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Detrimental Effects of IFN-g on an
Epidermolysis Bullosa Simplex Cell Model and
Protection by a Humanized AntieIFN-g
Monoclonal Antibody

Cedric Badowski1, Tong San Tan1,2, Teimur Aliev3, David Trudil4, Maria Larina5, Vistoria Argentova6,
Muhammad Jasrie Firdaus1,2,7, Paula Benny1, Vivien S.T. Woo1,8 and E. Birgitte Lane1,2,8
Epidermolysis bullosa is a group of severe skin blistering disorders, which currently have no cure. The pa-
thology of epidermolysis bullosa is recognized as having an inflammatory component, but the role of
inflammation in different epidermolysis bullosa disorders is unclear. Epidermolysis bullosa simplex (EBS) is
primarily caused by sequence variants in keratin genes; its most severe form, EBS generalized severe, is
characterized by aggregates of keratin proteins, and cell models of EBS generalized severe show constitutively
elevated stress. IFN-g is a major mediator of inflammation, and we show that the addition of IFN-g alone to
disease model keratinocytes promotes keratin aggregation, decreases cellecell junctions, delays wound
closure, and reduces cell proliferation. IFN-g exposure weakens the intercellular cohesion of monolayers on
mechanical stress, with IFN-getreated EBS monolayers more fragmented than IFN-getreated wild-type
monolayers. A humanized monoclonal antibody to IFN-g neutralized the detrimental effects on keratino-
cytes, restoring cell proliferation, increasing cellecell adhesion, accelerating wound closure in the presence of
IFN-g, and reducing IFN-gemediated keratin aggregation in EBS cells. These suggest that treatment with IFN-g
blocking antibodies may constitute a promising new therapeutic strategy for patients with EBS and may also
have ameliorating effects on other inflammatory skin diseases.
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INTRODUCTION
Epidermolysis bullosa simplex (EBS) is an inherited skin
fragility disorder caused by detrimental sequence variants of
keratin genes KRT5 or KRT14 (Bonifas et al., 1991; Coulombe
et al., 1991; Lane et al., 1992; reviewed in Porter and Lane,
2003). Mutation at the helix boundary motifs of the keratin
protein rod domain (e.g., keratin 14 [K14] R125C) results in
severe phenotypes such as EBS Dowling-Meara (now
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classified as EBS generalized severe), in which aggregates of
mutant keratin proteins have been observed in vivo (Ishida-
Yamamoto et al., 1991) and in cultured cells (Coulombe
et al., 1991). These aggregates are characteristic of severe
EBS (Anton-Lamprecht and Schnyder, 1982) and are less
prominent in milder forms of EBS, suggesting that the pres-
ence of aggregates is associated with the severity of the dis-
ease (Coulombe et al., 1991; reviewed in Lane, 1994; Letai
et al., 1993). Thus, reducing these keratin aggregates may
be a useful target step in developing an EBS therapy (Werner
et al., 2004).

Aside from the keratin defects that trigger the disease, EBS
and other forms of EB are known to be associated with
inflammation. Inflammation is a complex immunological
reaction triggered by tissue injury, infection, and a range of
other stresses. It involves several different immune cell types
that migrate, proliferate, and produce cytokines, ILs, and IFNs
in an orchestrated manner (reviewed by Schroder et al.,
2004). Studies have shown that serum samples from pa-
tients with dystrophic EB (a skin fragility disorder caused by
sequence variants in COL7A1 encoding collagen 7) contain
high levels of inflammatory molecules such as IL-1b, IL-2, IL-
6, IL-12, and IFN-g (Annicchiarico et al., 2015; Kawakami
et al., 2005). Patients with EBS also display higher systemic
levels of inflammatory mediators such as IFN-g, a cytokine
(type II IFN family) primarily secreted by NK cells, and acti-
vated T lymphocytes (reviewed by Castro et al., 2018),
although not as much as patients with dystrophic EB
(Annicchiarico et al., 2015).
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Figure 1. Characteristics of transfected model cell lines. (a) Expression levels of the transfected keratins GFP-K14 WT (normal) and GFP-K14 R125P (EBS

mutant) are similar in the two lines. GFP-tagged and endogenous (Endo.) K14 seen in cell lysates of subconfluent N/TERT-1 KCs stably expressing GFP-tagged

K14 WT or GFP-tagged K14 R125P. Actin as loading control (a similar but nonidentical immunoblot is shown in Tan et al. [2021] wherein these lines are

described.) (b) Fluorescence images of EBS KCs comparing GFP (transfected) fluorescence (left) with antibody staining (LL001) (right). EBS (GFP-K14 R125P)

keratin generates aggregates but also contributes to filaments of Endo. K14. (c) IFN-g treatment does not affect keratin filaments in WT KCs (subconfluent WT

KCs þ/e IFN-g [concentrations indicated] for 7 days). (d, e) EBS KCs � IFN-g (10 ng/ml) for 7 days show immunostaining of b-catenin. Arrows and arrowheads

indicate membrane and nuclear localization of b-catenin, respectively. Bar ¼ 50 mm. EBS, epidermolysis bullosa simplex; Endo., endogenous; K14, keratin 14;

WT, wild type.
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In this study, we show how inflammation may directly
exacerbate the EBS phenotype through the effect of IFN-g.
We show that IFN-g promotes formation of EBS generalized
severe mutant keratin protein aggregates and that IFN-g
exposure reduces cellecell adhesion, slows cell proliferation,
increases nondirectional cell migration, and delays wound
closure. IFN-g also compromises intercellular strength of EBS
keratinocyte (KC) monolayers and increases fragility of EBS
organotypic cultures on mechanical agitation. Finally, we
show that these detrimental biological effects of IFN-g can be
overcome if the action of IFN-g is neutralized by a human-
ized mAb to human IFN-g. Humanized antibodies therefore
represent potentially valuable therapeutic agents that could
be directly administered in patients with EBS and may pro-
mote the healing of existing blisters and reduce the occur-
rence of new ones.

