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HEALTH AND MEDICINE

3D organotypic skin models recapitulate
autoantibody-driven pemphigus pathomechanisms
and targeted therapeutic response

Haiwei Zhai', Xiaowei Jin', Amir Ostadi Moghaddam'?*3, Matthew F. Spieker’,
Kristina Seiffert-Sinha®, Animesh A. Sinha?, Ruiguo Yang'*3*, Fanben Meng'->*

Advanced three-dimensional (3D) tissue models that recapitulate autoimmune disease progression can enable
mechanistic studies and accelerate the development of targeted therapies with reduced reliance on systemic immu-
nosuppression. Here, we present a dynamic biofabrication strategy combining 3D bioprinting and cell self-organization
to create multilayered skin constructs with a stratified epidermis atop a vascularized, fibroblast-remodeled dermis.
This platform reconstitutes native skin architecture to model pemphigus vulgaris, an autoantibody-driven blistering
disorder. Tightly reassembled keratinocytes form cell-cell adhesions that replicate pathogenic antibody-induced
disruption of the epidermal barrier, while embedded vasculature and fibroblasts shape dermal barriers that regulate
molecular diffusion. We demonstrate that these tissue barriers define disease phenotypes and therapeutic respons-
es by modulating antibody and drug penetration. As proof of concept, we quantitatively evaluate epidermal growth
factor receptor-targeted inhibitors by measuring individual cell-cell junction integrity and applying machine learn-
ing-assisted image texture analysis. This organotypic skin model provides a physiomimetic testbed for precise inves-
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tigation of autoimmune pathogenesis and high-throughput screening of targeted therapeutic agents.

INTRODUCTION
Autoimmune diseases affect ~5% of the US population (1). They are
commonly categorized into cell-mediated and humoral subtypes, with
the latter one being driven by the aberrant production of autoanti-
bodies targeting self-antigens. Despite their prevalence, cures for these
chronic disorders remain elusive (2). Current treatments rely heavily
on systemic immunosuppression, which often leads to severe side
effects (3). Pemphigus vulgaris (PV), a rare but life-threatening auto-
immune blistering skin disorder, exemplifies the limitations of existing
therapeutic strategies. In PV, autoantibodies bind to desmosomal
cadherins—primarily desmoglein-3 (Dsg3) and Dsgl—within the
epidermal layers, triggering disassembly of cell-cell adhesions be-
tween adjacent keratinocytes and disrupting the epidermal barrier
(4, 5). Recent advances in understanding the downstream signaling
pathways activated by pathogenic autoantibodies have shifted PV
treatment toward more precise target-specific therapies (6-10). In-
hibition of key signaling molecules such as p38 mitogen-activated
protein kinase (p38 MAPK), epidermal growth factor receptor (EGFR),
and phosphodiesterase 4 has shown promise in stabilizing desmo-
somal junctions and mitigating PV antibody-associated tissue dam-
age (8, 11-14). To advance the development of next-generation
therapies that minimize systemic toxicity while effectively restoring
tissue integrity in PV and other autoimmune disorders, it is essential
to identify therapeutic targets and evaluate candidate drugs within
the pathological microenvironment where affected cells originate.
Because of the limited accessibility of patient-derived tissue biopsies
as ex vivo skin models, current mechanistic studies of PV pathogenesis
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and therapeutic screening largely depend on the traditional combi-
nation of monolayer-cultured cells and experimental mouse models
(15). In vitro keratinocyte dissociation assays are commonly used to as-
sess antibody pathogenicity and drug activity in monolayer cultures
(8,9, 16, 17), while in vivo models facilitate the study of disease progres-
sion and systemic responses within complete physiological environ-
ments (18-20). However, two-dimensional (2D) keratinocyte cultures
fail to replicate the structural and mechanical complexity of human
epidermis, and animal studies are costly, time consuming, and often
limited in their ability to capture human-specific immune responses.
Moreover, most PV studies have focused on molecular mechanisms
governing interactions among cell-cell junctions, pathogenic anti-
bodies, and therapeutic agents. In contrast, the influence of auto-
antibody distribution and drug penetration, critical determinants of
local molecular concentrations within diseased tissue (21, 22), remains
understudied. This gap underscores the need for advanced experimen-
tal platforms that integrate essential tissue barriers and enable pre-
cise investigation of molecular delivery and localization.

To address these challenges, bioengineered 3D tissue constructs
have emerged as promising platforms for studying disease progres-
sion in vitro, combining the scalability of cell culture with the phys-
iological relevance of animal models (23, 24). Early efforts to develop
skin equivalents involved 3D coculture of human keratinocytes and
fibroblasts on transwell inserts to mimic the epidermis and dermis
(25, 26). While convenient, these models lack spatial control over
each cell compartment and are limited in their ability to incorporate
additional cell types, such as vasculature, in anatomically accurate
locations. Emerging biofabrication techniques offer promising tools
to integrate multiple cell-laden hydrogel matrices for reconstructing
complex native tissues in vitro (27-30). Leveraging 3D bioprinting,
multilayered skin constructs with embedded vasculature has been
fabricated by precisely depositing bioinks containing diverse cell
types (31-33). However, most current bioprinting technologies (34)
fall short in reproducing the nuanced structural hierarchy and grad-
ual layer-to-layer transitions seen in the native epidermis (35, 36).
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To more faithfully replicate these delicate epidermal features, we de-
veloped a wound healing-inspired biofabrication approach in which
reepithelialization was achieved through collective migration of kera-
tinocytes from predefined source droplets, followed by self-initiated
basal-to-suprabasal differentiation (37).

In this study, we introduce a dynamic biofabrication process to
reassemble the native microenvironment of human skin in vitro by
layering stratified epidermal sheets atop a dermis-mimicking hy-
drogel matrix. The self-organized keratinocytes exhibited basal-to-
suprabasal transition and formed anchoring junctions, while the
dermal matrix was vascularized and actively remodeled by embed-
ded fibroblasts, establishing physical barriers that regulate molecular
diffusion. Thus, this organotypic tissue model enables mechanistic
probing of PV pathogenesis and effective evaluation of targeted ther-
apies. By tracking ultrastructural alterations in cell-cell junctions across
epidermal layers, we quantitatively assessed initial lesion formation
induced by antibodies and examined therapeutic efficacy in stabiliz-
ing keratinocyte cohesion. Notably, by introducing pathogenic anti-
bodies and therapeutic agents via physiologically relevant delivery
routes, we explored the crucial role of dermal barriers and molecu-
lar penetration in shaping disorder phenotypes and treatment out-
comes. Here, we repositioned three EGFR-targeted tyrosine kinase
inhibitors (TKIs), currently approved for cancer treatment, and com-
pared their effectiveness following topical and vascular administra-
tion. As proof of concept, we demonstrated that machine learning
(ML)-driven texture analysis of tissue microsections enables auto-
mated, high-throughput assessment of therapeutic response, offer-
ing a robust tool for future drug screening.

RESULTS

Biofabrication of organotypic skin models is inspired by
wound healing

As illustrated in Fig. 1, the multilayered skin architecture was dy-
namically reconstructed in vitro by combining 3D bioprinting with
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postprint guided cell self-organization. Recapitulating native skin
anatomy, the organotypic model comprised stratified epidermal layers
supported by a vascularized, fibroblast-laden dermal matrix. In-
spired by the epithelialization process of wound healing, the epider-
mis was reassembled from 3D cultured keratinocytes using our
recently developed approach (37). Specifically, fibrin (10 mg/ml)-
encapsulated HaCaT cells, a widely used human keratinocyte line,
were printed onto a hydrogel matrix as an array of hemispherical
droplets. The interspaces between these keratinocyte source drop-
lets were precisely defined to create geographic cues that guided col-
lective cell migration and the formation of a confluent basal epithelial
layer. These tightly packed cells expanded vertically, self-initiating
basal-to-suprabasal differentiation without external stimulation (38).
The resulting epithelial layers exhibited the typical hierarchical struc-
ture found in native epidermis (39).

