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Vd1 T cells are a subpopulation of gdT cells found in human dermis. Much less is known regarding their role
and function in skin health and disease than regarding the roles of murine skineresident gdT cells. In this
study, we report the successful integration of Vd1 T cells into long-term fibroblast-derived matrix skin equiv-
alents. We isolated Vd1 T cells from human blood, where they are rare, and established conditions for the
integration and maintenance of the freshly isolated Vd1 T cells in the skin equivalents. Plated on top of the
dermal equivalents, almost all Vd1 T cells migrated into the dermal matrix where they exerted their influence on
both the dermal equivalents and the epithelium. Vd1 T cells contributed to epidermal differentiation of HaCaT
cells as indicated by histology, expression of epidermal differentiation markers, and RNA-sequencing
expression profile. When complemented with the carcinoma-derived SCC13 cells instead of HaCaT, our data
suggest a role for Vd1 T cells in slowing growth of the tumor cells, as indicated by reduced stratification and
changes in gene expression profiles. Together, we demonstrate the successful establishment of human Vd1 T
cellecompetent skin equivalents and skin carcinoma equivalents and provide evidence for molecular and
functional consequences of the Vd1 T cells on their respective environment.

Keywords: gdT cells, Human immunocompetent skin model, Immune surveillance, Squamous cell carcinoma,
Vd1 T cells

Journal of Investigative Dermatology (2025) 145, 1407e1421; doi:10.1016/j.jid.2024.08.037

INTRODUCTION
Skin serves as a barrier organ that guards against infections,
chemicals, or UVR-induced cell damage. Skin is a complex
tissue, composed of epidermis, dermis, and hypodermis.
Immune cells, both resident and incoming upon infections or
damage, are an integral part of skin health. In particular, skin-
resident gdT cells are crucial for maintaining barrier ho-
meostasis and function, detect DNA damage, and eliminate
cancer cells (Jameson and Havran, 2007; Sumaria et al, 2011;
Toulon et al, 2009). Nonmelanoma skin cancer, basal cell
carcinomas, and cutaneous squamous cell carcinomas
(SCCs) are the most common tumors (Madan et al, 2010).
Cutaneous SCCs, in particular, are of outstanding importance
not only because they are numerous and their number is still
steadily increasing but also because they generate metastatic
lesions, and they contribute to a high morbidity and mortality

rate in the general population worldwide (Gjersvik et al,
2023).

Despite the large number of DNA-damaged cells in the
skin, especially in elderly subjects (Brown et al, 2017;
Jonason et al, 1996; Martincorena et al, 2015), the number of
skin carcinomas is still far below what would be expected if
all mutant cells would progress to carcinoma. Thus, it is not
only the number of UV-induced genetic aberrations that is
responsible for skin cancer progression, but it is also sug-
gested that the immune system plays an important role.
Cutaneous SCCs are typical senile tumors, emerging when
the immune system’s power declines with aging. Moreover,
immunosuppressed patients, regardless of age, have a
65e200-fold increased risk of developing numerous and
even more aggressive SCCs with a metastasis rate of up to
10% (eg, Adami et al [2003], Berg and Otley [2002], and
Bordea et al [2004]). This strongly points to the importance of
the immune system in controlling skin carcinogenesis.

A central role in the skin immune response was ascribed to
the 2 skin-resident cell types of the innate immune system:
the Langerhans cells and a subpopulation of gdT cells (T cells
whose TCR consists of a g and a d chain [Nguyen and
Soulika, 2019]), the dendritic epidermal T cells (DETCs) in
mice, and Vd1 T cells in humans. Langerhans cells take up
antigens and bring them into the draining lymph nodes to
activate ab TCR-bearing T cells. On the other hand, gdT cells
act directly on site as essential regulators of local immune
surveillance (Dalessandri et al, 2016). They recognize
cellular deregulation (wounding) and (pre)malignant
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keratinocytes and are actively involved in restoring tissue
homeostasis (Jameson et al, 2002; MacLeod and Havran,
2011). Most of this knowledge is derived from mouse skin,
where important immunosurveillance functions are provided
by the epidermal gdT cells, the so-called DETCs. These
include restoring tissue homeostasis and recognition/removal
of malignant keratinocytes and melanocytes. DETCs are
generated during a short time window in the fetal thymus and
migrate into the skin around birth. DETCs express NKG2D
receptor and the keratinocytes NKG2D ligands (Wensveen
et al, 2018). In conventional in vitro cultures, the DETCs
were able to kill skin carcinoma cells through a corre-
sponding NKG2D-sensitive mechanism (Vantourout and
Hayday, 2013).

In addition, human skin harbors gdT cells, mainly Vd1 T
cells, with the capability to kill melanoma skin cancer cells
(Cordova et al, 2012; Cruz et al, 2018; Lo Presti et al, 2017).
However, in human skin, these Vd1 T cells predominantly
reside in the dermis (Bos et al, 1990; Elbe et al, 1996). It is
still unclear whether the human dermal Vd1 T cells are
produced in the fetal thymus, similar to murine DETCs.
Alternatively, they might be produced throughout life and
immigrate into the skin continuously. Because gdT cells
(including Vd1) are also found in the blood in minor frac-
tions, some level of exchange with the periphery must be
assumed. Today, there is no doubt that the Vd1 T cells can be
functionally analogous to DETCs (Bos et al, 1990; Toulon
et al, 2009). However, lack of phenotypic similarities and
their dermal predominance raises questions on the extent of
equivalency with DETCs, especially regarding a mode of
action not relying on direct contact.

In general, gdT cells recognize their antigen independently
of major histocompatibility complex (MHC) presentation and
appear specialized in recognizing stress molecules (Davey
et al, 2018; Melandri et al, 2018; Sanz et al, 2023). In
humans, gdT cells have 2 major subpopulations, which differ
using either the Vd1 or the Vd2 gene segment for the variable
region of the d chain of the TCR. Vd2 T cells (most of them
also have the Vg9 variable chain and, therefore, are often
referred to as Vg9 cells) are mainly found in the blood, where
they make up about 1e10% of leukocytes. They can expand
greatly and migrate into inflamed skin as a result of certain
bacterial or parasitic infections. On the other hand, there are
only few Vd1 T cells in the blood but many in the dermal
layer of the skin (Ebert et al, 2006).

Studies with gdT cells isolated from human skin showed
that they have cytotoxic capacities and could robustly kill
melanoma cells (Pang et al, 2012; Toia et al, 2019). Indeed,
an intratumoral gdT cell signature proved to be the most
favorable prognostic marker in a study of 39 different tumor
types, including melanoma (Gentles et al, 2015; Girard et al,
2019). It is, however, noteworthy that some gdT cells, in
particular, those secreting IL-17, can also act as drivers for
tumor development and progression by releasing immuno-
suppressive cytokines or by inhibiting the antitumor effects of
other T cells through PD-1/PD-L1 interaction (Raverdeau
et al, 2019).