RESULTS AND DISCUSSION
IFN-g promotes the aggregation of mutant keratin proteins
in EBS KCs

In view of the known link between EBS and skin inflam-
mation, we investigated whether inflammation could affect
the severity of the EBS phenotype. If so, then disrupting the
signaling pathway of IFN-g, a major mediator of inflam-
mation, might have therapeutic value. We used a human
EBS disease model KC cell line, N/TERT-1 GFP-K14 R125P
cells, which stably expresses a GFP-tagged mutant K14
JID Innovations (2022), Volume 2
R125P (referred to as EBS KC in this study), and compared
the cell line with a similarly generated cell line expressing
GFP-tagged wild-type (WT) K14 (i.e., N/TERT-1 GFP-K14
WT cells, referred to as WT KCs in this study). Figure 1
highlights some baseline characteristics of these trans-
fected cells in the context of the study. The EBS KCs ex-
press keratin aggregates in tissue culture, a classic hallmark
of severe EBS (Figure 2a), but after reaching confluence,
they progressively lose aggregates as they become quies-
cent (Common et al., manuscript in preparation). Using this
tissue culture disease model, we asked whether IFN-g itself
could have an effect on any of the phenotypic character-
istics that define EBS. Using a semiautomated image
analysis algorithm (Tan et al., 2021), we assessed keratin
aggregate formation in the presence and absence of human
recombinant IFN-g added to the culture medium. When
subconfluent EBS KCs were treated with IFN-g, the cells
retained abundant keratin aggregates for at least 7 days
(Figure 2a and b), that is, well beyond confluence. This
effect of IFN-g on keratin aggregation was significant at
concentrations from 10 ng/ml to 10 mg/ml compared with
that observed in untreated control (Figure 2b). IFN-g
treatment did not alter the keratin filament networks in WT
KCs (Figure 1c). From these experiments, we selected 10
ng/ml and 100 ng/ml IFN-g (which give significant
amounts of keratin aggregation) for subsequent experi-
ments. Postconfluent EBS KCs (from which keratin



Figure 2. IFN-g promotes aggregation of mutant keratin proteins in EBS KCs. (a, b) Subconfluent EBS KCs (before treatment) � IFN-g (10 ng/ml) for 7 days

(inverse grayscale). Bar ¼ 20 mm. (c, d) Two-day postconfluent EBS KCs � IFN-g (10 ng/ml) for 3 days (inverse grayscale). Bar ¼ 40 mm. Images segmented using

ImageJ algorithm scoring ROIs with (red) or without (yellow) aggs. (b, d) At least 300 cells per group counted in (a) and 1,800 cells per group in (c). Mean � SD

for n ¼ 3 per group. *P < 0.05 and ***P < 0.001 versus untreated group (ANOVA). (e, f) Immunoblotting shows phospho-Tyr701 STAT1, total STAT1, and K17

proteins in subconfluent WTand EBS cell lysates � IFN-g (concentrations indicated) for 5 days in (e) and in 2-day postconfluent WTand EBS cell lysates � IFN-g
(concentrations indicated) for 3 days in (f). Actin as loading control. (g, h) Ratios of densitometry values (phospho-STAT1/STAT1) obtained using ImageJ. Mean �
SD, (g) n ¼ 3 per group for (e), (h) n ¼ 2 per group for (f). *P < 0.05, **P < 0.01, and ***P < 0.001 versus untreated group; #P < 0.05 versus WT IFN-g (10 ng/ml)

group (ANOVA). agg, aggregate; d, day; EBS, epidermolysis bullosa simplex; K17, keratin 17; n.s., nonsignificant; ROI, region-of-interest; STAT, signal

transducer and activator of transcription; WT, wild type.
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aggregates had disappeared) were next exposed to IFN-g
for 3 days (Figure 2c), where we observed a reappearance
of keratin aggregates with increasing IFN-g concentrations.
This indicates a causative, although probably indirect,
relationship between IFN-g exposure and keratin aggre-
gates in EBS KCs (Figure 2d). Induction of keratin aggre-
gates by IFN-g suggests that IFN-g is likely to exacerbate
the disease phenotype of EBS.

IFN-g induces changes indicative of KC activation associated
with stress

On treating KCs with IFN-g (10 ng/ml) for 5 days, immuno-
blot analysis showed an increase in phospho-Tyr701 signal
transducer and activator of transcription (STAT) 1, which lies
downstream in the IFN-g inflammatory signaling pathway
(Platanias, 2005), in both WT and EBS KCs. IFN-getreated
EBS KCs showed a much higher level of phospho-Tyr701
STAT1 than IFN-getreated WT KCs, suggesting that EBS
KCs are stress primed or susceptible to intrinsic inflammation
(Figure 2e and g). Keratin 17 is a stress response keratin
known to be induced by IFN-g (Bonnekoh et al., 1995), and
as expected, this was also observed to be elevated by IFN-g
in both WT and EBS KCs (Figure 2e). However, in post-
confluent cells treated with IFN-g, phospho-Tyr701 STAT1
levels were not significantly different between WT and EBS
KCs (Figure 2f and h), possibly owing to fewer aggregates in
this postconfluent IFN-getreated mutant cells.