Epidermal regeneration was supported by a dermis-mimicking
matrix seeded with human dermal fibroblasts (HDFs), which was
also framed with fibrin gel (10 mg/ml). Known as a provisional scaf-
fold for wound healing, fibrin was selected for its remodelability, al-
lowing resident stromal cells to proliferate and produce their own
extracellular matrix (ECM) (40, 41). To more closely replicate the
dermal microenvironment, we incorporated a vascular conduit us-
ing a pin-molding method: A metal needle (outer diameter, ~310 pm)
was placed as a template to create a microchannel within the 3D
matrix, which was subsequently endothelialized with human um-
bilical vein endothelial cells (HUVECs) (30). The established mi-
crovessel enabled the introduction of autoimmune antibodies and
therapeutic agents, mimicking in vivo molecular delivery for initiating
PV pathogenesis and evaluating treatment efficacy. To accommo-
date multiple cellular compartments, we designed and microfabri-
cated a customized tissue culture chamber (workflow depicted in
fig. S1), with dimensions tailored to fit conventional culture dishes,
such as 35-mm petri dishes and six-well plates. This customized
chamber enabled precise control of the spatial and dimensional
characteristics of the dermal matrix. The microvessel was positioned
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Fig. 1. 3D biofabrication of organotypic skin models. The schematic diagram illustrates the workflow of multicellular tissue construction. (1) An array of keratinocyte
(KC) source droplets, spaced 2 mm center to center, is bioprinted onto a fibroblast (FB)-seeded fibrin matrix. (2) Keratinocytes proliferate and collectively migrate, forming
a confluent basal layer that initiates basal-to-suprabasal differentiation. (3) Keratinocytes continue to differentiate, generating a stratified epidermis, while the microchan-
nel is lined with endothelial cells and embedded fibroblasts actively remodel the ECM to shape the dermis.
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1 mm below the matrix surface where the epidermis formed. The
matrix thickness was maintained at 2 mm, consistent with the range
of human dermis (~0.6 to 4 mm).

A major challenge in modeling complex physiological processes
in vitro is identifying suitable coculture conditions for multiple cell
types (42). To maintain the viability and function of all three cell
types during skin tissue regeneration and maturation, we developed
a stepwise culture strategy (Fig. 1). In stage I, the medium [aprotinin-
supplemented Ca**-free Dulbecco’s modified Eagle’s medium
(DMEM-A)] was optimized as Ca**-free DMEM supplemented with
antifibrinolytic agent, aprotinin, to promote basal layer assembly while
preserving the integrity of the dermal matrix. The Ca**-free medi-
um maintained the basal state of HaCaT cells, supporting cell prolif-
eration and collective migration, while elevated Ca®* concentrations
tend to induce keratinocyte differentiation. Aprotinin was included
to counteract rapid fibrin degradation caused by HaCaT proliferation.
Once a compact basal layer was formed, typically in 10 to 14 days
(fig. S2), tightly packed basal keratinocytes self-initiated basal-to-
suprabasal transition, as demonstrated in our previous report (37).

In stage II, the focus shifted to epidermal stratification, dermal
matrix remodeling, and vascularization. We injected a HUVEC sus-
pension to endothelialize the created microchannel. Low-serum
(2%) endothelial cell growth medium-2 (EGM-2) medium contain-
ing a cocktail of growth factors (GFs), which included vascular en-
dothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1),
fibroblast growth factor 2 (FGF-2), and epidermal growth factor
(EGF), was applied to drive vascularization and dermal matrix re-
modeling without impairing epidermal stratification. Ca** (1.6 mM)
was reintroduced to further promote keratinocyte differentiation
and to fulfill its essential role in the maturation of cell-cell adhesion.
In particular, Ca®* facilitates the assembly and clustering of cadherin-
based junctions, especially desmosomes, which are targeted by PV
antibodies. Aprotinin was removed at this stage, as HDFs became
activated to remodel the surrounding matrix by gradually degrading
fibrin and depositing ECM components. The skin constructs were
typically matured for 7 days before modeling PV pathogenesis.

Throughout both culture stages, we dynamically measured the
transepithelial electrical resistance (TEER) to monitor epidermal
regeneration and functional barrier formation in these 3D skin mod-
els. A progressive TEER increase was observed, with the value even-
tually stabilizing at ~7-fold (fig. S3), indicating the establishment of
an epidermal barrier. The initial moderate TEER increase correspond-
ed to proliferation and collective migration of keratinocytes on the
dermal matrix (early stage I), whereas the rapid rise in TEER values
marked compact basal layer formation and subsequent stratification
(late stage I and stage II). To facilitate nutrient exchange across the
developing tissue barriers, we supplied coculture medium both via
the microvessel and topically to epidermal layers (fig. S4).

Multicellular 3D models recapitulate layered

skin architectures

To track the dynamic epithelization process in real time, we tagged
HaCaT cells with green fluorescent protein (GFP) on E-cadherin
(E-cad). The structural organization of the three cell compartments
in the 3D biofabricated tissue constructs was visualized using whole-
mount staining. In addition to 4',6-diamidino-2-phenylindole (DAPI),
which marks overall cell distribution, antibodies specific to platelet
endothelial cell adhesion molecule 1 (also known as CD31) and a—
smooth muscle actin (a-SMA) were used to label embedded HUVECs
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and HDFs, respectively (43). Stained skin models were scanned via
confocal microscope, with a representative 3D reconstruction and
Z-stacked top views shown in Fig. 2A. The densely packed keratino-
cyte layers (GFP-E-cad) formed the epidermis, covering a hydrogel
matrix populated by a-SMA-stained fibroblasts and vascularized by
CD31-expressing endothelial cells, mimicking the dermis. Detailed
views of each cell compartment reveal that the HDF-seeded fibrin
gel successfully promoted both epithelialization on the 3D matrix
(Fig. 2B) and endothelialization within the microchannel (Fig. 2C).
Notably, a-SMA expression was also detected in the epidermal lay-
ers, particularly in cells that had migrated from the source droplets,
as well as in certain regions of the vascular conduit. This observation
aligns with previous reports (44). While a-SMA is widely used to
identify activated fibroblasts, it is also associated with increased epi-
thelial cell motility and microvascular angiogenesis (45, 46).

To further examine the multilayered architecture, we microsec-
tioned the 3D skin models and stained the resulting tissue slices
(Fig. 2D and fig. S5). Consistent with confocal imaging, keratino-
cytes (E-cad) were observed layering onto the fibroblast-laden (scat-
tered DAPI signals) and vascularized (CD31-stained vessel lumen)
matrix (Fig. 2D, left). Our previous study demonstrated the basal-
to-suprabasal transition of self-organized epidermal layers through
keratin 5 (K5; basal) and K10 (suprabasal) staining (37). Here, in
addition to K10, the expression of involucrin (INV), an envelope
precursor protein, was detected in the stratified epidermis (Fig. 2D,
middle), indicating the formation of high spinous and granular layers
(47). We quantitively assessed the epidermal thickness using higher-
magnification images of representative skin models after 21 days of
culture (fig. S6A). The mean thickness was measured at 45.69 pm,
with some expected variation in these self-assembled epidermal lay-
ers. Compared with human epidermis (~30 pm to 1.5 mm), the lay-
ers in the 3D model fell within the physiological range but were at
the thinner end, reasonable given that they had not yet developed
into a fully stratified, cornified layer. Moreover, lateral tissue section
views reveal ECM remodeling within the dermal matrix, as evidenced
by the extensive type I collagen (COL-I) deposition (Fig. 2D, right).

Dynamic remodeling of the dermal microenvironment
shapes tissue barriers

The dermal ECM serves as a physical barrier (48) that regulates the
local accessibility of autoimmune antibodies, thereby mediating PV
pathogenesis. In biofabricated skin models, fibrin matrices were re-
modeled, as evidenced by COL-I deposition in the microsections of
3D skin constructs. This observation prompted further investiga-
tion into how fibroblasts construct a stromal barrier that shapes the
dermal microenvironment. Here, we 3D cultured HDFs within fi-
brin gels at a seeding density of 10° cells/ml using the stepwise cul-
ture approach for skin model fabrication, in which the medium was
switched from DMEM-A to EGM-2 on day 7. The dermis-mimicking
tissue constructs were monitored both immunohistochemically and
mechanically over 2 weeks (Fig. 3, A to E).