Important and useful tools to establish the functional
consequences of human Vd1 T cells are 3-dimensional skin
equivalents (SEs), comprising dermis-like and epidermal

layers. Most frequently, hydrogel-based SEs are used, where
the keratinocytes are grown on a collagen matrix with inte-
grated fibroblasts (Moon et al, 2021). Regarding immune cell
integration in such models, beyond Langerhans cells
(Bechetoille et al, 2007; Ouwehand et al, 2011), so far,
macrophages (Michielon et al, 2020) and preactivated pe-
ripheral T cells were used (Huth et al, 2024; Scheurer et al,
2024; van den Bogaard et al, 2014), whereas skin-resident,
nonactivated T cells have yet to be analyzed. Indeed, the
majority of available SEs simply approximated immune ac-
tivity by adding cytokines, most likely missing important
aspects of immunosurveillance, such as cellecell or
cellematrix interactions, to identify damage, or relevant
noncytokine effectors such as chemokines, insulin-like GF,
and more (Moon et al, 2021). Furthermore and as a major
drawback, these models commonly suffer from poor stability,
along with a limited life span (Muffler et al, 2008). To over-
come such issues, we recently developed collagen-
independent 3-dimensional full-thickness skin models,
where normal human dermal fibroblasts isolated from adult
skin established an authentic dermal matrix, either on a
scaffold (scaffold-based SEs) or scaffold-free (fibroblast-
derived matrix SEs) basis (Berning et al, 2015; Boehnke et al,
2012; Pavez Loriè and Boukamp, 2020; Stark et al, 2004).
These models allow cultivating normal and transformed ker-
atinocytes for several months and are highly sensitive for
modulatory influences (Sobel et al, 2015; Tham et al, 2022).
On the basis of the fibroblast-derived matrix SEs, in this study,
we report the successful integration of freshly isolated Vd1 T
cells. We demonstrate that in this ex vivo model, the human
Vd1 T cells established almost exclusively in the dermal
equivalent (DE), where they contributed to an altered
expression profile of both the dermal and epidermal
compartment. Thereby, they contributed to improved
epidermal differentiation when performing SEs with the
nontumorigenic HaCaT keratinocytes and to counteract (slow
down) growth when the carcinoma-derived SCC13 cells were
propagated as skin cancer equivalents (SCEs).

RESULTS
Isolation of Vd1 T cells from buffy coats
Vd1 T cells are a small subpopulation of gdT cells in the
blood (they are rare themselves, with about 4% of lympho-
cytes being gdT cells). On average, the fraction of Vd1 T cells
was well below 1% in the PBMCs isolated from buffy coats of
29 different donors (Figure 1a and b). The majority of Vd1 T
cells expressed NKG2D, a sensor of tumor cells and stressed
cells (Jelen�ci�c et al, 2017; Nielsen et al, 2015; Wrobel et al,
2007), and about <20% expressed the tissue retention and
activation marker CD69 (Marshall et al, 2019; Sanz et al,
2023; Temchura et al, 2005).

We successfully sorted these rare Vd1 T cells from the
PBMCs with anti-Vd1 antibodies and magnetic cell sorting
(Figure 1c). In agreement with reports from the literature
(Sanz et al, 2023), the percentage of Vd1 T cells isolated from
buffy coats varied. Depending on the frequency determined
for the respective donor and sorting efficacy, the percentage
of the Vd1 cells reached 35e99%. The fraction of Vd1 T cells
incorporated into the different SEs varied from a purity of
43e99%. Importantly, the magnetic sorting procedure did
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not affect the expression of the activation marker NKG2D or
CD69 (Figure 1d), suggesting that sorting did not aberrantly
activate the Vd1 T cells. It has been described that it is
possible to expand Vd1 T cells with a complex cytokine mix
(Almeida et al, 2016). However, when we tested components
of this cytokine mix on our SEs, we found that it was detri-
mental for the integrity, particularly of the epithelial layer,
and that this was independent of the presence or absence of
the Vd1 T cells (Supplementary Material SI-1). Therefore, we
did not follow up on the addition of T cellesupporting cy-
tokines further.

Integration of Vd1 T cells into SEs and its effects on epithelial
organization
Weutilized our previously described fibroblast matrixederived
SEs (Berning et al, 2015) to establish the human skin Vd1 T
cellecompetent SEs. For doing so, Vd1 T cells were
freshly isolated for each experiment. The successful integration
of Vd1 T cell populations from several different donors into
SEs strongly supports the robustness and interindividual
reproducibility of these Vd1 T cellecompetent SEs (Figure 2
[donor I] and Supplementary Material SI-2 [donors IIeIV]).
Each experiment consisted of 2e3 controls (SEs without T cells)
and 2e3 SEs with Vd1 T cells from the same donor (SEs with
T cells). Because each SE develops its complex tissue individ-
ually, this allowed us to control also for interexperimental
reproducibility.

Vd1 T cells were applied either together with the
HaCaT cells or by seeding 105 Vd1 T cells onto the
preformed DEs, followed by seeding of HaCaT cells 24
hours later. After 2e3 days of growth under submerged
conditions, the cultures were airlifted and propagated
for another 10 days before being harvested. Because
step-wise application proved preferential in preliminary
experiments with murine DETCs (Supplementary Material
SI-5), all experiments shown in this study were per-
formed accordingly.

To follow the distribution of the Vd1 T cells within the SEs,
cryosections were stained with a T cellespecific antibody
(anti-CD3), thereby demonstrating that only few CD3þ cells
were present within the epithelium, whereas the vast ma-
jority of the CD3þ cells had colonized within the DE
(Figure 2a). Staining also demonstrated that the CD3þ cells
were not evenly distributed within the DEs; instead, we
found grouped as well as single CD3þ cells in some sections,
whereas in other sections, CD3þ cells were rare or even
lacking (Figure 2b). Importantly, the number of CD3þ cells
showed no significant quantitative differences in different SEs
built with Vd1 T cells from the same donor. Although plated
evenly on top of the DE, our finding of an irregular homing
suggests that migration of the Vd1 T cells into the DE is not a
passive falling down but likely reflects a directed migratory
process. In addition, we analyzed the CD3þ cells from SEs
for their Vd1 receptor status by flow cytometry. Cells with

Figure 1. Purification of Vd1 T cells. (a) PBMCs were isolated from human buffy coats by gradient centrifugation and stained for CD3 and Vd1. Lymphocytes

were gated according to scatter characteristics (left dotplot: small red gate in black PBMC gate; % lymphocytes of whole PBMCs [black gate]). In the example

shown, 0.59% of PBMCs were Vd1þ (violet rectangle), and 57% (green rectangle) were CD3þ T cells. (b) Frequencies of Vd1 T cells in PBMCs (left bar graph)

and for all gdT cells in lymphocytes across n ¼ 29 different donors (right bar graph). The mean percentage is indicated for each bar. (c) Analysis of magnetically

enriched Vd1 T cells. A typical example is shown: 82% of cells within the whole PBMC scatter gate (left dotplot) were CD3þ, and 77% were Vd1þ (right dotplot,

green or violet gates). (d) Expression of the surface markers CD69 and NKG2D (CD314) on CD3þ Vd1þ cells within the lymphocyte scatter gate before the

magnetic enrichment process (before) and within the positive fraction (after). n ¼ 10 different donors. FSC-A, forward scatter area; SSC-A, side scatter area.
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typical lymphocyte scatter characteristics were present only
in models with T cells (Figure 2c). The vast majority of these
cells (see red gate) (Figure 2c) were Vd1þ CD3þ T cells,

demonstrating that the Vd1 T cells remained viable and that
TCR remained positive during the 2-week observation
period.

Figure 2. Vd1 T cells migrate into the dermis and survive for at least 14 days after seeding. Immunofluorescence confirmation and FACS quantification of Vd1

T cells in the SEs were performed. Vd1 T cells were isolated and seeded onto a dermal equivalent built from human fibroblasts 1 day before seeding of HaCaT cells,

followed byair lifting 2e3 days later. In the example shown in a and c, on the day of seeding, 79%of single, viable PBMCswere Vd1þ cells. Fourteen days after Vd1

T cell seeding (ie, 13 days after HaCaT seeding), the SEs consisted of the dermal equivalent coveredwith a stratified epithelium. (a) Immunofluorescence staining to

show the presence and localization of T cells (green: collagen type VII, to highlight the border between epithelium and dermal equivalent underneath; blue: DAPI

staining for nuclei; red: anti-CD3). Arrows point to CD3þ cells. Bar ¼ 100 mm. (b) Number of CD3þ cells per image taken. Results of Vd1 T cells from 4

independent donors are shown. Two individual SEs for donors I and III and 3 individual SEs for donors II and IV were analyzed each. CD3þ cells were counted per

image, and each dot in the plots represents the data of 1 immunofluorescent image, that is, 6 data points per SE are shown in the violin plots. Quantification for

donors I and III was analyzedwith students t-test; for donors II and IV, 1-way ANOVAwas used. P-values are given above the graphs; none of themwere significant.