We investigated the mechanisms underlying the increased
mutant keratin aggregation induced by IFN-g treatment.
IFN-getreated EBS KCs were less densely packed, with
increased intercellular spaces in the cell sheet. In contrast,
untreated EBS KCs were able to grow to full confluence and
remained relatively compact, with few to no intercellular
spaces and very few keratin aggregates (Figure 3a). IFN-g
treatment of EBS KCs led to changes in cell shape, with cells
becoming less compact and more spread (Figure 3aec). This
was accompanied by changes in b-catenin distribution, with
a reduction in membrane localization and some nuclear
localization (Figures 3b and 1d and e), suggesting reduced
cell junctions and thus possibly weaker cellecell adhesion.
Desmoplakin immunostaining also appeared less focused at
the cell periphery in IFN-getreated EBS KCs (Figure 3c).
www.jidinnovations.org 3
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Figure 3. IFN-g treatment reduces cellecell adhesions in EBS KCs and leads to nondirectional migration. (a) Fluorescence and phase-contrast images of EBS

KCs � IFN-g (10 ng/ml) for 4 days. (b, c) EBS KCs � IFN-g (10 ng/ml) for 7 days show immunostaining of (b) b-catenin (some nuclear localization is indicated by

black arrow) and (c) desmoplakin I/II. Inset shows inverse grayscale of ROIs. Bar ¼ 20 mm. (d) Immunoblotting desmoplakin I/II and b-catenin proteins in

subconfluent WT and EBS cell lysates � IFN-g (concentrations indicated) for 5 days. Actin as loading control. (e, f) Sequential images and graphs of EBS KCs

closing a wound gap, � IFN-g (10 ng/ml) added 48 h before closure was initiated on removal of the silicone culture insert. 0 h shows initial wound gap, whereas

5e15 h show remaining wound gap. Bar ¼ 200 mm. Mean � SD, n ¼ 2 different fields within same wound gap. EBS, epidermolysis bullosa simplex; h, hour;

ROI, region-of-interest; WT, wild type.
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However, immunoblotting analyses revealed that both des-
moplakin I/II and b-catenin protein expression levels were
similar with or without IFN-g treatment (Figure 3d), sug-
gesting that IFN-g decreases cellecell adhesion by causing
redistribution of junction components within the cell
(Figure 3b and c), rather than by degrading proteins or
reducing their synthesis. These observed changes are in
keeping with a generalized stress-induced or wound-
induced activation of the KCs (reviewed by Freedberg
et al., 2001; Kirfel and Herzog, 2004; Singer and Clark,
1999).

Persistent inflammation is associated with ineffective
wound healing (reviewed by Eming et al., 2007), and there-
fore, wound-healing-analogous gap closure behavior was
investigated in this culture model. Using 2-chambered ibidi
silicone inserts with a removable central wall of consistent
width (ibidi, Gräfelfing, Germany), gap closure experiments
were carried out in the presence and absence of IFN-g. With
IFN-g, EBS KCs displayed slower and less effective gap
closure rates than EBS controls without IFN-g (Figures 3e and
f). IFN-getreated cells also consistently showed irregular
lateral and forward motion at the wound edges, with gaps in
the epithelial sheet appearing behind the advancing edge as
the cells stretched, plus some highly motile scattered cells
breaking away from the edges and moving randomly on their
own; this was indicative of a loss of directional cell migration
JID Innovations (2022), Volume 2
(Supplementary Movies S1 and S2) and less coherent move-
ment in wound healing.

IFN-g weakens intercellular cohesion of EBS KCs

From these results, it appears that under inflammatory con-
ditions induced by IFN-g, both EBS and WT KCs are likely to
be less adherent to each other than untreated KCs. If this
holds true in vivo, it will have significant consequences for
the mechanical resilience of the epidermis. Monolayers of
IFN-getreated EBS and WT KCs were therefore tested, spe-
cifically for their ability to maintain a coherent epithelial
sheet structure when subjected to mechanical stress, applied
as repeated rotational inversion. Both WT and EBS IFN-
getreated monolayers were more easily fragmented by this
mechanical stress than untreated ones, with the IFN-
getreated EBS monolayers being even more fragmented than
IFN-getreated WT monolayers (###P < 0.001) (Figure 4aec).
This confirms that the inflammatory state induced by IFN-g
exacerbates EBS KC sheet fragility in vitro (***P < 0.001)
(Figure 4c). Some loss of cohesion is also seen in the WT
cells, but the difference is less dramatic (**P < 0.01)
(Figure 4c). Preliminary experiments using three-dimensional
organotypic cultures also showed that on mechanical agita-
tion, IFN-getreated EBS organotypics showed evidence of
tissue breakdown in the lower cell layers of the stratified
epithelium, which was not seen in IFN-getreated WT



Figure 4. IFN-g weakens intercellular adhesion strength of KC monolayer. (a, b) Fragmentation of WT and EBS KC monolayers released by dispase treatment

(see Materials and Methods) after 50 rounds of rotational inversions. Yellow-outlined ROIs denote cell sheet fragments of at least 500 pixels area. Bar ¼ 10 mm.