Time-lapse confocal images were captured (Z-stacked top views
in Fig. 3A) to track matrix remodeling by staining two markers:
COL-I (top row) and a-SMA (bottom row), which characterize na-
tive ECM deposition and fibroblast activation, respectively. Before
medium switching, HDFs exhibited minimal proliferation and slow
polarization, suggesting a quiescent state. However, upon introduc-
ing EGM-2, which contains multiple GFs, HDF proliferation sub-
stantially increased, accompanied by a sharp up-regulation of both
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Fig. 2. Characterization of the vascularized multicellular skin model. (A) Confocal fluorescence images of a representative whole mount-stained skin model showing
the spatial distribution of HaCaT cells, HDFs, and HUVECs (green, E-cad; blue, DAPI; orange, CD31; red, a-SMA). Scanned volume, 2.67 mm by 2.35 mm by 1.05 mm. Scale
bar, 1 mm. (B and C) Panoramic scanned confocal images highlighting the self-organized epidermis (B) (scanned volume, 6.96 mm by 6.96 mm by 0.46 mm) and the vas-
cularized dermis (C) (scale bar, 1 mm; scanned volume, 4.5 mm by 1.2 mm by 0.33 mm). (D) Immunofluorescence images of microsectioned tissue slices showing lateral
views of the 3D skin constructs, including the distribution of cell compartments (left), stratified epidermis (middle) (red INV signals indicate differentiation into spinous
and granular layers), and remodeled dermal matrix (right) (orange signals show COL-I deposition). Scale bars, 100 pm.

COL-I and a-SMA expression, indicating fibroblast activation and
subsequent ECM production. IGF-1, FGF-2, VEGEF, and EGF, which
supplement EGM-2, have all been reported to stimulate fibroblast ac-
tivity (49-52). Once activated, HDFs adopted a characteristic spindle-
shaped morphology (days 7 to 14; Fig. 3A) and elongated within the
3D matrix (Fig. 3B and fig. S7). As a result, collagen fibers were
gradually deposited by these fibroblasts within the dermal matrix.
Furthermore, we quantitatively compared the immunofluorescent
signals before and after GF introduction. The distinct slopes ob-
served in Fig. 3C confirm that HDFs, when stimulated by these mo-
lecular factors, actively reconstructed the dermal matrix.

In parallel, we dynamically measured the viscoelasticity of HDF-
laden matrices via nanoindentation. Mechanical testing demonstrat-
ed that the progressive increase in ECM components intrinsically
strengthened the dermal matrix over time. While matrix stiffness
remained stable during the first week, the measured complex shear
modulus rapidly increased by approximately 1.5-fold from days 7 to
14 (Fig. 3D; storage and loss moduli shown in fig. S8A), suggesting
matrix stiffening. The trend in mechanical measurements aligned
with the immunofluorescent results, further confirming that HDFs
were highly responsive to the GF cocktail stimulation and that
matrix stiffening was associated with ECM deposition induced by
activated fibroblasts. The strengthened dermal matrix was compa-
rable to reported values for human dermis measured by atomic force
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microscopy-based nanoindentation (53). Notably, matrix remodel-
ing was also influenced by the initial fibroblast density. When the
seeding density was reduced by an order of magnitude, matrix stiff-
ness exhibited only random fluctuations (Fig. 3E and fig. S8B), sim-
ilar to the acellular fibrin matrix.

In addition to fibroblast-driven stromal remodeling, a microvas-
cular conduit was integrated into the 3D skin model, establishing an
endothelial barrier to regulate molecular penetration (54). To deter-
mine how these tissue barriers influence the delivery of autoim-
mune antibodies and therapeutic agents, we quantitatively measured
molecular diffusion permeability by perfusing fluorescence dyes
through the built-in microchannel and tracking fluorescent signals.
Fluorescein isothiocyanate (FITC)-conjugated dextran (molecular
weight, 150 kDa) was chosen to match the molecular weight of PV
antibodies. Four parallel experimental conditions were tested to as-
sess tissue barrier function, including (a) pure fibrin with an acel-
lular microchannel (blank control), (b) HDE-populated matrix with
an acellular microchannel (stromal barrier only), (c) pure fibrin with
a HUVEC-lined microchannel (endothelial barrier only), and (d)
3D matrix containing both tissue barriers. The diffusion of FITC-
dextran within different 3D matrices was tracked under a fluores-
cence microscope for 30 min (Fig. 3F, with time-lapse images shown
in fig. S9). The permeability coeflicients were then calculated by ana-
lyzing fluorescent intensity (Fig. 3G). The results demonstrated that
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Fig. 3. Dynamic dermal barrier remolding. (A) Time-lapse confocal fluorescence images showing collagen deposition (top row) (green, COL I) and HDF activation (bot-
tom row) (red, a-SMA) in fibroblast-populated fibrin matrix. Scale bar, 200 um. (B) 3D reconstructed confocal image revealing the spatial distribution of HDFs and depos-
ited ECM (COL-I) after 12 days of culture. Scanned volume, 1272.79 pm by 1272.79 pm by 242.73 pm. (C) Plots of biomarker-stained area versus culture time, indicating that
HDFs were activated to remodel the surrounding matrix after switching to EGM-2 medium on day 7 (D7). (means + SD, N = 9 fluorescence images captured from three
matrices per time point). (D and E) Box plots showing time-dependent changes in the complex shear modulus of 3D matrices seeded with 10° cells/ml (D) (box range, 25th
to 75th percentile; means + SD, 47 < N < 71 indentations from 12 to 18 matrices per time point; *P < 0.05 and ***P < 0.001; day 7 versus day 0, P = 0.049; day 14 versus
day 7, P < 0.001) and 10* cells/ml (E) [box range, 25th to 75th percentile; means + SD, 12 < N < 24 indentations from three to six matrices per time point; P > 0.05, not
significant (n.s.); day 7 versus day 0, P = 0.307; day 14 versus day 7, P = 0.603]. (F) Fluorescence images showing the diffusion of fluorescently labeled dextran (150 kDa) in
various dermal-mimicking matrices after 30-min perfusion: (a) pure fibrin (10 mg/ml) with an acellular microchannel, (b) HDF-populated matrix with an acellular micro-
channel, (c) pure fibrin with a HUVEC-lined microchannel, and (d) matrix containing both cell compartments (green, dextran; blue, DAPI). Scale bar, 500 pm. (G) Bar charts
of calculated permeabilities, quantitatively demonstrating the impact of tissue barriers on molecular diffusion (means + SD,3 < N < 7).

both stromal remodeling and endothelialization restricted molecular
transport from the microchannel to the surrounding matrix. Notably,
when both barriers coexisted, closely mimicking native microenvi-
ronments, molecular diffusion was most limited, with a permeability
coefficient of 2 x 107 cm/s for 150-kDa dextran, ~20 times lower
than the pure fibrin matrix. Collectively, these detailed characteriza-
tions of dynamically biofabricated skin equivalents demonstrate
that the developed in vitro tissue constructs not only provide cellular
targets for autoimmune antibodies and therapeutic candidates but
also establish physiomimetic transport routes, closely recapturing
molecular penetration dynamics in local skin microenvironments.
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Pathomimetic skin models reflect adhesion disruption in PV

PV pathogenesis is widely recognized to be triggered by autoanti-
bodies that target and dissociate desmosomal junctions in the epi-
dermis (4, 5). While experimental models using human skin organ
culture mimic the disorder by topically applying PV-associated an-
tibodies to the epidermis (16, 55, 56), the organotypic skin construct
we developed integrates a vascularized dermal matrix, allowing the
physiological dissemination of autoantibodies from blood vessels to
the epidermis to be recapitulated. To explore how the dermal micro-
environment and molecular transport influence epidermis-antibody
interactions in PV pathogenesis, we introduced pathogenic antibodies
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through two administration routes (Fig. 4A): (i) topical addition, as
in conventional PV models, and (ii) vessel perfusion, where antibod-
ies were injected via the built-in microvessel to mimic in vivo delivery.
As in previous studies, the commercially available anti-Dsg3 anti-
body (AK23) was used to disrupt desmosomes (17, 37, 57). While
untreated models served as healthy controls, two concentrations of
AK23 (10 and 50 pg/ml) were tested to evaluate dose-dependent ef-
fects on cell-cell junction dissociation.