(c) Fourteen days after Vd1 T cell seeding, SEs were harvested and digested, and single-cell suspensions were stained for flow cytometric analysis. A representative

example is shown. In the Vd1 T cellecontaining SEs, a distinct cell population was observed (absent in controls), with scatter characteristics typical for

lymphocytes (red gate).Within this population, 71%were double stained for CD3þVd1þ. FCS-A, forward scatter area; SSC-A, side scatter area; SE, skin equivalent.
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In conclusion, Vd1 T cells established and survived in our
SEs without the addition of T cellespecific cytokines,
demonstrating that all essential factors are provided by the
fibroblasts and keratinocytes in the SEs. Importantly, in all
experiments, the majority of the Vd1 T cells moved into the
dermal matrix, suggesting for a similar specific homing of the
human Vd1 T cells in our experimental model as in human
skin. Finally, the results were reproducible with Vd1 T cells
from different donors, thereby supporting the feasibility and
relevance of this approach.

Functional and molecular consequence of integrating Vd1 T
cells into the human HaCaT SEs
Comparing tissue morphology/organization of the Vd1 T
cellecontaining versus control SEs, we found evidence for
improved epithelial organization and differentiation, as
indicated by histology (Figure 3a) and further confirmed by
staining for the early (keratin 10) and late (FLG) epidermal
differentiation markers (Figure 3c and d). Keratin 10,
expressed throughout a largely unstructured epithelium in
the control SEs (without T cells), was preferentially seen in
the suprabasal layers (as typical for normal epidermis) of the
better stratified epithelium in the presence of Vd1 T cells
(Figure 3c). Similarly, expression of FLG was increased in the
uppermost layer of the epithelium, as also indicated by
semiquantification of the FLG expression in 10 samples each
with and without Vd1 T cells (Figure 3d, violin plots).
Development of the basement membrane (BM) did not seem
to be affected. The BM component collagen type VII was
similarly expressed in the control and Vd1 T cellecontaining
SEs, evident by continuous lining of the BM zone (Figures 2a
and 3b). Thus, the Vd1 T cells obviously provoked improved
stratification and differentiation of the HaCaT epithelium.

For murine DETCs, orientation of the dendrites toward the
stratum corneum is supposed to signal the barrier status of the
epidermis (Chodaczek et al, 2012). Most human Vd1 T cells
lack direct contact with the keratinocytes; thus, contribution
to epidermal differentiation likely results from Vd1 T
celleinduced GF and/or cytokine-based communication.

Vd1 T cells modulate gene expression in the epithelium and
DEs of HaCaT SEs
We next determined the role of Vd1 T cells on the expression
profile in the epidermal and dermal compartment by per-
forming comparative RNA-sequencing analysis from HaCaT
SEs with and without Vd1 T cells. Three individual SE using T
cells from the same donor were sequenced, thus avoiding
interpersonal variation of the Vd1 T cells. We separated the
HaCaT epithelium from the DE and isolated RNA from the 2
compartments independently before being subjected to RNA
sequencing. An important first observation was that many
genes were differentially up and downregulated in both the
epithelium and the DEs when Vd1 T cells were present
(Figure 4a and d). A total of 93 and 101 genes were signifi-
cantly differentially expressed (with T cells vs without T cells)
in the epithelium and DE, respectively, when choosing a P ¼

.05.

Gene expression changes in the HaCaT epithelium. Concern-
ing gene regulation in the HaCaTepithelium, the most strongly
upregulated genes were VHL, ZNF430, MAUS3, MSL2,

KEAP1, IRX3, and BTBD3. These genes involve ubiquitin
ligation, transcription, and DNA binding, indicative for pro-
cesses of ongoing cell activation. In addition, we found
moderate upregulation of differentiation-associated genes.
Although below the significance threshold, expressions of
genes such as kallikreins 6, 12, and 13; LORICRIN; HRNR;
and IVL as well as several SPRR and EDC genes were
increased in the HaCaT epithelium when Vd1 T cells were
present in the DE (Figure 4b, volcano plot), thereby further
supporting the effect of the Vd1 T cells on epidermal differ-
entiation. The highest-ranking pathways in a gene ontology
analysis of the HaCaTepithelium indicated defense responses,
in particular.

Gene expression changes in the DEs. In the DEs, on the
other hand, many immune-related genes were upregulated,
with some reaching a >3-fold upregulation (Figure 4d). In
particular, we found CCL4, CCL5, and CCL13 as well as
CXCL9 and CXCL11 to be upregulated upon Vd1 T cell
integration (Figure 4e, volcano plot). These proteins have
chemoattractant activity for leukocytes, memory T helper
cells, and eosinophils; thus, they have a role in accumu-
lation of leukocytes during inflammation (Griffith et al,
2014). This coincides with the gene ontology results,
which indicate defense and response to cytokines as well
as neutrophil chemotaxis (Figure 4f). GZMA and PD-1,
known to be expressed by Vd1 T cells (Holling et al,
2004; Wrobel et al, 2007; Wu et al, 2022), were upregu-
lated, and in addition, HLA-DR and MHC class
IIeassociated invariant chain peptide (CD74 or CLIP), the
MHC class II chaperone protein, were more prominent in
the Vd1 T cellecontaining DEs. We verified selected genes
(GZMA, PD1, CCL13) by RT-qPCR and could confirm their
significant upregulation in the DEs containing Vd1 T cells
(Supplementary Material SI-3).

In conclusion, our RNA-sequencing data emphasize that
the Vd1 T cells influence the expression profiles of the
epidermis-forming keratinocytes as well as of the cells in the
DEs, the dermal fibroblasts, and themselves. This further
suggests that the Vd1 T cells condition the microenvironment
and, with that, complement the mutual epidermaledermal
interaction in this tissue context.

Effects of Vd1 T cells on epithelia formed by the skin
carcinomaederived SCC13 cells
We finally asked for the consequence of Vd1 T cells when
being exposed to skin carcinoma cells in SEs. To generate
SCEs, the skin SCC cell line SCC13 (Rheinwald and Beckett,
1981) was plated on DEs, either without (control) or with
preseeded Vd1 T cells. Because the SCC13 cells have proven
to be highly invasive, that is, quickly invade into the DE when
plated at high density (Berning et al, 2015), we com-
plemented the SCEs with only low numbers (5 � 102 up to
maximally 1 � 104 per SCE) of SCC13 cells, thereby pro-
moting the establishment of only superficially growing tumor
epithelia (Figure 5a). In the presence of the skin carcinoma
cells, the Vd1 T cells successfully integrated in the DE
(Figure 5b), as they did when being cocultured with HaCaT
cells, thereby strengthening our hypothesis that dermal
homing is an intrinsic trait of the human Vd1 T cells. Similar
to that in the SEs, the number of CD3þ cells per microscopic
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Figure 3. Vd1 T cells present in the dermis positively affect epithelial differentiation. Histological structure and expression of different epithelial marker

proteins were analyzed in SEs without or with T cells. In the experiment shown, on day of seeding, 77% of single, viable PBMCs were Vd1þ cells. Fourteen days

after T cell and 13 days after HaCaT seeding, the SEs had formed an epidermal epithelium and were harvested (27e35% of single, viable cells with scatter

characteristics typical of lymphocytes represented a CD3þ Vd1þ double-positive population in the dermal compartment at day of harvest). (a) H&E staining of

skin models in the presence or absence of Vd1 T cells. The lower, brighter region of the SE represents the DE, whereas the upper, darker part shows the

epithelium. Bar ¼ 100 mm. (b) Immunofluorescence assay for collagen type VII (green), DAPI (blue), CD3 (red). The organization of the nuclei in the epithelium

differs between the samples with and without T cells. Bar ¼ 100 mm. (c, d) Epithelial differentiation markers upon T cell integration (green: K10 [for c] or FLG

[for d], blue: DAPI, red: CD3). (c) In SEs without T cells, K10 is expressed throughout a largely unstructured epithelium, whereas in the presence of Vd1 T cells,
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image taken varied within the same SCE, again reflecting that
CD3þ cells are not evenly distributed throughout the SCE.
However, when we quantified the number of CD3þ cells
across several images, there was no significant difference
between the number of CD3þ cells in different SCEs built
with Vd1 T cells from the same donor (Figure 5c). When
comparing the total numbers of CD3þ cells in SCC13 SCEs
with those from HaCaT SEs, we found a significant reduction
of CD3þ cells in the SCC13 SCEs (Figure 5d). Because all
culture conditions were kept identical, a response to the
different keratinocytes seems possible for this discrepancy.

