent Program). Peptide pools consisted of 15-mer residues overlapping by 11
amino acids, representing the entire protein consensus sequence of HIV-1 clade C, which were obtained
from the NIH AIDS Research and Reference Reagent Program. The Env peptides were pooled at a
concentration of 2 �g/ml/peptide into 4 pools as antigens for specific stimulation of IFN-� release.

For PEPCK studies, 200,000 splenocytes were added to each well and stimulated overnight at 37°C
in 5% CO2 with R10 (negative control), concanavalin A (3 �g/ml; positive control), or specific IDM2 or PB
peptides (GenScript). Peptide pools consisted of 15-mer peptides overlapping by 9 amino acids,
representing the entire protein consensus of IDM2 or PB, which were obtained from GenScript. The IDM2
or PB peptides were pooled at a concentration of 1 mg/ml/peptide into 3 pools as antigens for specific
stimulation of IFN-� release.

After 18 h of stimulation, the plates were washed and developed according to the manufacturer’s
protocol. The plates were then rinsed with distilled water and dried at room temperature overnight.
Spots were counted by an automated ELISpot reader (Cellular Technology Ltd.).

Flow cytometry. For flow cytometry analysis, 2 million cells were stimulated in 96-well plates with
overlapping peptide pools of either IDM2 or PB PEPCK protein for PEPCK studies and HIV Env clade C
protein for HIV studies as stated above for ELISpot assays, with medium alone (negative control), and
with phorbol 12-myristate 13-acetate (PMA) and ionomycin (BD Biosciences, San Jose, CA) (positive
control) for 6 h at 37°C with 5% CO2 in the presence of GolgiPlug and GolgiStop (BD Biosciences). After
6 h, cells were collected and stained in fluorescence-activated cell sorter (FACS) buffer with a panel of
surface antibodies containing live/dead eFluor V450, fluorescein isothiocyanate (FITC) anti-CD4, Alexa
Fluor 700 anti-CD44, and allophycocyanin (APC)-Cy7 anti-CD8 for 30 min at 4°C. Cells were washed and
then fixed with Foxp3/transcription factor fixation/permeabilization buffer (Thermo Fischer Scientific) for
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20 min at 4°C. Cells were washed with Perm/Wash buffer before intracellular staining with phycoerythrin
(PE)-Cy7 anti-IL-2, peridinin chlorophyll protein (PerCP)-Cy5.5 anti-CD3�, PE anti-TNF-�, and APC anti-
IFN-� for 1 h at 4°C. Cells were then washed with Perm/Wash buffer before suspension in Perm/Wash
buffer and acquisition on a BD LSRII instrument. All results were analyzed using FlowJo v.10.0 (TreeStar).

Statistical analysis. Statistical analysis was performed using one-way modified analysis of variance
(ANOVA) with a Tukey post hoc test for all studies. All analysis was performed using GraphPad Prism
software (GraphPad, La Jolla, CA). Horizontal bars represent means, with error bars expressing the
standard errors.
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