After 24 hours of treatment, tissue constructs representing each
test condition were cryosectioned to examine the effects of antibody
attack. As shown in representative images (Fig. 4B and fig. S10),
AK23 and Dsg3 were sequentially immunostained to visualize PV
antibody distribution (top row) and desmosomes at epidermal lay-
ers (middle row), while GFP-E-cad images (bottom row) were cap-
tured to highlight cell boundaries in keratinocytes. Under the four
treatment conditions, the skin constructs exhibited distinct pheno-
types, with (*) indicating regions of complete Dsg3 loss and (dashed
arrowheads) marking locations with nonjunctional or partially absent

A Topical addition of antibodies

Dsg3, corresponding to antibody distribution. To assess the interac-
tions between pathogenic antibodies and their antigens at cell-cell
junctions, we quantified the AK23 fluorescence intensity (Fig. 5A)
and spatial colocalization of AK23 and Dsg3 (Fig. 5B). To correlate
initial PV pathogenesis and the resulting phenotypes with antibody
penetration, we evaluated the disorganization of cell-cell junctions
that stabilize different epidermal layers. As defined in Fig. 5C, tar-
geted junctions were categorized on the basis of their epidermal lo-
cations: (i) basal to basal, (ii) basal to suprabasal, and (iii) suprabasal
to suprabasal. Full width at half maximum (FWHM,; definition shown
in fig. S11) values of Dsg3 and E-cad signals between neighboring
keratinocytes were measured to represent the mean width of des-
mosomal and adherens junctions (Fig. 5, D to I), with higher values
indicating more severe junction dissociation.

When the epidermis was directly exposed to antibodies at both
concentrations via topical addition, AK23 signals were detected
throughout the stratified epidermal layers (Fig. 4B, top row) and
largely colocalized with Dsg3 {Fig. 5B, T10 [topical addition of

Vascular perfusion of antibodies

Y

Endothelial cells Fibroblast  Antibody

Vascular perfusion

Basal cells Suprabasal cells
B Topical addition
Control AK23 10 pg/ml

AK23

AK23 50 pg/ml

AK23 10 pg/ml AK23 50 ug/ml

Fig. 4. Recapitulation of initial PV pathogenesis in the 3D model. (A) Schematic illustrating two administration routes of PV antibodies: topical addition (left) (AK23
was directly applied onto the epidermis) and vascular perfusion (right) (AK23 was injected via the microvessel and traveled through the dermis). (B) Confocal images of
immunostained tissue microsections from PV models after antibody treatments: untreated control, topical addition of AK23 (10 and 50 pg/ml), and vascular perfusion of
AK23 (10 and 50 pg/ml), showing the bound AK23 (orange) and epidermal cell-cell junctions (red, Dsg3; green, E-cad). Asterisks (*) mark regions of complete Dsg3 loss;
dashed arrowheads indicate nonjunctional or partially absent Dsg3. Dashed rectangles highlight incomplete AK23 penetration due to dermal barriers. Scale bar, 20 pm.
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Fig. 5. Pathological alterations of cell-cell adhesions. (A and B) Bar charts showing AK23 intensity detected in the epidermal layers (A) and the colocalization ratio of
AK23 and Dsg3 (B), indicating the impact of dermal barriers on antibody penetration. Means + SD, 12 < N < 39 tissue slice images from three to nine skin models). a.u.,
arbitrary units. (C) Schematic illustrating the categorization of cell-cell junctions based on their epidermal location: basal to basal, basal to suprabasal, and suprabasal to
suprabasal (red, basal cells; orange, suprabasal cells). (D to I) Bar graphs showing the measured junction width (quantified by FWHM values) of Dsg3 [(D) to (F)] and E-cad
[(G) to ()] in response to AK23 binding at each epidermal location. Means + SD, 21 < N < 196 cell-cell junctions measured from six to nine skin models; P > 0.05 (not sig-
nificant), *P < 0.05, and ***P < 0.001, compared with the untreated control; (D) V10, P = 0.081; V50, T10, and T50, P < 0.001; (E) V10, P = 0.222; T10, P = 0.524; V50 and T50,
P <0.001; (F) V10, P =0.702; V50, T10, and T50, P < 0.001; (G) V10, P = 0.766; V50, T10, and T50, P < 0.001; (H) V10, P = 0.456; T10, P = 0.018; V50 and T50, P < 0.001; () V10,

P=10.672;V50, P =0.039; T10, P =0.087;T50, P < 0.001.

antibodies (10 pg/ml)]/T50 bars}. Accordingly, desmosomal junc-
tions were readily disrupted, as indicated by increased FWHM values
(Fig. 5, D to E, T10/T50 bars). Nonjunctional Dsg3 was then internal-
ized and degraded, resulting in local and regional loss of these des-
mosomal cadherins (Fig. 4B and fig. S10, middle row). The extent of
Dsg3 dissociation was positively correlated with AK23 concentration.
In models treated with a high concentration of AK23, total loss of
Dsg3 throughout the epidermis was observed in some cases, leading
to a substantial drop in fluorescence intensity and contributing to
the wide data distribution of T50 bars in Fig. 5 (A and D to F). Nota-
bly, basal-to-suprabasal junctions remained unaffected at the lower
AK23 concentration (Fig. 5E, T10 bar), possibly due to a lipid barrier
formed in the top suprabasal layers. This is consistent with epider-
mal differentiation staining (Fig. 2D, middle), where INV expression,
a marker of the upper stratum granulosum (58), was detected. Thus,
in addition to directly interacting with the top suprabasal layers,
AK23 first reached the basal layer via the hydrogel matrix and sub-
sequently diffused into adjacent suprabasal layers.

Zhaiet al., Sci. Adv. 12, eadz5003 (2026) 9 January 2026

We also show that vascular perfusion of AK23 at the higher con-
centration led to antibody penetration into the epidermal layers
(Fig. 4B, top row), indicating that our model is able to recapitulate
the physiological diffusion of autoantibodies from the vasculature,
through the dermis, and into reach the epidermis. Although AK23
specifically targets Dsg3, its access was markedly restricted by the
intrinsic barrier function of the dermal stroma when comparing
vessel injection to topical application, as indicated by substantially
reduced fluorescence intensity (Fig. 5A). When antibodies were de-
livered via the microvascular channel and traveled through the en-
dothelium and dermal matrix, a much lower concentration of AK23
reached the epidermis. This was evident in the 10 pg/ml-treated
group, where AK23 was barely detectable (Fig. 5, A and B) and no
junction disassembly was observed. Only in skin models treated with
the higher AK23 concentration (50 pg/ml) did antibodies reach an
effective level, primarily accumulating in the basal and lower supra-
basal layers (compare dashed rectangle areas in the top and middle
rows of Fig. 4B). Consequently, Dsg3 dissociation was captured in
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these layers, as indicated by dashed arrows in Fig. 4B and elevated
FWHM values {V50 [vascular perfusion of antibodies (50 pg/ml)]
bars in Fig. 5, D to F}. To further clarify the role of dermal barriers
in junction disruption at the epidermis, we performed a control ex-
periment using skin models with more permeable dermal matrices,
in which a low density of HDFs (10* cells/ml) was seeded. As dem-
onstrated in fig. S12, even an AK23 (10 pg/ml) treatment was suffi-
cient to disrupt desmosomes under these conditions.