When investigating SCEs with the lowest concentration
(5 � 102) of SCC13 cells, growth of the tumor epithelium was
very similar. Both without and with Vd1 T cells, the often
discontinuous epithelium consisted of only 1 up to at most 3

cell layers (data not shown). With increasing number of
SCC13 cells (5 � 103 and 1 � 104), multilayered epithelia
had formed within the 2 weeks. However, compared with the
controls (without T cells), overall thickness of the epithelia
appeared reduced when Vd1 T cells were present. Accord-
ingly, quantification of the size of the epithelia showed
reduced thickness in 2 of 3 independent experiments (SCC13
SCEs with Vd1 T cells from 3 different donors and 2e3 in-
dividual SCEs for each donor), thereby suggesting some
growth-restricting activity of the Vd1 T cells on the SCC13
cells in this tissue-like environment (Supplementary Material
SI-4).

The SCC13 cells expressed collagen type VII under both
conditions, but in contrast to HaCaT SEs, the protein was not
deposited at the BM zone (data not shown). Earlier

Figure 4. Gene expression profiling of SEs with or without Vd1 T cells. RNAseq data from HaCaT (aec) epidermal equivalent and (def) dermal equivalent

separated from 3 individual SEs supplemented with Vd1 T cells from 1 donor (purity of Vd1 T cells was 77% of PBMCs at day of seeding). (a) Heatmap of the

differentially expressed genes in the 3 HaCaT epithelia. Red indicates higher expression, and blue indicates lower expression when comparing epithelia from

SEs with Vd1 T cells (þT cells) with those without (�T cells). (b) Volcano plot showing up/downregulation of genes in HaCaT epithelia. Red dots indicate

upregulated genes, and blue dots indicate downregulated genes when Vd1 T cells are present. Typical genes of epidermal differentiation are indicated. For

visualization, values have been winsorized to a max �log10(p) of 2 and absolute log2 FC of 2.5. (c) Highest pathways in GO analysis: numbers refer to (1)

response to biotic stimulus, (2) immune response, (3) response to external biotic stimulus, (4) response to other organism, and (5) defense response. (d) Heatmap

and (e) volcano plot showing selected genes of the biological process immune, and GO analysis of the dermal equivalents. (f) Highest upregulated pathways:

numbers refer to (1) immune response, (2) immune system process, (3) response to biotic stimulus, (4) response to external biotic stimulus, and (5) biological

process involved in interspecies interaction between organisms. FC, fold change; GO, gene ontology; NES, normalzed enrichment core; RNAseq, RNA

sequencing; SE, skin equivalent.

=

K10 expression predominates suprabasally in the more orderly structured epithelium (see also magnified inserts). Bars ¼ 100 and 20 mm. (d) The level of the late

differentiation marker FLG is increased when Vd1 T cells are present. For quantification, 3 images per SE were analyzed for 4 independent donors and assigned

to a category: � indicates no FLG-stained regions, þ indicates few faintly stained regions, þþ indicates strongly stained discontinous regions, and þþþ

indicates intensely stained continuous FLGþ layer. Values of all 3 images/SE were summed up and are depicted as 1 data point. Images of 2 SEs of donor IV are

shown as examples. Bar ¼ 100 mm. Values were plotted without and with Vd1 T cells (n ¼ 10 SEs each), accordingly. Statistical significance was established

using Students t-test, *P < .05. DE, dermal equivalent; K10, keratin 10; SE, skin equivalent.
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experiments had shown that collagen type VII and laminin-
332 are expressed also by the SCC13 cells in SCEs and
remain largely unstructured (Berning, 2015; Berning et al,
2015). Together, this demonstrates that the tumor cells are
able to express the different BM components, but a structured
BM is not established in this context.

Molecular consequence of integrating Vd1 T cells into
SCC13 SCEs
To obtain further insight into a potential antitumor effect of
Vd1 T cells, we performed RNA-sequencing analyses from
the SCC13 SCEs. Whereas HaCaT cells form a coherent
epithelium, cellecell coherence of the SCC13 cells is poorly

developed. Accordingly, the epithelia formed by the SCC13
cells proved to be less compact/stable, thereby preventing
clear separation of tumor epithelium and DE. Hence, RNA-
sequencing analyses were performed from RNA of the
entire SSC13 SCEs. Again, the presence of Vd1 T cells
resulted in differential gene expression of numerous genes
(Figure 6a). Top upregulated genes (according to the P-values)
were CCL18, RNAse1, CCL13, CD52, SPP1, TOP3B, and
CXCL10.

To track down differentially expressed genes that might
point to Vd1 T cell specificity, we compared the expression
profiles of the SCC13 SCEs (with T cells) with those from the
DEs of the HaCaT SEs (with T cells). Interestingly, we found 8

Figure 5. Vd1 T cells successfully integrate into SCC13 carcinoma cell containing SCEs. SCEs were performed with Vd1 T cells from 3 different donors (donors

V, VI, and VII) and with 2 or 3 individual SCEs for each donor. Each SCE was analyzed for its morphological appearance (histology), epithelial nature of the

SCC13 epithelium (immunofluorescence staining for pan-keratin), and distribution (CD3) and number (quantification) of the CD3þ T cells. In the experiment

shown, 93% of single, viable PBMCs were Vd1þ on day of seeding, and 43e55% of single, viable lymphocytes were CD3þ Vd1þ double positive at the time of

harvest (14 days after T cell seeding) in the 3 SCEs. (a) H&E-stained histological section of an SCE sample in the absence (�T cells, upper panel) and presence of

Vd1 T cells (þ T cells, lower panel). Bar ¼ 100 mm. (b) IIF of the SCEs for CD3 to mark the Vd1 T cells, DAPI to mark all nuclei, pan-keratin to mark the SCC13

epithelium, and the overlay (merge) of all stainings. Similar to HaCaT SEs, also in SCC13 SCEs, the CD3þ cells were unevenly distributed and largely restricted to

the DE. Bar ¼ 100 mm. (c) Quantification of the number of CD3þ cells per image. For each SCE, the CD3þ cells in 6 images were counted. Results shown are

from 2 independent SCEs with Vd1 T cells from donors V and VII and 3 independent SCEs with Vd1 T cells from donor VI (utilized in a and b). Students t-test was

used for the analysis of the CD3þ cells from donor V, ManneWhitney test was used for donor VII, and 1-way ANOVAwas used for donor VI. (d) Comparison of

the number of CD3þ cells in HaCaT SEs versus SCC13 SCEs. The total number of CD3þ cells from HaCaT SEs (10 SEs from 4 different donors and 6 images per