(c) Quantitative data from WTand EBS monolayer � IFN-g (100 ng/ml) for 3 days after confluence, presented as average number of fragments. Mean � SD, n ¼
7e9 per group. ###P < 0.001 versus IFN-getreated WT group; **P < 0.01 and ***P < 0.001 versus untreated group (ANOVA). EBS, epidermolysis bullosa

simplex; No., number; n.s., nonsignificant; ROI, region-of-interest; WT, wild type.

Figure 5. IFN-g treatment reduces EBS cell proliferation and metabolic activity. (a) EBS KC growth curves of �IFN-g treatment (concentrations indicated) for 4

days. Mean � SD, n ¼ 2 per group. (b, c) Measurements of proliferative (phospho-histone H3 (Ser10)-positive) and viability/metabolism in WT and EBS KCs �
IFN-g treatment (concentrations indicated) for 7 days. Normalized absorbance values (against untreated group) presented as AU. Mean � SD, n ¼ 3 per group in

(b); n ¼ 9 per group in (c). ***P < 0.001 versus untreated group (ANOVA). (d) LIVE/DEAD assay on EBS KCs � IFN-g treatment (concentrations indicated) for 7

days. Calcein (green, live) and ethidium homodimer-1 (red, dead) staining. Bar¼ 40 mm. (e) Cell count (live and dead cells)/group. (f) EBS KC growth curves after

96 h IFN-g (10 ng/ml) treatment or with IFN-g wash-out and fresh medium replacement at 48 h. AU, arbitrary unit; EBS, epidermolysis bullosa simplex; h, hour;

n.s., nonsignificant; WT, wild type.
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Figure 6. IFN-g treatment reduces WT cell proliferation and delays wound closure. (a, b) Sequential images and graphs of WT KCs closing a wound gap, �
IFN-g (10 ng/ml) added 48 h before closure was initiated on removal of the silicone culture insert. 0 h shows initial wound gap, whereas 5e15 h show remaining

wound gap. Mean � SD, n ¼ 2 different fields from same wound gap. Bar ¼ 200 mm. (c) WT KC growth curves of � IFN-g (concentrations indicated) for 4 days.

Mean � SD, n ¼ 2 per group. (d) LIVE/DEAD assay on WT KCs � IFN-g (concentrations indicated) for 7 days. Calcein (green, live) and ethidium homodimer-1

(red, dead) staining. Bar ¼ 40 mm. (e) Cell count (live and dead cells)/group. (f) WT KC growth curves after 96 h IFN-g (10 ng/ml) treatment or with IFN-g wash-

out and fresh medium replacement at 48 h. h, hour; WT, wild type.
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organotypics or controls without IFN-g treatment (data not
shown). These results suggest that IFN-g constitutes a major
cofactor that increases the fragility of sheets of EBS KCs
in vitro.

IFN-g reduces EBS cell proliferation and metabolic activity

As previously reported, IFN-g, like other types of IFN,
actively reduces cell proliferation as part of an immune
antiviral response (Hattori et al., 2002; reviewed by Schroder
et al., 2004). IncuCyte (Essen BioScience, Ann Arbor, MI) live
imaging showed that cells treated with increasing doses of
IFN-g have lower overall cell coverage (% confluence)
(Figures 5a and 6c), even though we observed a concurrent
increase in the area covered by each cell (Figure 3aec), that
is, the total cell number is lower. Immunocytochemistry with
an antibody to phospho-histone H3 (Ser10), a known marker
of proliferation, showed a smaller population of mitotic cells
(Figure 5b). This also correlated with reduced cell prolifera-
tion indicated by growth curves (Figure 5a), which was found
to be reversible on wash-out of IFN-g; removing IFN-g after
48 hours of treatment restored proliferation of both EBS and
WT KCs (Figure 5f and 6f). Results from cell viability/meta-
bolism assays revealed that most of the IFN-getreated cells
were less metabolically active than untreated cells
(Figure 5c). LIVE/DEAD cell viability assays (Thermo Fisher
JID Innovations (2022), Volume 2
Scientific, Waltham, MA) showed that IFN-g treatment led to
between w3.5% (at 10 ng/ml) and w13.5% (at 100 ng/ml)
cell death (Figures 5d and e and 6d and e) in comparison to
w0.6% cell death in the untreated control cells. These
findings suggest that as well as the less effective gap closure
in these IFN-g treated cells (Figures 3e and f and 6a and b),
IFN-g also slows down cell proliferation and metabolic
activity.