In addition to using E-cad to indicate keratinocyte distribution
and boundaries, we examined their junction integrity (Fig. 5, G to
I), as alterations in these adherens junctions have been associated
with PV progression (59). While E-cad junction widths exhibited a
trend similar to Dsg3-containing junctions in response to AK23 treat-
ment, the measured FWHM values showed only slight increases, and
no visible E-cad loss was detected. Keratinocyte-expressed E-cad sig-
nals were readily detected in the epidermal layers across all antibody-
treated conditions (Fig. 4B, bottom row). This suggests that the
complete regional loss of Dsg3 observed following direct epidermal
exposure to antibodies (Fig. 4B, middle row) does not equate to
physiological blister formation. Although less severe cell-cell adhe-
sion disorder was detected when AK23 traveled through the dermis
(V50 versus T50 in Fig. 5, D to F), the distribution and targeted re-
gions of the pathogenic antibodies more closely recapitulate the path-
ological microenvironment of PV. Specifically, desmosomal junction
disruption primarily localized to the basal and immediate supra-
basal layers of the deeper epidermis, consistent with observations in
patients with PV (4, 5, 60).

Together, these results highlight the critical role of the dermal
microenvironment in skin disease modeling, particularly the influ-
ence of molecular penetration routes in autoantibody-mediated dis-
orders. The 3D skin model presented here precisely recaptures the
initial pathogenic features of the autoimmune disease, providing a
robust in vitro platform for testing therapeutic agents.

Targeted therapeutic agents are repositioned for

PV management

PV antibody-mediated transactivation of EGFR contributes to the
dissociation of keratinocyte cell-cell adhesion (10). As illustrated in
fig. S13, PV antibody binding induces activation of the p38 MAPK
and proto-oncogene tyrosine-protein kinase Src pathways, which,
in turn, can activate EGFR in a ligand-independent manner. Acti-
vated EGFR is associated with Dsg3 endocytosis, desmosomal plaque
destabilization, and keratin retraction, collectively leading to loss of
cellular adhesion. Evidence shows that EGFR inhibition via TKIs sta-
bilizes desmosome assembly in monolayer-cultured keratinocytes and
mouse models, suggesting EGFR as a potential target for PV man-
agement (8, 12, 13). To demonstrate the feasibility of our 3D organo-
typic skin models in screening targeted therapeutic agents, we selected
three small-molecule TKIs to suppress EGFR activity, thus mitigat-
ing PV antibody-induced cell-cell adhesion disorders: (i) osimertinib,
a third-generation EGFR inhibitor specifically targeting mutations
in exon 20 (T790M), exon 21 (L858R), and exon 19 deletions (61);
(i) lapatinib, a first-generation TKI cotargeting EGFR and human
epidermal growth factor receptor 2 (HER2) (62); and (iii) brigatinib,
a second-generation anaplastic lymphoma kinase (ALK) inhibitor
withactivity on EGFR mutations (63). Asillustrated in fig. S14, EGFR-
targeted inhibitors were administered via two parallel routes: (i) topi-
cal addition and (ii) vessel perfusion.
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To quantitatively assess the efficacy of each therapeutic agent, we
evaluated desmosome integrity in the epidermal layers of 3D skin
models using FWHM measurements of Dsg3. Junctional disruption
was triggered by applying AK23 (50 pg/ml) directly to the epidermis,
creating the most severe Dsg3 dissociation (Figs. 4 and 5), where
split junctions (mean FWHM, 6.10 pm) were distinguishable from
intact ones (mean FWHM, 1.98 pm). The 3D skin equivalents were
incubated with pathogenic antibodies and TKIs for 24 hours before
tissue microsections were examined. Untreated skin constructs served
as healthy controls, while PV disease controls were generated by ap-
plying only AK23 to 3D models.

Tissues slices from TKI-treated PV models were stained to
quantify the width of Dsg3-containing junctions (representative
fluorescence images shown in fig. S15). Similar to dissociation char-
acterization, junctions were categorized into basal to basal, basal to
suprabasal, and suprabasal to suprabasal. The measured FWHM
values are shown in Fig. 6A and fig. S16, when therapeutic agents
were introduced via the built-in microvessel and direct epidermal
application, respectively. Targeted treatments through both admin-
istration routes substantially reduced junction width across epider-
mal layers compared to PV disease controls, indicating that EGFR
inhibitors stabilized desmosomes despite antibody binding.

First, TKI-induced Dsg3 rescue and the impact of drug transport
routes were assessed quantitatively by comparing individual junc-
tions (Fig. 6B), with treatment efficacy determined by FWHM al-
terations (Fig. 6C). Desmosomal junctions maintaining integrity at
an FWHM of 1.98 pm were considered 100% effective, while junc-
tion width reaching 6.10 pm indicated complete dissociation induced
by antibodies (0% effectiveness). As depicted in Fig. 6C, osimertinib
delivered via the microvessel and lapatinib applied directly to the
epidermis were most effective in stabilizing Dsg3-containing junc-
tions, with efficacies of 77.2 and 67.5%, respectively. Brigatinib, which
primarily targets ALK, showed ~40% efficacy, the lowest among the
three inhibitors and independent of administration routes. However,
drug transport pathways substantially influenced the efficacy of the
other two TKIs. Travel through the dermal matrix promoted osimer-
tinib-induced Dsg3 rescue but limited lapatinib’s action, resulting in
a 25% efficacy difference for both drugs. These findings emphasize
the critical role of dermal microenvironments in shaping epidermal
drug responses, an aspect often overlooked in conventional preclin-
ical models.

ML-assisted analysis is introduced to enhance

screening throughput

To demonstrate the potential of these organotypic skin models for
high-throughput therapeutic screening, which often requires analy-
sis of thousands of tissue specimens, we developed an ML-assisted
approach to automatically assessing fluorescence-stained microsec-
tions, slice by slice. Texture features derived from the gray-level co-
occurrence matrix (GLCM) analysis served as inputs for the ML
model (64). Specifically, correlation and SD, which measure image
linearity and variation in intensity values, were calculated to classify
tissue slices (Fig. 6D). The ML model was trained with these texture
parameters from two control groups to define outcome categories:
“healthy” and “PV;” indicating effective and ineffective therapies, re-
spectively. Tissue slices from each TKI-treated skin model were
quantitatively analyzed, and therapeutic efficacy was assessed using
a Random Forest algorithm (65). For each treatment, 20 to 40 tissue
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Fig. 6. Therapeutic effect of the EGFR-TKIs. (A) Bar graphs showing the measured FWHM of Dsg3-containing junctions stabilized by the vascularly delivered TKils
[osimertinib (Osi.), lapatinib (Lap.), and brigatinib (Bri.)] at different epidermal locations in the PV models. Means + SD, 38 < N < 160 cell-cell junctions measured from 21
to 40 tissue slice images from three to four PV models; **P < 0.01 and ***P < 0.001, compared with the PV controls induced by topical addition of AK23 (50 pg/ml); basal
to basal: osimertinib, P < 0.001; lapatinib, P = 0.0022; brigatinib, P = 0.0011; basal to suprabasal: osimertinib and brigatinib, P < 0.001; lapatinib, P = 0.0011; suprabasal to
suprabasal: osimertinib, lapatinib, and brigatinib, P < 0.001. (B and C) Quantitative comparison of EGFR-targeted therapies based on FWHM measurements of individual
Dsg3-containing junctions: (B) bar chart showing average desmosome width across epidermal layers, normalized to the healthy controls (without AK23 exposure), under
topical (T.) versus vascular (V.) TKI administration (means + SD, 163 < N < 526 cell-cell junctions measured from 21 to 45 tissue slice images from three to nine PV models);
(C) treatment efficacy calculated as the relative change in FWHM, demonstrating the influence of drug delivery route on therapeutic outcomes. (D and E) ML-assisted
image analysis of tissue microsections to evaluate TKI efficacy: (D) GLCM-derived texture parameters (orange, correlation; green, SD), extracted from control and TKI-
treated groups, were used to train the ML model and assess therapeutic effectiveness (box range, 25th to 75th percentile; means + SD, 21 < N < 45 tissue slice images
from three to nine PV models); (E) the resulting classification matrix was compared with manual scoring outcomes, where therapy was defined as effective if >45% of
desmosomal junctions retained structural integrity.

while those with an FWHM of >3.04 pm were considered dissoci-
ated. These boundaries were set on the basis of a z-score of +0.674,

slices collected from multiple skin models were examined (the sam-
ple sizes used for ML model training and treatment prediction are

provided in table S1). As shown in the outcome matrix (Fig. 6E),
~40 to 70% of slices were classified as healthy by the automatic anal-
ysis, where TKIs effectively rescued desmosomes.