SE; n ¼ 60 images) was compared with that from SCC13 SCEs (7 SCEs from 3 different donors and 6 images per SCE; n ¼ 42 images). Values were normalized

against the total number of seeded cells (varied between 0.72 and 1.15 � 105). For statistical analysis, the ManneWhitney test was used. Note the significant

difference in cell maintenance in HaCaT SEs versus SCC13 SCEs. ***P < .001. DE, dermal equivalent; IIF, indirect immunofluorescence; SCE, skin cancer

equivalent; SE, skin equivalent.
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genes that were differentially expressed in both the SCC13
SCEs and DEs of the HaCaT SEs and thus suggestive for a
general but minor Vd1 T celledependent regulatory unit
(Figure 6b). Apoptotic processes, indicative for active tumor
cell killing, were not found in the SSC13 SCEs. However, a
tumor-specific proliferation-associated gene signature was
described previously, whose expression was correlated with
tumor cell proliferation rates (Whitfield et al, 2006). This
proliferation-associated gene signature included the cell cy-
cle transcriptional regulator E2F1, the replication-initiation
complex proteins MCM2e6 as well as MYBL2; the serin/
threonine-protein kinases BUB1 and PLK1; and cyclins
CCNE1, CCND1, and CCNB1. Interestingly, several of these
genes (E2F1;MCM2, 4, and 5; MYBL2; CCNE1; and CCND1)
were downregulated in SCC13 SCEs containing Vd1 T cells
(Figure 6c). Thus, it is tempting to suggest that their down-
regulation, in particular, the downregulation of E2F1 and
CCNE1, may have slowed growth of the SCC13 cells and may
thus explain reduced stratification (thinner epithelium) of the
SCC13 epithelia when Vd1 T cells were present. Gene set
enrichment analysis of the RNA-sequencing data additionally
indicated that multifold processes were upregulated in the

presence of the Vd1 T cells (Figure 6d), suggestive for an
active stress stimulus and inflammatory response.

In conclusion, the Vd1 T cells significantly influence the
gene expression pattern of the SCEs built with the SCC-
derived SCC13 cells by creating an expression profile indic-
ative of stress and inflammation and may, in addition,
contribute to tumor surveillance by reducing/slowing down
tumor cell proliferation.

DISCUSSION
Animal models, although important and essential, are not in
all cases suitable for understanding regulatory cues in human
tissues. In particular, skin is highly divergent in mouse and
man, making human organotypic culture models most
worthwhile. Accordingly, the development of 3-dimensional
full-thickness skin models, also termed SEs, has fundamen-
tally contributed to our understanding of composition and
structure (epidermis and DE), cellecell interactions between
the 2 compartments, and cell signaling required for a normal
homeostatic skin. Complemented with tumor cells, the SCEs
also serve as excellent models to study the requirements for

Figure 6. Gene expression profiling of skin cancer equivalents with or without T cells. RNAseq analysis was performed from 3 biological replicates of SCC13

SCEs with Vd1 T cells from the same donor (purity of Vd1 T cells was 93% of PBMCs at day of seeding and 43e55% of lymphocytes at day of harvest) and 3

controls (SCC13 SCEs without Vd1 T cells). (a) Heatmap of DEGs in the individual SCEs. Red indicates higher expression, and blue indicates lower expression in

models with T cells than in those without T cells. (b) Venn diagram comparing DEGs (P � .05, log2 FC >1.5) from the DE of the HaCaT SEs (dermal

compartment) (Figure 4 provides details) with the SSC13 SCEs (dermal and epidermal part combined). (c) Volcano plot showing genes belonging to the cancer-

specific signature (Whitfield et al, 2006). For visualization, values have been winsorized to a max �log10(p) of 2 and absolute log2 FC of 2.5. (d) Gene set

enrichment analysis of the SCC13 SCEs with Vd1 T cells compared with those without (control): (1) response to biotic stimulus, (2) response to external biotic

stimulus, (3) response to other organism, (4) biological process involved in interspecies interaction between organisms, (5) defense response, (6) defense

response to other organism, (7) response to external stimulus, (8) innate immune response, (9) cell surface receptor signaling pathway, and (10) immune

response. DE, dermal equivalent; DEG, differentially expressed gene; FC, fold change; RNAseq, RNA sequencing; SCE, skin cancer equivalent; SE, skin

equivalent.
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skin cancer initiation and progression (Berning et al, 2015;
Ratushny et al, 2012).

Different models exist regarding the composition of the
DE. In our hands, the fibroblast-derived matrix-based SEs
have proven most favorable and robust (Pavez Loriè and
Boukamp, 2020; Tham et al, 2022). In this model, the hu-
man dermal fibroblasts generate a stable authentic dermal
matrix (Boehnke et al, 2007) that allows normal and
immortal skin keratinocytes to establish a well-structured and
differentiated, long-lived epidermis (Boehnke et al, 2007;
Stark et al, 2006) and also allows tumor cells to express their
genuine phenotype (Berning, 2015; Tham et al, 2022).
Because of the histological resemblance to native human skin
in terms of structure and composition as well as its potential
for longevity, we chose fibroblast-derived matrix-based SEs
also as the in vitro platform for the integration of the human
gdT cells.

Importantly, we aimed at establishing a model for the rare
skin-resident Vd1 T cells, whose function is to preserve
normal skin homeostasis by interacting with and signaling to
the epidermis as well as to contribute to tumor surveillance in
the skin (reviewed in Cruz et al [2018] and Toulon et al
[2009]). Although our present knowledge concerning skin-
resident gdT cells is mostly derived from studies with
mouse skin harboring dendritic T cells in the epidermis, the
DETCs (MacLeod and Havran, 2011; Strid et al, 2009), data
with human skineresident Vd1 T cells are rare, and in
particular, tissue-related studies are still missing (Qu et al,
2022).

We now describe the development of a human Vd1 T
cellecompetent SEs and report on a role of the Vd1 T cells in
tissue homeostasis and control of skin carcinoma cells. We
demonstrate the successful integration of Vd1 T cells into the
SEs derived from human dermal fibroblasts and HaCaT ker-
atinocytes using sorted primary, unstimulated Vd1 T cells
from healthy donors. Remarkably, T cell growth-enhancing
cytokine cocktails, commonly used for the expansion of
gdT cells in vitro (Almeida et al, 2016), proved detrimental
for our SEs, thereby implicating the power of self-
organization and maintenance of the different skin cells in
this tissue composite. Although it is possible that ficollation
and antibody-mediated magnetic sorting might activate T
cells, we further proved that the sorted cells retained CD69
and NKGD2 expression and thereby verified that the isola-
tion procedure did not change expression of these 2 impor-
tant surface proteins.

A first and most striking finding was the localization of the
Vd1 T cells in the SEs. Plating the Vd1 T cells on top of the DE
and overlaying them with the keratinocytes might have
favored their integration within the developing epithelium.
However, in all experiments, we found migration of the Vd1
T cells into the DEs, and this was independent of being
cocultured with the nontumorigenic HaCaT cells or the
SCC13 skin carcinoma cells. In human skin, both ab and gdT
cells mainly reside in the dermis, with only few cells being
present in the epidermis (Bos et al, 1990). Thus, our result
that the Vd1 T cells actively integrate into the DE highlights
the species-specific tissue location of the human Vd1 T cells
and argues for selective/targeted communication (cross-talk)
between the skin cells (fibroblasts and keratinocytes) and the

Vd1 T cells for finding their place in the skin. This interpre-
tation is further supported by preliminary experiments with
murine skineresident gdT cells, the DETCs, which in mouse
skin typically reside in the epidermis. When plated on top of
the human DE, the DETCs remained as rounded cells
(without dendrites) in the lower part of the HaCaT epithelium
and faded away over the 10-day observation period. Thus,
different from the human Vd1 T cells, the DETCs seem to be
specified for an intraepidermal location but obviously are not
supported to survive in the human environment long term
(Supplementary Material SI-5). Although finite presence of
the DETCs correlated with improved growth of the HaCaT
cells, their aberrant localization and ephemerality excluded
them as relevant substitutes for the human Vd1 T cells.

