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ABSTRACT

Treatment against leishmaniasis is associated with severe side effects, high costs, and parasitic resistance. Preclinical models
such as humanised mice would aid therapeutic improvement or the development of a vaccine. We developed a model in which
human skin transplants on immunodeficient mice are infected with Leishmania major. Parasite inoculation of the skin trans-
plant led to a robust infection with increasing numbers of parasites in the skin and visceral organs. In addition, intraperitoneally
co-administered allogeneic peripheral blood mononuclear cells (PBMCs) were strongly recruited to skin lesions, with > 65% of
the cells being positive for anti-human CD45; we identified ~20% CD4* and ~50% CD8* human T cells. The number of skin-
resident macrophages or dendritic cells was unaltered compared to healthy skin prior to transplantation, and PBMC adminis-
tration did not alter their numbers. Together, we show that parasitic infection provides a strong inflammatory signal that leads
to recruitment of T cells into skin transplants. The presence of antigen-presenting cells in the transplants—as an important pre-
requisite for proper APC-T-cell interaction—recreates a fully human skin microenvironment that allows for stroma/immune cell
interactions upon infection. This model may be of high interest to researchers interested in translating skin research questions
into the human system in vivo.

1 | Background

Mice xenotransplanted with human cells (so-called “humanised
mice”) are often utilised to gain insights into human-specific
pathophysiology. As preclinical models, they can serve to bridge
the gap between mechanisms discovered in experimental mod-
els and human disease. Utilised mouse strains are generally
immunodeficient but harbour human genes, cells, tissues or or-
gans that were transferred. They are deployed to, e.g., test novel
therapies or to assess if molecular mechanisms in humans are
similar to those discovered in mice.

Leishmaniasis is a parasitic infection transmitted by infected
sand flies. Disease presentation ranges from cutaneous, mu-
cocutaneous to visceral forms. Two aspects determine disease
outcome: the parasite subspecies and—very importantly—the
host immune status [1]. Treatment against leishmaniasis con-
sists of anti-parasitic drugs that are costly and have numerous,
in part, severe side effects, and treatment is often not available in
endemic countries. A vaccine is not available yet. The establish-
ment of a humanised mouse model for cutaneous leishmaniasis
would aid the development of novel therapeutic options, both
topically and systemically, and/or a vaccine.
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2 | Question Addressed

Previously, we have assessed the suitability of humanised
mice that were T-, B- and NK cell-deficient and adoptively
transferred with human peripheral blood mononuclear cells
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FIGURE1 | Human skin transplantation onto immunodeficient mice. Transplantation of 2 X 1 cm tissue specimen onto backs of NOD-Scidyc~/~
(NSG) mice deficient for T, B and NK cells. After completion of wound healing and full recovery followed by some weeks of rest, mice were in-

fected with 2 X 10° metacyclic promastigotes of Leishmania major. Simultaneously, human PBMCs were prepared from buffy coats, and 5 x 107
PBMC/100 uL were injected intraperitoneally. (A) Schematic representation of experimental procedures. (B) Procedure of skin removal, placement of
human skin into the defect, suture and gauze placement completed by creation of a skin pouch for fixation. Pouches spontaneously resolved within

a maximum of 3days. (C) Close up presentation of wound healing for 9 weeks post-transplantation. Animal housing and all the experimental proce-

dures were authorised by the Animal Care and Use Committees of Rhineland Palatinate. Ethical approval and informed consent were obtained from

donors of excess skin. (D) Representative figures of skin lesions after infection in week 14 post-transplantation.
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a similar approach utilising a more physiological situation in
which immune cell interaction with human stroma is possible
and assessed as a first step if immune cell recruitment to skin
lesions can be achieved.

3 | Experimental Design

Groups of T-, B- and NK cell-deficient NOD-Scidyc~/~ (NSG)
mice were transplanted with 1 X 2 cm of human skin onto
their backs (Figure 1A-D). Skin was obtained from excess
material from plastic or reconstructive surgery after ob-
taining informed consent from the donor. After healing for
~2-3months, mice were infected intradermally with 2 x 10°
infectious-stage metacyclic parasites together with intra-
peritoneal administration of human, allogeneic PBMC from
healthy donors. After several weeks, lesional parasite bur-
dens were assessed. In addition, two weeks post-infection,
using immunohistochemistry, skin lesions were assessed for
the presence of human inflammatory cells using antibodies

against CD45 (myeloid cells, Dako M0701), CD3 (T cells,
Leica), CD4 (Th cells, Cell Marque 104R-25), CD8 (cytotoxic
T cells, Dako M7103), CD1a (dendritic cells, Dako, m3571) and
CD68 (M®, Dako, M0876), all of which showed no murine
cross-reactivity.

4 | Results

First, transplanted mice were assessed for lesion development
over the course of several weeks. Erythema was observed,
papules or plaques were not always seen nor was ulceration
(Figure 3). To assess if parasite inoculation established a skin
infection, we obtained biopsies of infected tissue (Figure 2A).
Histology revealed a strong inflammatory infiltrate in the
upper papillary dermis containing numerous histiocytes har-
bouring amastigotes of L. major. Only a few lymphocytes were
detected. Visualisation of L. major parasites by staining with
anti-CDla revealed that the majority resided intracellularly
(Figures 2B).
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FIGURE 2 | Experimental infection of skin transplant with Leishmania major. Skin transplants were infected with 2 x 10° L. major parasites.
(A) Skin tissue was biopsied in week 2, and parasites were detected in histiocytes by Giemsa staining to confirm infection. (B) Anti-CD1a (clone