To validate the ML-assisted method, we manually examined tissue
slices to count integrated versus disrupted desmosomes. Junctions
with an FWHM of <2.67 pm were classified as normal desmosomes,
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corresponding to a 50% probability. The ratio of normal to total
junctions per tissue slice was calculated (table S2), and a slice was
classified as healthy if this ratio met a defined threshold. The agree-
ment between automated and manual analysis was statistically tested
using Cohen’s kappa coefficient (k) (66). ML-assisted analysis showed
the highest concordance with FWHM-driven manual assessment
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when a 45% threshold was used to define drug effectiveness (Fig. 6E),
yielding a k value of 0.836, indicative of near-perfect agreement
(k > 0.8). This outperformed thresholds of 40, 50, 30, and 60%,
which generated k values of 0.782, 0.726, 0.589, and 0.462, respectively,
suggesting substantial (0.6 < k < 0.8) and moderate (0.4 < k¥ < 0.6)
agreement (fig. S17). Thus, the developed ML-assisted approach
provided a rigorous and automated assessment of therapeutic effects
on microsectioned tissue slices. By combining programmable fabri-
cation of tissue equivalents with ML-driven imaging analysis, this
organotypic model platform offers a promising tool for prioritizing
and repositioning therapeutic agents in a high-throughput manner.

DISCUSSION

In this study, we bioengineered organotypic tissue architectures that
comprised both stratified epidermal layers and vascularized, contin-
uously remodeled dermal matrices (Figs. 2 and 3), closely resembling
the physiological microenvironment of human skin. Methodologi-
cally, the biofabrication process, inspired by wound healing, inte-
grates 3D bioprinting with cell self-organization under programmable
tissue culture. Structurally, tightly packed keratinocyte layers reas-
sembled an epidermis exhibiting hierarchical basal-to-suprabasal
differentiation. The fibroblast-remodeled fibrin matrix matched the
native dermis both chemically (67) and biomechanically (53), while
embedding a microvessel lined by endothelial cells, allowing for
physiological molecular delivery.

Relative to previously established organotypic skin equivalents,
our 3D bioengineered multicellular construct offers several advan-
tages for in vitro disease modeling: (i) Ex vivo patient skin cultures
retain native architecture but are constrained by their limited acces-
sibility, as repeated biopsies of the same lesion through disease pro-
gression are impractical (55, 56). By contrast, our 3D skin constructs
are programmably biofabricated, allowing reproducible generation
and scalable adaptation for high-throughput testing. (ii) Transwell-
based full-thickness skin models typically accommodate only kera-
tinocytes and fibroblasts and lack a functional endothelial barrier
(25, 26). Our constructs, in contrast, are vascularized, with epider-
mal, stromal, and endothelial compartments precisely arranged to
mimic physiological organization. (iii) Skin-on-a-chip platforms rely
on patterned microchannels to compartmentalize cell populations,
with tissue layers often separated by porous membranes or chamber
walls (68), which do not recapitulate native architecture. In our mod-
els, all cell types are directly integrated within a continuous hydrogel
matrix, closely mimicking their intercellular interactions in vivo.
(iv) 3D bioprinted skin models are limited by printing resolution,
hindering the faithful construction of tens-of-micrometer epider-
mal layers with basal-to-suprabasal transitions (31-33). In contrast,
reepithelialization in our skin constructs arises from keratinocyte col-
lective migration and self-organized differentiation, whereby a tightly
packed basal layer naturally establishes cell-cell adhesions and strat-
ification, preserving epidermal integrity and hierarchy. This dynam-
ic process mirrors aspects of wound healing, providing a specialized
platform to investigate how autoimmunity affects tissue regenera-
tion, a capability beyond that of existing models.

Functionally, the tightly packed HaCaT cells formed desmosomal
junctions enriched with Dsg3, the primary autoantigen in PV. Beyond
existing PV models, our system incorporated an HDF-remodeled
fibrin matrix and a HUVEC-aligned microchannel to establish
dermal tissue barriers (Fig. 3), enabling the study of autoantibody
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penetration in PV pathogenesis, an often-overlooked factor in autoim-
mune disease research (22). The epidermal, stromal, and endothelial
barriers collectively regulated molecular diffusion and distribution,
thereby shaping epidermal phenotypes following antibody treatment
(Fig. 4). These biofabricated 3D models offer a substantial advantage
over in vivo and ex vivo systems in probing tissue penetration of
functional molecules, as the dimensional and spatial characteristics
of their epidermal and dermal compartments can be precisely defined.
Progressive collagen deposition and enhanced ECM mechanical
properties limited pathogenic antibody access to cell-cell adhesions
in epidermis (Fig. 5). The tested AK23 concentrations aligned with
serum levels of Dsg3-specific immunoglobulin Gs in patients with
PV (69). Only when an effective AK23 concentration accumulated
was desmosome disruption initiated at the basal and adjacent supra-
basal layers, consistent with clinical observations of PV antibody
primarily binding in the deep epidermis (4, 60). Together, this find-
ing underscores the critical role of microenvironmental factors in
PV pathogenesis and suggests an alternative direction for PV man-
agement by restricting autoantibody penetration.

These pathomimetic models functioned as in vitro testbeds for
therapeutic candidates (Fig. 6). While systemic corticosteroids and
immunosuppressants remain the mainstay of PV management (70),
emerging strategies target downstream signaling pathways activated
by autoantibodies, such as p38 MAPK, cyclic adenosine monophos-
phate, and EGFR (8, 11), to stabilize keratinocyte adhesion. Among
these signaling molecules, EGFR has been extensively studied (8).
Three generations of small-molecule TKIs have been approved by
the Food and Drug Administration for cancer treatment with robust
pharmacological and biosafety assessments (71). Recent studies
demonstrated that first-generation TKIs (erlotinib, lapatinib, and
gefitinib) restore desmosome ultrastructure by suppressing EGFR
activity in monolayer-cultured keratinocytes and mouse models
(8, 12, 13). Using our skin model, we extended drug repurposing to
newer inhibitors and assessed administration route impacts on
treatment efficacy. The vascularized tissue construct enabled thera-
peutic agent perfusion via the built-in microvessel, closely mimick-
ing their physiological delivery, as these small-molecule drugs are
primarily designed for oral administration.

In addition to lapatinib, which was reported previously, brigatinib
and osimertinib also stabilized desmosomal adhesion upon AK23
binding. However, therapeutic efficacy and administration route de-
pendency varied among the three EGFR-TKIs (Fig. 6, B and C).
While lapatinib, which inhibits overexpressed EGFR and HER2 in
tumor cells (62), effectively prevented Dsg3 dissociation as previ-
ously reported, its efficacy declined when delivered vascularly, likely
due to off-target binding in dermal fibroblasts that also express wild-
type EGFR (72). Brigatinib, a dual ALK/EGFR inhibitor selective for
EGFR mutants (63), exhibited route-independent effects but relatively
lower efficacy in desmosome stabilization, owing to the weak affinity
to wild-type EGFR. Unexpectedly, osimertinib, a third-generation
EGFR inhibitor primarily targeting mutant EGFR forms, showed su-
perior treatment effects when injected via the built-in microvessel.
In this setting, the dermal matrix acted as a molecular sink, suggest-
ing a low-dose preference for osimertinib in stabilizing desmosomal
junctions. Although the mechanism remains unclear, supporting
evidence includes the following: (i) Osimertinib effectively regulates
receptor tyrosine kinase activity in keratinocytes, such as HaCaT,
despite its preference for EGFR mutations over wild types in cancer
treatment (73); and (ii) an animal study revealed a nonlinear V-shaped
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dose-response curve for EGFR inhibition in epidermal blistering
(12), with proteomic analysis of HaCaT cells linking osimertinib to
apoptotic signaling and DNA damage (74). These drug testing results
highlight the potential of our pathomimetic models for therapeutic
screening as well as optimization of agent dose and administration
strategies for PV treatment. Moreover, the route-dependent efficacy
of each therapeutic agent suggests that delivery of small-molecule
TKIs could move beyond the conventional oral route and be achieved
through advanced wearable devices, such as microneedle-array skin
patches, to enable precise, localized administration by topical or in-
tralesional means (75).