Second, we provide evidence that the human Vd1 T cells
are of functional consequence in the SEs. Mouse and human
gdT cells were shown to monitor skin integrity by recognizing
damaged cells (reviewed in Cruz et al [2018] and Toulon et al
[2009]). Because HaCaT cells represent keratinocytes in their
early transformation state—with UV-indicative genetic alter-
ations but maintained propensity for epidermal differentia-
tion—they appeared as an optimal choice for the
establishment of the Vd1 T cellecompetent SEs and to
address how Vd1 T cells may respond to such UV-damaged
cells.

Interestingly, supplementation of HaCaT SEs with Vd1 T
cells contributed to improved stratification and differentiation
of the HaCaT epithelium, as indicated by histology, RNA
expression profile, and immunofluorescence staining for
epidermal differentiation markers. Thus, the HaCaT cells did
not appear to be recognized as aberrant cells. In mice, it is
suggested that DETC dendrites contacting keratinocytes allow
constant sensing of the epithelial barrier status (Chodaczek
et al, 2012), pointing to mechanical sensing as a regulatory
principle. In our Vd1 T cellecompetent SEs, as in human skin,
the Vd1 T cells were resident mostly in the dermis and did not
form dendrites. Nevertheless, they supported epidermal dif-
ferentiation. This strongly argues for a Vd1-mediated paracrine
loop, as already established for dermaleepidermal interaction
(Berning, 2015; Stark et al, 2004), affecting gene expression
and stratification in the HaCaT epithelium.

To study Vd1 T cells’ role in tumor surveillance, we
established SCEs with the human SCC13 skin SCC line
(Rheinwald and Beckett, 1981). Under normal conditions
(plated at high cell numbers), these cells start off as surface
epithelia and later break through the BM and invade the DE
(Berning et al, 2015). To delay invasion, we here limited the
number of carcinoma cells, and this allowed us to provide
evidence for a role of the Vd1 T cells during this early phase
of tumor growth, that is, when the carcinoma cells were still
growing as surface epithelia. Although we did not find in-
dications for apoptotic destruction of the carcinoma cells, we
noticed a tendency for reduced epithelial stratification (tumor
tissue height). So far, most experimental models showing skin
tumor killing were performed in 2-dimensional cultures with
murine DETCs and murine carcinoma or melanoma cells,
where tumor cell killing required direct cell contact with the
DETCs (Xiang et al, 2020). Comparing Vd2 cells with Vd1
cells in coculture killing assays with Daudis Burkitt lym-
phoma cells indicated that Vd1 T cells can kill the tumor cells
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but possibly not primarily through granzyme/perforin (Sanz
et al, 2023). Studies in melanoma suggested that PD-1þ

Vd1 T cells might act by retaining effector T cell responses in
checkpoint inhibitor therapy (Davies et al, 2024). In this
study, we provide evidence for growth restriction of the tumor
epithelium in the presence of the human dermiseresident
Vd1 T cells. Because this correlates with downregulation of
the tumor-specific proliferation-associated gene signature
(Whitfield et al, 2006), paracrine regulation through the Vd1
T cells is likely. Our RNA-sequencing analyses point to sig-
nificant upregulation of the cytokines CCL18, CCL4, and
CCL13, factors related to immunoregulation/angiogenesis,
but leave the nature of tumor growtheregulatory factors still
elusive. Indeed, it was unexpected that we found evidence
for antitumor effects of Vd1 T cells other than direct killing.
More studies will be necessary to identify how Vd1 T cells
affect tumor growth because this is prerequisite for any
clinical/therapeutic use.

To unravel a potential Vd1 T cell gene signature, we
compared the RNA-sequencing data from Vd1 T
cellecontaining DEs of the HaCaT SEs with the data from the
Vd1 T cellecontaining SCC13 SCEs. Although it is not
possible to assign particular genes found in the the RNA-
sequencing data to particular cells, even in the DEs of the
HaCaT SEs (no clear differentiation between fibroblasts and
Vd1 T cells), we think it likely that the expression of some of
the most highly upregulated genes have arisen from the Vd1 T
cells, that is, CD52, SPP1, RNASE1, CCL4, and CCL13/HLA-
DR. In healthy human skin, MHC class II is present on
antigen-presenting cells and some possibly preactivated T
cells (Angel et al, 2007; Holling et al, 2004) but not on
healthy keratinocytes. Therefore, MHC-II expression likely
reflects the Vd1 T cell presence. The finding of RNAse1 in the
presence of Vd1 T cells might indicate a beneficial down-
stream effect on the keratinocytes because RNAse1 is a
secretory ribonuclease and can act as a tissue-protecting
enzyme (Fischer et al, 2013) and is involved in innate im-
munity and anti-inflammation, achieving host defense and
anticancer effects. In mice, RNAse1 favors an antitumor tis-
sue microenvironment. Notably, analysis of cancer-killing
potential revealed that T cellemediated antitumor immu-
nity was enhanced by RNAse1. These studies were done on
conventional T cells, and our model will allow to test further
whether similar mechanism operates in Vd1 skin-homing T
cells (Wang et al, 2023).

CD52 is widely expressed on immune cells and with im-
mune regulatory functions (Samten, 2013), although expres-
sion on the Vd1 T cell subset has not been demonstrated
specifically. It is currently unknown how activity of Vd1 T
cells might be therapeutically supported or strengthened in
the skin, and our model should well be suited to study this
further. Furthermore, our model will permit to study also the
effects of Vd1 T cells upon DNA damage of the skin (eg, by
UVR) or in response to pathogenic bacteria, a typical sce-
nario in inflamed skin. Obviously, further possibilities of the
model include gene ablation by, for example, CRISPR/Cas of
the cells involved to identify mechanisms further.

In any case, it would be desirable to generate immortalized
Vd1 T cells, which can be propagated in vitro by genetically
engineered telomerase expression to allow for easier large-

scale screening and circumvent the issue of low T cell
number, which can be isolated from donors.

In conclusion, we show that skin-resident Vd1 T cells can
successfully and reproducibly be integrated in human SEs
and SCEs and studied for their functional and molecular
characteristics. Similar to their counterparts in human skin,
the freshly isolated Vd1 T cells migrate and establish in the
DEs, where they contribute to significant changes in gene
expression in the dermal and epidermal layer, contribute to
improved epidermal differentiation, and exert antitumor ef-
fects. Thus, this model proved useful to study Vd1 T cells in
the skin and will constitute an excellent tool to address
further questions both regarding Vd1 T cells biology and their
possible therapeutic harnessing in skin cancer.

MATERIALS AND METHODS
Cell lines
We have shown previously that the fibroblast-derived matrix-based

SEs represent long-term human 3-dimensional organotypic culture

models that closely resemble human adult skin with its authentic

dermal matrix equivalent and a perfectly stratified and differentiated

epidermis, when using normal human dermal fibroblasts and skin

keratinocytes (Berning et al, 2015). To query the interaction with the

Vd1 T cells, in turn, we selected for the spontaneously immortalized,

nontumorigenic HaCaT cells (Boukamp et al, 1988). HaCaT cells are

more dependent on external influences to exert terminal epidermal

differentiation than normal keratinocytes and should be more sen-

sitive for the Vd1 T cell’s ability to recognize and support barrier

function (Davey et al, 2018). Moreover, similar to many normal

keratinocytes in human UV-exposed skin, HaCaT cells contain UV-

indicative p53 mutations and cutaneous SCC-characteristic genetic

alterations, albeit they are not tumorigenic (Lehman et al, 1993).

Because of their altered genetics and their otherwise largely normal

phenotype, they are ideal to get first insights into the role of Vd1 T

cells in immunosurveillance. To address the role of Vd1 T cells in

tumor surveillance, we selected for the skin SCC-derived SCC13

cells (Rheinwald and Beckett, 1981), which were proven to express

MICA and MICB, ligands of NKG2D (Supplementary Material SI-6),

and to exert their full tumorigenic potential also in fibroblast-derived

matrix-based SCEs (Berning et al, 2015).