MTBI) staining to visualise Leishmania amastigotes. (C) At the indicated time points, mice were sacrificed, and parasite burdens in skin, spleen,

liver and bone marrow were determined using limiting dilution assays. Circles represent individual parasite numbers, and bars indicate means.
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FIGURE3 | Afterintraperitoneal co-administration of PBMC, human T cells are recruited to Leishmania major-infected human skin transplants.
NOD-Scidyc™~ (NSG) mice received human skin transplants that were infected with L. major after 14 weeks (4 weeks post-healing), while receiving 2
% 107 allogeneic PBMC intraperitoneally. Control mice did not receive PBMC. After 2weeks, skin was biopsied, and the inflammatory infiltrate was
characterised by immunohistochemistry using antibodies specific for human CD45 (myeloid cells), CD3, CD4, CD8 (T cell markers), CD68 (macro-
phages) or CD1a (dendritic cells); cross-reactivity with murine tissue was excluded prior to staining. The frequency of cells positive for each marker

compared to all cells was determined (3-5 representative pictures of each mouse, n=3 independent mice) using light microscopy (200 x) and Qpath

software, version 0.5.0. Data are shown as individual measurements; bars represent means. Statistical differences were calculated using Graphpad

software with *p <0.05, **p <0.01 and ***p <0.005.

In addition, three mice were sacrificed each week between
weeks 3 and 15 post-infection, and the parasite burden of skin,
spleens, liver and bone marrow was determined using limited
dilution assays (Figure 2C) [3]. We observed a steady increase
of parasite numbers in all tissues over the course of 3 months,
reaching the highest levels in week 15 post-infection. These data
indicate that despite a lack of papules in lesions, the infection
with L. major establishes itself over the course of the next weeks,
and parasites also invade internal organs and the bone marrow,
as would be seen in immunodeficient hosts and/or visceral
leishmaniasis.

Finally, we assessed if i.p. administration of human allogeneic
PBMC led to recruitment of inflammatory cells into lesions.
Lesional tissue was harvested after 2weeks, and the inflamma-
tory infiltrate was characterised using antibodies specific for
human markers (Figure 3). First, upon administration of PBMC,
a dramatic increase in the frequency of hCD45% cells in infected
skin was detected (p <0.002), the majority of which were CD3* T
cells. The highest number of cells was found in the centre of the
granuloma. In line with previous findings [2], as a control, we also
injected PBMC without concomitant infection, which did not re-
cruit PMBC to skin transplants (data not shown). Staining for CD4
and CD8 revealed that both T helper cells and CD8* T cells were
recruited from the peritoneum to the skin upon infection; interest-
ingly, the number of cytotoxic T cells was higher in lesional tissue
as compared to CD4% Th cells. The number of skin-resident mac-
rophages (M®, CD68") as well as dendritic cells (DC, both dermal
and epidermal, CD1a*) was unaltered upon PBMC administration.

5 | Conclusions and Perspectives

In summary, our data indicate that a stimulus such as L. major
infection provides a strong inflammatory signal that leads to
recruitment of adoptively transferred T cells (i.p.) into previ-
ously transplanted human skin. Interestingly, and as observed
before, the frequency of CD1at epidermal Langerhans cells as
well as dermal DC and M® was not altered compared to the
numbers in the skin before transplantation, highlighting their
long-lived nature [4]. In the setting of cutaneous leishmani-
asis, this is highly advantageous since the major host cells
for the parasites are skin-resident M®. Within M®, parasites
replicate early on, and at a later stage, M® are responsible for
parasite elimination after being activated via T cell-derived
IFN [1]. In contrast, skin DCs capture parasite antigen and are
responsible for T cell priming [1, 5]. Thus, the presence of both
M® and DC in human skin 10+ weeks post-transplantation
is an important prerequisite for further experiments requiring
functional APC.

Previously, a humanised mouse model for psoriasis was re-
ported using skin-transplanted mice. In that setting, expansion
of co-transferred skin-resident T cells upon engraftment of even
pre-psoriatic skin led to the development of psoriatic lesions in
transplants within 8 weeks [6]. In our hands, T cell proliferation
of skin-circulating human T cells was not observed, not even
after inflammation/infection.

In this study, for these proof-of-concept experiments, we have
utilised allogenic PBMC with the intention to assess if T cell
recruitment to skin can be achieved, aware of limitations re-
garding APC-T cell interactions due to HLA mismatch. For fu-
ture experiments, utilisation of syngeneic PBMC has promising
potential for the proper imitation of immune cell interactions
in a fully human tissue microenvironment. Alternatively, oth-
ers have used HLA-transgenic mice and HLA-matched donor
PBMC in humanisation experiments [7, 8]. An application of
HLA-transgenic mice in infectious diseases has not been re-
ported and still has the disadvantage that murine stroma will
interact with human cells.

In summary, by now establishing that human PBMC transferred
i.p. are recruited to human skin transplants upon an inflam-
matory infectious challenge and after confirming that human
DC and M® (subsets) are still detectable weeks post-transplant
healing, we aim to further improve this model in the future by
utilising syngeneic PBMCs, allowing for proper interaction of
human cells with the infected tissue of the same donor. All in
all, this mouse model recreates a fully human tissue microenvi-
ronment, allowing for stroma/immune interactions which may
be of high interest for researchers interested in translating their
research in skin inflammation or therapeutic interventions. A
model such as this one may have the potential to allow for better
assessment of the requirements for healing, for therapeutic in-
terventions and for vaccine development in patients.
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