Humanized IFN-g blocking antibody attenuates IFN-
geinduced mutant keratin protein aggregation

Skurkovich and Skurkovich (2007) previously tested IFN-g
blocking antibodies for treatment of skin disorders, including
dystrophic EB. We therefore investigated the effect of a
neutralizing mouse mAb to human IFN-g to improve the EBS
phenotype in culture. A mAb to IFN-g, known as F1, was
generated earlier (Larina et al., 2015), and this was success-
fully humanized without loss of affinity (patent pending). A
stable cell line producing the humanized antibody F1Hu2FA
was developed from the CHO DG44 cell line using fluores-
cent clone selection with several subsequent rounds of
dihydrofolate reductase/methotrexate gene amplification.
Antibodies were isolated from the culture supernatant using
Protein A affinity chromatography, yielding a homogeneous
monomeric form of IgG1 (referred to henceforth as HuMab)
(Figure 7a). The homogeneity of the F1Hu2FA antibody was



Figure 7. Purified humanized mAb to IFN-g does not affect cell physiology and directional cell migration. (a) Analytical size-exclusion chromatography of

affinity-purified antibody F1Hu2FA (HuMab) using Superdex 200-10/300 GL column. (b) SDS-PAGE (10%) of purified antibody: 1 indicates HuMab under

reducing conditions (b-mercaptoethanol), 2 indicates HuMab under nonreducing conditions, and M indicates molecular weight marker. (c) Binding activity of

HuMab for human IFN-g (ELISA). The chromogenic reaction was generated by the horseradish peroxidase conjugated with the secondary antibody specific to

the human kappa light chain of the humanized IgG, in the presence of 3,30,5,50-tetramethylbenzidine. (d) Subconfluent EBS KCs (before treatment) � HuMab

(10 mg/ml) or IFN-g (10ng/ml) treatment for 7 days (inverse grayscale). Bar ¼ 40 mm. Images segmented using CellProfiler scoring ROIs with (red) or without

(yellow) aggregates. (e) EBS KC growth curves of � IFN-g (100 ng/ml) or with HuMab (concentrations indicated) over 120 h. Mean � SD, n ¼ 2 per group. (f)

Sequential images of EBS KCs closing a wound gap, � HuMab (10 mg/ml) added 48 h before closure was initiated on removal of the silicone culture insert. Zero

h shows initial wound gap, whereas 5e15 h show remaining wound gap. Bar ¼ 200 mm. EBS, epidermolysis bullosa simplex; h, hour; mAU, milli arbitrary unit;

min, minute; OD, optical density; ROI, region-of-interest; WT, wild type.
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confirmed using analytical gel filtration (Figure 7b). The
ability of HuMab to bind human IFN-g in vitro was confirmed
by ELISA using increasing concentrations of HuMab
(Figure 7c).

We tested the effects of HuMab treatment on KCs in tissue
culture and showed that HuMab alone (up to 10 mg/ml) does
not interfere with basic EBS or WT KC physiology as seen by
the ability of cells to grow to full confluence and exhibit
directional cell migration (Figure 7def). We therefore
examined the ability of HuMab to neutralize the aggregate-
inducing activity of IFN-g. When added to the EBS disease
model cells together with IFN-g, HuMab protected the EBS
cells from showing the increased mutant keratin aggregate
formation that was seen on treatment with IFN-g alone
(Figure 8a). Different concentrations of HuMab were titrated
for effectiveness over 7 days on EBS KCs in the presence of 10
ng/ml IFN-g. We observed a doseeresponse relationship in
the number of cells with keratin aggregates; at 1 mg/ml
HuMab þ 10 ng/ml IFN-g, the detrimental effect of IFN-g
was greatly reduced (Figure 8b). A distinct decrease in
phosphorylated STAT1 (Tyr701) levels was observed in IFN-
getreated WT and EBS KCs when 5 mg/ml HuMab or 10 mg/
ml HuMab was also present (Figure 8c and d). A similar
downward trend was also observed in expression of stress
response keratin 17 over 5 days in both cell lines (Figure 8c).

IFN-g blocking antibody improves cellecell adhesion,
rescues cell growth, and accelerates wound closure in the
presence of IFN-g
HuMab was examined for its capacity to improve cell junc-
tions in EBS KCs. Treatment with HuMab restored b-catenin
and desmoplakin localization to the junctions of EBS KCs in
the presence of IFN-g, in parallel with a reduction of cells
with keratin aggregates observed (Figure 9a and b). This
relocalization of junction proteins to cellecell adhesions
could also be seen in WT KCs (Figure 10a and b). HuMab was
also tested for its ability to neutralize the cell coverage
reduction activity of IFN-g. In both EBS and WT KCs, it was
observed that cell coverage was restored almost to control
levels when these cells were simultaneously incubated with
both IFN-g and HuMab (Figures 9c and 10c). Blocking IFN-g
with HuMab also increased wound closure rates in culture,
and the speed of directional wound closure was restored to the
level seen without IFN-g (Figures 9d and e and 10d and e).
www.jidinnovations.org 7
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Figure 8. Humanized IFN-g blocking antibody attenuates IFN-geinduced mutant keratin protein aggregation and stress protein expression. (a) Subconfluent

EBS KCs (before treatment) � IFN-g (10 ng/ml) treatment or treatment with IFN-g þ HuMab (concentrations indicated) for 7 days (inverse grayscale). Images

segmented using CellProfiler scoring ROIs with (red) or without (yellow) aggregates. Bar ¼ 40 mm. (b) At least 10,000 cells per group counted. Mean � SD, n¼ 3

per group. ###P < 0.001 versus untreated group; **P < 0.01 and ***P < 0.001 for IFN-g þ HuMab (concentrations indicated) versus IFN-g alone group

(ANOVA). (c) Immunoblotting phospho-Tyr701 STAT1, total STAT1, and K17 proteins in WT and EBS cell lysates � IFN-g (10 ng/ml) or with IFN-g þ HuMab