Normal human dermal fibroblasts, isolated as described previ-

ously (Pavez Loriè and Boukamp, 2020); HaCaT cells (Boukamp

et al, 1988); and the SCC13 cells (Rheinwald and Beckett, 1981)

were utilized to generate SEs and SCEs. Fibroblasts and HaCaT cells

were cultured in DMEM plus 10% fetal bovine serum (FBS) and 1%

(v/v) penicillin/streptomycin at 37 �C, 5% carbon dioxide, and 20%

oxygen. SCC13 cells were cultured in 3:1 DMEM/Ham’s F12 (Pan-

Biotech) plus 5% FBS and 1 % penicillin/streptomycin. HaCaT and

SCC13 cells were subcultured by treatment with 0.05% EDTA for 5

minutes followed by detachment with 0.4% trypsin. Fibroblasts were

detached using 0.1% trypsin. Mycoplasm and virus contamination

were excluded for all cell types by the Multiplex Cell Contamination

Test (Multiplexion, German Cancer Research Centre) and the

VenorGeM One Step Kit (Minerva Biolabs). HaCaT and SCC13 cell

authentification was done by short tandem repeat profiling (CLS).

Isolation of Vd1 T cells from buffy coats
Buffy coats from healthy donors were obtained on the day of

donation and ficollized within 24 hours to obtain PBMCs. Erythro-

cytes were removed using a hypotonic buffer, and magnetic
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purification of the PBMCs was done using MojoSort Human anti-

Vd1-allophycocyanin nanobeads (BioLegend), according to the

manufacturer’s instructions. Supplementary Material SI-7 provides a

more detailed description. To verify sorting success, whole PBMCs

and positive and negative fractions of the magnetic sorting proced-

ure were used for flow cytometry staining and analysis. Donors

could provide written, informed consent for the use of blood com-

ponents, which were not needed for patients, in scientific research,

and use of their cells was approved by the ethics committee of the

Medical Faculty of the University of Düsseldorf (Düsseldorf, Ger-

many) (registration number 2020-1260).

Depending on the donor and as determined by staining with anti-

Vd1 and anti-CD3 antibodies, Vd1 T cell frequency was between 0.1

and 7% of the total PBMC fraction. Purity and number of the Vd1 T

cells used are indicated in the respective figure legends. We found

addition of �1 � 105 per SE or SCE as a realistic and obviously

sufficient number of Vd1 T cells that can be reached in all isolations.

Flow cytometry
PBMCs were first incubated with anti-Fc receptor antibodies (BD or

BioLegend) or tandem signal enhancer (Miltenyi Biotech), followed

by addition of antibodies (diluted in PBS, 2% FBS, and 2 mM EDTA).

Cells were stained for 15 minutes at 4 �C, washed once, and

analyzed on a FACSCanto II and FlowJo, version 10.8.0, or FACS-

Diva Software (BD). Dead cells and doublets were gated out ac-

cording to scatter characteristics and DAPI staining. DAPI was added

shortly before analysis. The percentages of cell populations shown

are based on single, viable cells. Negative controls were unstained

cells and isotype controls.

For separation of the dermal and epithelial compartments, SEs

were enzymatically digested with 1 mg/ml Dispase II (30 minutes,

37 �C), and the epithelial layer was carefully pulled off, followed by

a second digestion with 2 mg/ml collagenase P and 0.1 mg/ml

DNAseI (Roche). SCEs were directly digested with these enzymes;

the 2 layers could not be separated mechanically. Cell suspensions

were filtered using a cell strainer and washed with PBS (þ2% FBS

and 2 mM EDTA) before staining and flow cytometric analysis. For a

list of antibodies, Supplementary Material Table SI-8.

Generation of SE and SCE
For our basic model, we utilized fibroblast-derived matrix-based SEs,

established as described previously (Berning et al, 2015). In brief,

0.4e0.5 � 106 normal human fibroblasts (passage 7e10) were

seeded onto filter inserts at 1e2-day intervals in 3 successive steps

(12-well ThinCert Inserts, Greiner Bio-One, Kremsmünster, Austria).

For submerged cultivation, the wells and inserts were prefilled with

cell-derived matrix medium—3:1 DMEM/Ham’s F12 plus 10% FBS

and 1% penicillin/streptomycin/amphotericin B—and additionally

supplemented with 2.5 ng/ml human recombinant epidermal GF, 5

ng/ml basic fibroblast GF, 1 ng/ml human recombinant TGFb (all

from Gibco); 5 mg/ml human recombinant insulin; and freshly added

200 mg/ml 2-phospho-L-ascorbic acid-trisodium salt (Sigma-

Aldrich). The fibroblasts were kept submerged for at least 3 weeks,

with medium being changed twice a week. During this time, the

fibroblasts developed an extracellular matrixerich DE (Pavez Loriè

and Boukamp, 2020). On the day of Vd1 T cell isolation, the me-

dium in the wells and inserts of the DEs was replaced by SE medium

(3:1 DMEM/F12, 10% FBS, 1% penicillin/streptomycin/amphoter-

icin B, 0.1 nM cholera toxin, 0.4 mg/ml hydrocortisone, and freshly

added 200 mg/ml 2-phospho-L-ascorbic acid-trisodium salt [all from

Sigma-Aldrich]). The Vd1 T celleenriched suspension, containing

w1 � 105 cells in 500 ml SE medium, was carefully pipetted on top

of DEs. Control DEs received 500 ml SE medium only. One day after

Vd1 T cell seeding, 0.5 � 106 HaCaT cells or 0.5e1 � 104 SCC13

cells (cell number as indicated in the figure legends) were added on

top of the DEs. Two to 3 days after seeding of the epithelial cells,

the cultures were lifted to the aireliquid interface by removing the

medium from the insert. During the epithelial growth phase, the

medium was changed twice a week, and the SEs/SCEs were har-

vested 14 days after Vd1 T cell seeding.

For initial experiments, cytokines known to stimulate the growth

of the Vd1 T cells in vitro (Almeida et al, 2016) were added to the SE

medium (100 ng/ml IL-4, 7 ng/ml IL-21, 15 ng/ml IL-1b [Miltenyi

Biotech] and InvivoMAb CD3 antibody [Bio X Cell, Lebanon, NH]).

Harvest of the SEs and SCEs
At the day of harvest, the medium was removed from the cultures,

and medium aliquots were stored at �80 �C. The SEs grown on top

of the filter insert were cut out of the insert with a scalpel and

divided into 2e3 pieces. One piece was transferred to a fixation

solution for histological analysis (Morphisto) and stored in that so-

lution for at least 24 hours before processing and embedding in

paraffin. The second piece was embedded in a cryomold containing

Tissue-Tek O.C.T. compound (Sakura Finetek Europe) and was snap

frozen for cryosectioning and immunostaining. In some cases, a

third piece was used for flow cytometric analysis or was digested

with Dispase II (1 mg/ml in PBS) for 30 minutes at 37 �C to separate

the dermal and epithelial compartment. Tissue of both compart-

ments was then snap frozen and subjected to RNA isolation with

standard methods, using the innuPREP RNA Mini Kit 2.0

(Innuscreen), according to manufacturer’s instructions. Isolated RNA

was used for RNA-sequencing analysis and RT-PCR for selected

genes.

Histology and immunofluorescence
H&E staining was performed on paraffin-embedded sections (7 mm),

following standard procedures. Images were taken using a DM2500

microscope equipped with a Leica DFZ450 camera and a �10

objective. Image analysis and processing were performed using the

ImageJ and Fiji softwares (Schindelin et al, 2012) with the CAi Fiji

package (Center for Advanced Imaging, Heinrich-Heine-University).

Immunofluorescence staining was performed on cryosections.