A key advantage of bioengineered organotypic models is their
ability to bridge the scalability of in vitro cell tests with the physio-
logical complexity of ex vivo and in vivo studies. We further demon-
strated their potential in high-throughput screening by integrating
ML-assisted automated analysis of skin model microsections. A k
value of >0.8 indicated near-perfect agreement between ML-driven
image texture analysis and the manual measurements of Dsg3-
containing desmosomal junctions using FWHM values (Fig. 6, D and
E), although inconsistencies in treatment efficacy evaluation were
detected. The current ML method examines entire fluorescence im-
ages slice by slice, whereas manual measurements focus on individual
junctions. Future improvements will optimize ML models by incor-
porating additional texture features linked to cell-cell adhesions.

Our organotypic tissue models closely mimic both prelesional and
perilesional skin in PV, including antibody-induced Dsg3 disruption.
However, an intraepidermal split, which leads to blister formation in
patient skin, did not fully develop. This may be attributed to several
factors. First, the 3D models underwent only a single cycle of AK23
antibody treatment, whereas in vivo, keratinocytes are chronically
exposed to autoantibodies. In addition, HaCaT cells often express
higher levels of Dsgl than normal human epidermal keratinocytes
(15), which may compensate for the loss of Dsg3 in desmosomal junc-
tions and prevent complete detachment of the epidermal layers. More-
over, tangential or lateral pressure within the tissue environment is
typically required to dislodge suprabasal layers in perilesional skin,
a clinical pemphigus feature known as the Nikolsky sign (76). Thus,
future improvements to model functionality could include adjusting
the dose or frequency of antibody treatments, replacing HaCaT cells
with primary keratinocytes, and applying controlled mechanical and/
or fluidic stress to the epidermis. While the current study primarily
examined acute-phase responses following PV antibody attack, the
organotypic model system could be further advanced, through opti-
mized long-term culture conditions and integration of in situ bio-
sensors for real-time monitoring, to more accurately recapitulate
cyclical healing and remission phases characteristic of chronic auto-
immune skin diseases.

While the current 3D constructs incorporate the three most es-
sential skin cell compartments, they do not yet fully replicate the
complexity and heterogeneity of native skin. Planned structural op-
timizations include the following: (i) expanding the vascular network,
transitioning from a uniaxial microvessel to a multiscale microcir-
culatory system via chemically guided sprouting angiogenesis, as
developed in our previous studies (30); (ii) enhancing epidermal
differentiation, establishing an air-liquid interface to promote corni-
fied layer formation (77) by refining the culture chamber design; (iii)
modeling local immune dysregulation, introducing PV-associated
immune cells, including CD4" T cells and B cells, through the built-
in vasculature to mimic their targeted infiltration and subsequent
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aggregation within the skin lesions; (iv) personalizing disease mod-
els, incorporating patient-derived keratinocytes and patient-specific
PV autoantibodies to more accurately capture individual disease
conditions and improve clinical relevance. The programmable strat-
egy developed here may enable the adaptation of varied culture con-
ditions to accommodate multiple primary cells.

In summary, we report a 3D bioprinting-mediated approach for
assembling hierarchical skin equivalents in vitro, aiming to bridge
gaps between conventional cell (co)cultures, experimental animal
models, and ex vivo patient tissue slices. These models were applied
to study PV pathomechanisms and test EGFR-targeted therapies,
emphasizing the critical role of molecular transport in disease phe-
notypes and therapeutic outcomes. The integration of programma-
ble model construction with ML-facilitated tissue analysis offers the
potential of high-throughput screening and repositioning therapeu-
tic agents. Together, these results establish a foundation for future stud-
ies to unravel autoimmune cascades and guide effective management
strategies. Moving forward, we will enhance the structural complex-
ity of the skin equivalent, model chronic disease progression, and
refine ML algorithms for ultrastructural analysis. In the longer term,
the pathomimetic system will be advanced to dissect PV signaling
and autoimmune cascades, while preclinical efforts will establish per-
sonalized testbeds for evaluating patient-specific therapies and as-
sessing innovative drug delivery devices.

MATERIALS AND METHODS

Cell maintenance

GFP-E-cad-HaCaT cells, prepared following a previously devel-
oped method (37), were cultured in Ca**-free DMEM (21068028,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum,
1% GlutaM AX, and 1% penicillin-streptomycin. HUVECs (C2519A,
Lonza) and HDFs (CC2511, Lonza) were maintained in EGM-2 Bul-
letKit (CC-3162, Lonza) and FGM-2 Fibroblast Growth Medium-2
BulletKit (CC-3132, Lonza). All cells were incubated at 37°C supplied
with 5% COa,.

Tissue culture chamber fabrication

Culture chambers were fabricated by casting polydimethylsiloxane
(PDMS; SYLGARD 184, Dow Inc.) into a customized mold 3D printed
using a PolyJet printer (Objet500 Connex 3, Stratasys). The workflow
is illustrated in fig. S1 (steps 1 to 6). A 1.5-inch-long (3.81-cm-long),
30-gauge needle was placed into the mold before pouring the PDMS to
template the inlet and outlet of the culture chamber. After curing, the
needle was removed from the mold. The resulting PDMS chamber was
then detached from the mold and bonded to an oxygen plasma-treat-
ed substrate (either a coverslip or a silicone sheet). All chambers were
sterilized by autoclaving before use.

Multicellular skin model biofabrication

The 3D tissue model was assembled from the bottom dermal matrix
to the top epidermal layers. The dermal bioink, consisting of HDFs
(10° cells/ml), fibrinogen (10 mg/ml; 341576, Millipore), aprotinin
(0.025 mg/ml; A4529, Millipore), thrombin (1 U/ml; T7009, Milli-
pore), and 10% (v/v) glycerol (G2025, Millipore) in Ca®’"-free DMEM,
was deposited into a PDMS culture chamber with a 1-inch-long
(2.54-cm-long), 30-gauge needle spanning the chamber (fig. S1, step
7). Upon gelation, an array of keratinocyte source droplets, containing
GFP-E-cad-HaCaT cells (10° cells/ml) encapsulated in the fibrin
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gel with the same formula as the dermal matrix, was bioprinted onto
the dermal layer (2-mm center-to-center spacing) using a custom-
ized 3D printer (30, 78, 79). Notably, we selected the Ca**-free culture
medium (residual calcium, 0.14 to 0.2 mM) to formulate bioinks
for a slower fibrin gelation, ensuring smooth bioprinting before noz-
zle clotting.

Following fabrication, the tissue construct was cultured in
DMEM-A for 10 to 14 days to allow self-organization of the epidermal
layers. The metal needle was then removed to create a microchannel
(fig. S1, step 8), which was endothelialized by HUVEC (107 cell/ml)
suspension. After overnight incubation, the microchannel was washed
with EGM-2 medium. Last, the culture chamber was transferred to
a 35-mm dish (FB012920, Thermo Fisher Scientific) for continued
tissue culture using EGM-2 (fig. S4). The culture medium was re-
freshed daily for an additional week.