(concentrations indicated) for 5 days. Actin as loading control. (d) Ratios of densitometry values (phospho-STAT1/STAT1) obtained using ImageJ. Mean � SD, n ¼
2 per group. EBS, epidermolysis bullosa simplex; K17, keratin 17; n.s., non significant; ROI, region-of-interest; STAT, signal transducer and activator of

transcription; WT, wild type.
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AntieIFN-g potential for reducing blistering of EBS skin

KCs with EBS-associated mutations in K14 or keratin 5 gene
K5 have been documented to show constitutive cell stress,
with heightened responses to secondary applied experi-
mental stress such as osmotic stress, heat shock, and scratch-
wound disruption (D’Alessandro et al., 2002; Liovic et al.,
2009; Morley et al., 2003). EBS KCs also show rapid
remodeling of keratin-desmosome systems in response to
mechanical stress (Russell et al., 2004). Although these fea-
tures are thought to be initiated by a stress response induced
by the misfolded mutant protein, the appearance of IFN-g in
serum and blister fluid of patients with EB (Annicchiarico
et al., 2015; Esposito et al., 2016) suggest that EBS
epidermis may secondarily be exposed to the elevated levels
of IFN-g, coming from immune cells stimulated by KC stress
signaling. The findings described in this study provide evi-
dence that elevated IFN-g is likely to be detrimental to the
course of the disease and may contribute to the observed
mechanical fragility of the skin of patients with EBS by trig-
gering changes associated with destabilization of cellecell
attachments. In patients with EBS, heightened levels of sys-
temic IFN-g may have significant effects on cellular cohesion
and tissue integrity in patients with EBS in vivo, exacerbating
the baseline stress differences arising from the EBS cells’
constitutive processing of misfolding keratin protein owing to
mutations. Thus, the inflammation-associated IFN-g would
JID Innovations (2022), Volume 2
increase the acantholysis observed in EBS epidermis and in-
crease the epidermal instability, raising the risk of mechanical
stresseinduced epidermolysis and skin breakdown.

Therapies aimed at reducing inflammation in patients with
EB are now emerging, for example, therapies based on IL-1b
suppression with anti-inflammatory molecules, for the treat-
ment of patients with EBS (Lettner et al., 2013; Wally et al.,
2013a). Clinical trials currently suggest that anti-
inflammatory molecules may be able to reduce the inci-
dence of skin blistering of patients with EBS in vivo (Wally
et al., 2013a). Treatment of patients with EBS generalized
severe with apremilast (blocking cyclic adenosine mono-
phosphate phosphodiesterase-4 and T-helper 1/T-helper 17
activation) was also reported to be effective (Castela et al.,
2019). Although the correlation between IL-1b and EBS dis-
ease has been studied in vitro (Lettner et al., 2013; Wally
et al., 2013b), little is known about the role and implica-
tions of IFN-g in EBS.

A therapeutic approach that aims to block IFN-g function
may therefore be a viable strategy for reducing skin fragility.
The antieIFN-g mAb described in this study is already hu-
manized and thus represents a potentially valuable thera-
peutic agent that could be directly administered in patients
with EBS, if an effective dose window can be identified that
does not produce harmful side-effects. Such immunotherapy
would be predicted to improve the skin condition of patients



Figure 9. Humanized IFN-g blocking antibody improves EBS cellecell adhesion, rescues cell growth, and promotes efficient wound closure in the presence of

IFN-g. (a, b) EBS KCs � IFN-g (10 ng/ml) or with IFN-g þ HuMab (concentrations indicated) for 7 days show immunostaining of (a) b-catenin (some nuclear

localization are indicated by black arrows) and (b) desmoplakin I/II. Inset shows inverse grayscale of ROIs. Bar ¼ 20 mm. (c) EBS KC growth curves of �IFN-g or

with IFN-g þ HuMab (concentrations indicated) over 148 h. Mean � SD, n ¼ 2 per group. (d, e) Sequential images and graphs of EBS KCs closing a wound gap,

� IFN-g (10 ng/ml) or with IFN-g þ HuMab (concentrations indicated) added 48 h before closure was initiated on removal of the silicone culture insert. 0 h

denotes initial wound gap, whereas 6e24 h show remaining wound gap. Bar ¼ 200 mm. Mean � SD, n ¼ 2 different fields within same wound gap. EBS,

epidermolysis bullosa simplex; h, hour; ROI, region-of-interest.
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with EBS by limiting skin blistering, alleviating pain associ-
ated with blisters, and promoting the healing of existing
blisters. Use of this mAb may also be efficacious for other
inflammatory skin diseases because our findings suggest it
would be worthwhile investigating HuMab applications for
inflammation in a wider context.

MATERIALS AND METHODS
Cells and culture

N/TERT-1 cells (gifted by JG Rheinwald, Harvard Medical School,

Boston, MA) (Dickson et al., 2000) were engineered to stably express

GFP-coupled WT (GFP-K14 WT) and mutant (GFP-K14 R125P) K14

as described elsewhere (Tan, 2012; Tan et al., 2016); in this study,

these are referred to as WT KCs and EBS KCs, respectively. Cells

were cultured at 37 �C in 5% carbon dioxide without fibroblast

feeder cells, using keratinocyte serum-free medium (KSFM; (Life

Technologies, Carlsbad, CA) supplemented with 25 mg/ml of bovine

pituitary extract, 0.2 ng/ml of human recombinant EGF, 0.4 mM of

calcium chloride, and 1% penicillin/streptomycin (Life Technolo-

gies) (Dickson et al., 2000). Cell lines were regularly checked for

mycoplasma infection whenever new vials were thawed and

cultured, using the MycoAlert PLUS Mycoplasma Detection Kit

(Lonza Bioscience, Basel, Switzerland).