The sections (7 mm) were fixed in 80% methanol for 10 minutes at 4
�C and acetone at �20 �C for 2 minutes. After blocking with 3% BSA

in PBS at room temperature, the primary antibodies were added

(diluted in 3% BSA in PBS), and the slides were incubated at 4 �C

overnight. Slides were washed once with PBS with 0.1 % Triton-X-

100, 2 times with PBS, and once with water. Secondary antibodies

were added (diluted in 3% BSA in PBS), and the slides were incu-

bated for 60 minutes at room temperature. Slides were washed as

described earlier and mounted with Vectashield Mounting Medium

with DAPI (Vector Laboratories). Images were taken with an AxioI-

mager.M2 microscope (Zeiss) using an AxioCam MR R3 camera and

the EC Plan-Neofluar �10/0.30 M27 objective. Negative controls

were done with secondary antibody only. Images from a given

experiment were counted (unblinded) on the same day to ascertain

equal assessment. Image analysis and processing were performed

with the Zen 3.5 software (Zeiss). The list of antibodies is provided in

Supplementary Material Table SI-8.

For quantification of FLG expression, an FLG score was generated

with 4 categories: �, indicating no FLG staining (0); þ, indicating

few faintly stained FLGþ regions (1); þþ, indicating strongly stained
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discontinuous FLGþ layer (2); and þþþ, indicating intensely

stained continuous FLGþ layer. Three images per SE from all 4 do-

nors were evaluated, and their values were summed up and plotted

without and with T cells, accordingly. Statistical significance was

established using Students t-test; *P < .05.

Real-time PCR
Supplementary Material Table SI-9 provides details on method of

cDNA generation, amplification, and primer sequences.

RNA-sequencing analysis

Double-stranded cDNA synthesis and amplification. Total

RNA integrity was assessed using a High Sensitivity RNA ScreenTape

Analysis (Agilent). Only samples with an RNA integrity number

equivalent �7 were subjected to cDNA synthesis, cDNA amplifi-

cation, and preparation of the sequencing library. First-strand cDNA

synthesis was performed by combining 200 ng total RNA, 2 ml 10

mM RT primer (50 -> 30: AAG CAG TGG TAT CAA CGC AGA GTA

CTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TV), 1 ml 10 mM (of

each) dNTPs (Vazyme), and distilled water up to 6 ml. The reaction

was incubated for 5 minutes at 70 �C. Afterward, 2.5 ml 4X Template

Switching Buffer (New England Biolabs), 0.5 ml of 75 mM Template

Switching Oligo (50 -> 30: GCT AAT CAT TGC AAG CAG TGG TAT

CAA CGC AGA GTA CAT rGrGrG), and 1 ml Template Switching RT

Enzyme Mix (New England Biolabs) were added. Second-strand

synthesis was performed for 90 minutes at 42 �C, followed by heat

inactivation for 5 minutes at 85 �C. Double-stranded cDNA was

amplified for 8 cycles in two 50 ml reaction mixes per sample, each

containing 10 ml double-stranded cDNA, 25 ml 2X Phanta Max

Buffer (Vazyme), 1 ml 10 mM (of each) dNTPs, 2 ml 1 U/ml Phanta

Max Super Fidelity Polymerase (Vazyme), 1 ml 10 mM cDNA PCR

amplification primer (50 -> 30: AAG CAG TGG TAT CAA CGC AGA

GT), and 11 ml aqua dest. A total of 8 PCR cycles were performed.

One microliter of 20 U/ml exonuclease I (Thermo Fisher Scientific)

was added to each reaction, incubated for 15 minutes at 37 �C, and

heat inactivated for 15 minutes at 80 �C. Final products were puri-

fied using AMPure XP beads (Beckham Coulter) at a ratio of 0.8 X.

Concentrations were measured on a Qubit Fluorometer (Thermo

Fisher Scientific) with the high sensitivity double-stranded DNA kit

(Thermo Fisher Scientific).

Sequencing library preparation and sequencing. Library

preparation was performed according to the Ligation sequencing

amplicons—Native Barcoding Kit 24 V14 (Oxford Nanopore

Technologies, SQK-NBD114.24) according to the version NBA_

9168_v114_revE_15Sep2022. Briefly, equal amounts of double-

stranded cDNA were subjected to library preparation. Final libraries

were quantified on a Qubit Fluorometer using the high-sensitivity

double-stranded DNA kit. Library size was determined using a D1000

Screen Tape assay (Agilent). A total amount of 15 fmol of final libraries

was loaded on a P2 solo flow cell and sequenced for 72 hours.

Sequencing data analysis. Basecalling was performed using the

Guppy basecaller (version 6.4.6). Resulting FASTQ files were

concatenated and mapped to the reference genome (GRCh38) using

Minimap2 (version 2.24). All further analysis was performed using R

(version 4.2.2). Sequence reads were counted using Rsu-

bread::featureCounts (version 2.12.3) with options for long

sequencing reads and GRCh38.106 to annotate transcripts. After-

ward, reads were normalized to counts per million, and differentially

expressed transcripts were identified using edgeR (version 3.40.2).

Gene set enrichment analysis was performed using clusterProfi-

ler::gseGO (version 4.6.2). Gene set enrichment analysis was

resampled 10 times to increase accuracy. All data were visualized

using ggplot2 (version 3.4.2) and ComplexHeatmap (version 2.14).

Statistics
Graphs and statistical calculations were done using Graphpad Prism

software, version 10.2.0. P < .05 was considered significant.
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Adami J, Gäbel H, Lindelöf B, Ekström K, Rydh B, Glimelius B, et al. Cancer
risk following organ transplantation: a nationwide cohort study in Sweden.
Br J Cancer 2003;89:1221e7.

Almeida AR, Correia DV, Fernandes-Platzgummer A, da Silva CL, da
Silva MG, Anjos DR, et al. Delta one T cells for immunotherapy of chronic
lymphocytic leukemia: clinical-grade expansion/differentiation and pre-
clinical proof of concept. Clin Cancer Res 2016;22:5795e804.

Angel CE, George E, Ostrovsky LL, Dunbar PR. Comprehensive analysis of
MHC-II expression in healthy human skin. Immunol Cell Biol 2007;85:
363e9.

Bechetoille N, Dezutter-Dambuyant C, Damour O, André V, Orly I, Perrier E.
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Michielon E, López González M, Burm JLA, Waaijman T, Jordanova ES, de
Gruijl TD, et al. Micro-environmental cross-talk in an organotypic human
melanoma-in-skin model directs M2-like monocyte differentiation via IL-
10. Cancer Immunol Immunother 2020;69:2319e31.

Moon S, Kim DH, Shin JU. In vitro models mimicking immune response in the
skin. Yonsei Med J 2021;62:969e80.

Muffler S, Stark HJ, Amoros M, Falkowska-Hansen B, Boehnke K,
Bühring HJ, et al. A stable niche supports long-term maintenance of hu-
man epidermal stem cells in organotypic cultures. Stem Cells 2008;26:
2506e15.

Nguyen AV, Soulika AM. The dynamics of the skin’s immune system. Int J Mol
Sci 2019;20:1811.

Nielsen MM, Dyring-Andersen B, Schmidt JD, Witherden D, Lovato P,
Woetmann A, et al. NKG2D-dependent activation of dendritic epidermal T
cells in contact hypersensitivity. J Invest Dermatol 2015;135:1311e9.

Ouwehand K, Spiekstra SW, Waaijman T, Scheper RJ, de Gruijl TD, Gibbs S.
Technical advance: Langerhans cells derived from a human cell line in a
full-thickness skin equivalent undergo allergen-induced maturation and
migration. J Leukoc Biol 2011;90:1027e33.

Pang DJ, Neves JF, Sumaria N, Pennington DJ. Understanding the
complexity of gd T-cell subsets in mouse and human. Immunology
2012;136:283e90.
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