3D matrix mechanical measurement

Matrix viscoelasticity was measured using a nanoindentor (iNano,
KLA) equipped with a 500-pum flat punch tip. Four indentations
were performed on each 3D matrix. The shear storage modulus (G”)
and loss modulus (G") were obtained at a frequency of 60 Hz and
10% indentation depth. The complex shear modulus (G*) was then
calculated using the following equation

G*=VG +G"”

Diffusional permeability test

The barrier function of the endothelium and dermal stroma in regu-
lating molecular diffusion was quantified by measuring the fluores-
cence intensity of 150-kDa FITC-dextran (74817, Sigma-Aldrich).
Culture medium (EGM-2) containing dextran (10 pg/ml) was per-
fused through the built-in microchannel at a flow rate of 1 pl/min
using a peristaltic pump (Reglo ICC 4-Channel, Ismatec) for 30 min.
Time-lapse images were captured at 3-min intervals using a fluores-
cence microscope (THUNDER Imager, Leica). Image fluorescence
intensity was quantified using Image] (https://imagej.net/ij/) with
the Fiji processing package (https://fiji.sc/). The diffusional perme-
ability coefficient (P;), was then calculated using the following

equation (80)
p= L (l=h)d
L-L\ t J4

where I is the average initial intensity, I, is the background intensi-
ty, I, is the average intensity at time ¢ (~30 min), ¢ is the elapsed time,
and d is the channel diameter.

PV induction and EGFR-targeted treatments

To induce desmosome disruption, AK23 (10 or 50 pg/ml; a PV anti-
body, D219-3, MBL Life Science) in EGM-2 medium was applied
either directly onto the epidermis or via the side medium reservoirs.
The latter allowed AK23 to diffuse through the endothelium and der-
mal stroma to reach the epidermal layers. EGFR-TKI treatments
(osimertinib: $7297, lapatinib: S2111, and brigatinib: $8229, Selleck)
were tested using both administration routes. Small-molecule agents
were prepared by diluting their dimethyl sulfoxide stock solutions
(1000x) in EGM-2 medium. Their efficacy in stabilizing desmo-
somal junctions was evaluated in the presence of AK23 (50 pg/ml)
directly applied to the epidermis. Treated skin models were incu-
bated on a rocking shaker (Rocker 2D, IKA) at 5 rpm with a 10° tilt
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for 24 hours before immunofluorescence assays. Details of the TKIs
used are listed in table S3. Guided by their pharmacokinetics, the
concentrations of osimertinib, lapatinib, and brigatinib were set at
0.126, 4.18, and 2.49 pM, respectively.

Immunofluorescence assays

Biofabricated skin constructs were visualized via whole-mount im-
munostaining. Skin models were fixed with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 2 hours, followed by
1 hour of permeabilization with 0.1% Triton X-100. Primary anti-
bodies were introduced in a solution containing 1% bovine serum
albumin (BSA) and glycine (22.52 mg/ml) in Dulbecco’s PBS with
0.1% Tween 20. After overnight incubation at 4°C, samples were
treated with secondary antibodies diluted in 1% BSA and incubated
at 4°C for another 24 hours. Before imagining, nuclei were stained with
DAPI. All samples were washed with PBS at least three times be-
tween each step described above.

Biofabricated tissues were also analyzed by staining cryosectioned
slices. Skin constructs were first embedded in optimum cutting tem-
perature compound within cryomolds and frozen in a cold isopen-
tane bath cooled with dry ice pellets. Frozen tissues were cryosectioned
at a thickness of 40 to 50 pm using a cryostat (CM1900, Lecia) at
—20°C. Tissue slices were then thawed and fixed with 4% PFA in PBS
for 10 min, followed by permeabilization with 0.1% Triton X-100 for
10 min and blocked for 1 hour. To visualize cell distribution and
expression, primary and secondary antibodies (table S4) targeting
individual biomarkers were sequentially applied to the slices. To as-
sess PV antibody deposition and desmosomal junction integrity in
the epidermis, slices from AK23-treated skin models were first incu-
bated with secondary antibodies (anti-mouse) for 1 hour. Subse-
quently, Dsg3 was stained using primary and secondary antibodies.
After DAPI staining, slices were mounted within ProLong Glass
Antifade Mountant (P36984, Thermo Fisher Scientific) before imag-
ing. The list of all primary and secondary antibodies used was pro-
vided in table S4. All frozen tissue samples were stored at —80°C

Fluorescence images were acquired using a tissue imager
(THUNDER Imager, Leica) or a confocal microscope (LSM800,
Zeiss) and analyzed with the Fiji processing package in Image]. The
stained area percentage of COL-I and a-SMA was quantified to as-
sess ECM deposition and HDF activation, respectively. AK23 fluo-
rescence intensity was used to indicate antibody penetration, while
the stained area ratio of AK23 to Dsg3 was calculated to evaluate
their colocalization.

Cell-cell junction width measurement using FWHM

The analysis method was adapted from our previous study with fur-
ther modifications (37). Briefly, a 10-pixel-thick reference line was
drawn across two adjacent cell nuclei on a captured tissue slice im-
age using ZEN blue software (ZEISS). Multichannel intensities, in-
cluding E-cad and Dsg3, and their relative positions along the
reference line were recorded and exported as Carl Zeiss Image files.
The data were then batch processed using a custom MATLAB script.
In the resulting 2D scatter plot of intensity (I) versus distance (X),
the maximum (Xy,ax) and minimum (X,,;,) distances corresponding
to the half-maximum intensity (Ihaif max) Were recorded. The differ-
ence between X.x and X, referred to as the FWHM, was calcu-
lated to represent the width of the cell-cell junction, as illustrated
in fig. S11.
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EGFR-TKI efficacy quantification based on individual
junction width

The efficacy of EGFR-TKI treatment was calculated on the basis of
the relative change of cell-cell junction width (FWHM value), com-
paring TKI-treated samples with healthy and PV controls, using the
following equation

FWHM g, - FWHMy,y,
FWHMyy — FWHM,,

X 100 %

Efficacy =

ML-assisted tissue slice analysis

Grayscale images of tissue microsections (red Dsg3 channel) were
analyzed using MATLAB toolboxes (Statistical and Machine Learn-
ing; Image Processing) to extract texture features. To capture local
textures, each image (512 pixels by 512 pixels) was subdivided into
sixteen 128 pixel-by-128 pixel subimages. To eliminate background
noise and cytosolic regions, subimages in which >80% of the pixels
had intensities below 5% of the maximum image intensity were ex-
cluded from further analysis. Texture features were quantified using
GLCM analysis. Specifically, correlation (measuring the dependen-
cy of pixel intensities over a defined distance) and SD (a measure of
variation in intensity values) were calculated for each subimage after
normalizing pixel intensities to the maximum value within the im-
age. The texture parameters for each tissue slice image were obtained
by averaging the corresponding values from all valid subimages.

To evaluate the therapeutic efficacy of EGFR-TKIs, a Random
Forest algorithm was implemented in R. The ML model included
300 decision trees and was optimized using a fivefold cross-validation
approach. Training and testing data consisted of texture parameters
extracted from two control groups: untreated healthy skin models
and PV models induced by topical application of AK23 (50 pg/ml).
Eighty percent of the dataset was allocated for model training, and
the remaining 20% was reserved for testing. The ML model achieved
over 80% accuracy in distinguishing between the two distinct model
types. Texture features from TKI-treated models were subsequently
input into the trained ML model to assess their classification relative
to the control groups. The list of sample sizes used for training and
treatment prediction in the ML-assisted analysis is provided in
table S1.

Statistical analysis

All data in plots and bar charts were presented as quantitative values,
shown as means + SD, unless otherwise stated in the figure captions.
Statistical analyses were performed and plotted using OriginPro.
Outliers were removed using the interquartile range method when
analyzing cell-cell junction width. Statistical significance between
two groups was calculated using Students f test. A P value less than
0.05 was considered statistically significant (*P < 0.05, **P < 0.01,
and ***P < 0.001). Cohen’s k was used to statistically assess the
agreement between automated and manual analyses.
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