IFN-g monoclonal antibody production and purification

For humanized monoclonal antibody production, CHO DG44 cells

stably producing recombinant humanized antibody F1Hu2FA
(HuMab) were cultivated in serum-free CD OptiCHO medium

(Thermo Fisher Scientific) supplemented with 6 mM GlutaMax

(Gibco, Waltham, MA) and 0.1% pluronic F-68 (Gibco) in spinner

flasks for 14 days. Recombinant F1Hu2FA antibody was purified

from culture medium using protein A affinity capture on HiTrap

rProtein A FF (GE Healthcare, Chicago, IL) 5 ml column. To verify

homogeneity of affinity-purified antibodies, we performed analytical

size-exclusion chromatography using Superdex 200-10/300 GL (GE

Healthcare) column. Purified HuMab antibody was buffer-

exchanged in PBS. Finally, the HuMab samples were sterilized

through 0.22 mm surfactant-free cellulose acetate membrane

(Corning, New York, NY). Sample concentration measurements were

performed using NanoDrop 2000 (Thermo Fisher Scientific).

Other antibodies

Other antibodies used were as follows: mouse mAbs used were anti-

K14 (Purkis et al., 1990), anti-desmoplakin (11-5F) (gifted by David

Garrod, The University of Manchester, Manchester, United

Kingdom), antieb-actin (clone AC-15, number A5441, Sigma-

Aldrich, St. Louis, MO), antieb-catenin (number ab16051, Abcam,

Cambridge, United Kingdom; clone 14, number 610153, BD Bio-

sciences, San Jose, CA), and antiekeratin 17 (number NCL-L-CK17,

Leica Biosystems, Richmond, IL); rabbit mAbs or polyclonal anti-

bodies used were antiephospho-STAT1 (Tyr701) (clone D4A7,

number 7649, Cell Signaling Technology, Danvers, MA), anti-STAT1

(clone D1K9Y, number 14994, Cell Signaling Technology), and anti-
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Figure 10. IFN-g blocking antibody increases WT cellecell adhesion, rescues cell growth, and promotes efficient wound closure in the presence of IFN-g.

(a, b) WT KCs � IFN-g (10 ng/ml) treatment or treatment with IFN-g þ HuMab (concentrations indicated) for 7 days show immunostaining of (a) b-catenin and

(b) desmoplakin I/II. Inset shows inverse grayscale of ROIs. Bar ¼ 20 mm. (c) WT KC growth curves of � IFN-g treatment or treatment with IFN-g þ HuMab

(concentrations indicated) over 148 h. Mean � SD, n ¼ 2 per group. (d, e) Sequential images and graphs of WT KCs closing a wound gap, � IFN-g (10 ng/ml) or

with IFN-g þ HuMab (concentrations indicated) added 48 h before closure was initiated on removal of the silicone culture insert. 0 h denotes initial wound gap,

whereas 6e24 h show remaining wound gap. Bar ¼ 200 mm. (e) Mean � SD, n ¼ 2 different fields within same wound gap. h, hour; ROI, region-of-interest; WT,

wild type.
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phospho-Histone H3 (Ser10) Antibody (clone MC463, number 04-

817, Merck Millipore, Burlington, MA); secondary antibodies used

were goat anti-rabbit IgG (HþL) Alexa Fluor 594 (number A-11037,

Thermo Fisher Scientific); goat anti-mouse IgG (HþL) Alexa Fluor

568 (number A-11031, Thermo Fisher Scientific); Anti-Mouse IgG

(HþL), HRP Conjugate (number W4021, Promega, Madison, WI);

and Anti-Rabbit IgG (HþL), HRP Conjugate (number W4011,

Promega); and antibody to human kappa light chain conjugated to

horseradish peroxidase was used in ELISA (kindly provided by Prof

PG Sveshnikov, Russian Research Center for Molecular Diagnostics

and Treatment, Moscow, Russia).
Indirect ELISA

Microtiter 96-well Maxisorp plates (Thermo Fisher Scientific) were

coated with 100 ml of 2.5 mg/ml recombinant human IFN-g
(PeproTech, London, United Kingdom) in 100 mM bicarbonate

buffer at pH 9.6 and temperature 4�C overnight. After blocking plates

with 3% BSA in PBS for 1 hour at room temperature, HuMab anti-

body samples diluted in blocking buffer were added to each well

and incubated at room temperature for 1 hour with shaking. After

washing, 100 ml of goat anti-human IgG (whole molecule)-

peroxidase conjugate (1:10,000 [v/v]; Sigma-Aldrich) were added

to each well and incubated at room temperature for 1 hour. Finally,

100 ml of 3,30,5,50-tetramethylbenzidine substrate (Immunotech,

Moscow, Russia) were added to each well and incubated for 10

minutes. The reaction was stopped by the addition of 50 ml of 10%
sulfuric acid. The optical density was measured at 450 nm in an
JID Innovations (2022), Volume 2
ELISA plate reader (Microplate reader 680, Bio-Rad Laboratories,

Hercules, CA).
Immunoblotting

WT or EBS cells seeded on 60-mm dish were washed in ice-cold

PBS, scraped, and collected in 1 ml of PBS. The cell suspensions

were then centrifuged at 9,000 r.p.m. for 5 minutes. The cell pellets

were resuspended in 100 ml of lysis buffer containing 20 mM Tris-

hydrochloride (pH 7.6), 140 mM sodium chloride, 5 mM EDTA,

1% (v/v) NP-40, and 0.5% (w/v) sodium deoxycholate supplemented

with cOmplete and Mini (EDTA-free) protease and phosphatase in-

hibitor cocktail tablet (Thermo Fisher Scientific) per 10 ml lysis

buffer. The cells were then lysed on ice for 15 minutes before being

separated by centrifugation at 16,000g for 15 minutes at 4 oC. The

supernatants were then homogenized through a QIAshredder col-

umn tube (QIAGEN, Hilden, Germany) by centrifugation at 9,000

r.p.m. for 5 minutes at 4 oC. Protein concentration of the superna-

tants was then determined by BCA assay (Thermo Fisher Scientific)

and standardized using BSA. SDS-PAGE and immunoblotting were

performed as previously described (Tan et al., 2021). Protein levels

were quantified from images of immunoblots using ImageJ software

(National Institutes of Health, Bethesda, MD) (Schneider et al.,

2012). Primary antibodies (sources aforementioned) were used at

the following dilutions: anti-K14 (LL001) (1:250), antiephospho-

STAT1 (1:1,000), anti-STAT1 (1:1,000), antieb-actin (1:5,000), anti-

K17 (1:20), anti-desmoplakin (1:1,000), and anti-b-catenin
(1:1,000). Secondary antibodies were used at the following
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dilutions: Anti-Mouse IgG (HþL), HRP Conjugate (1:1,000) and

Anti-Rabbit IgG (HþL), HRP Conjugate (1:1,000).

Immunostaining

WTor EBS cells seeded on glass coverslips were fixed with either 4%

paraformaldehyde (Sigma-Aldrich) in PBS for 10 minutes at room

temperature, permeabilized with 0.1% Triton X-100 for 10 minutes,

or fixed with ice-cold methanol in 4�C for 10 minutes. Cells were

blocked in blocking buffer (3% goat serum in PBS) before incubation

with primary antibodies overnight. Primary antibodies were used at

the following dilutions: anti-K14 (LL001) (no dilution), anti-

desmoplakin I/II (11-5F) (1:100), antieb-catenin (1:50), and Anti-

phospho-Histone H3 (Ser-10) Antibody (1:500). Cells were then

incubated with either goat anti-mouse IgG (HþL) Alexa Fluor 568

(1:500) or goat anti-rabbit IgG (HþL) Alexa Fluor 594 (1:500) anti-

bodies in the dark, followed by DAPI staining, with PBS washes in

between. All coverslips were mounted on glass-slides with hydro-

mount (Electron Microscopy Sciences, Hatfield, PA), with 2.5%

DABCO (1,4-diazabicyclo[2.2.2]octane) (Sigma Aldrich, St. Louis,

MO). Images were acquired on an inverted DeltaVision epifluor-

escence microscope, attached to a Photometrics CCD camera

(CoolSNAP HQ2) with a SEDAT filter set, or AxioImager ZI (Carl

Zeiss, Oberkochen, Germany) with Axio Cam 506 mono or an

inverted Axiovert 200M microscope (Carl Zeiss) that is equipped

with a Zeiss motorized Z-stage and postanalyzed using ImageJ

software.

IFN-g treatments

For subconfluent studies, 5 � 104 of either WT or EBS cells were

seeded on each well of a 24-well plate (Thermo Fisher Scientific).

After 72 hours, the cells were treated with human recombinant IFN-

g (Life Technologies) at concentrations 10 ng/ml to 100 ng/ml and

monitored over 7 days.

For postconfluent studies, 5 � 104 EBS cells were seeded on each

well of a 24-well plate). Cells were cultured for 2 days after

confluence until most keratin aggregates disappeared. Human re-

combinant IFN-g was added to triplicate wells at concentrations 10

ng/ml to 100 ng/ml and monitored over 3 days.

The cells were fixed in 4% paraformaldehyde for 10 minutes and

stained with Image-IT LIVE Plasma Membrane and Nuclear Label-

ling Kit following the manufacturer’s protocol (Thermo Fisher

Scientific).

High content imaging and semiautomated analysis

Fluorescent images of EBS cells with keratin aggregates were ac-

quired using the Olympus IX-81 high content screening inverted

microscope (Olympus, Tokyo, Japan), attached with a Marzhauser

Scan IM (120 � 100) motorized XY stage controlled by Ludl

Mac5000 and a Photometrics CCD camera (CoolSNAP HQ2) with

DAPI, EGFP, and TRITC filters. Fluorescent images were analyzed

with customized algorithms written with ImageJ software for

quantitative analysis of keratin aggregates in mutant cells (Tan

et al., 2021). Alternatively, these images were analyzed using

CellProfiler free open-source software (cellprofiler.org) to count

keratin aggregates in mutant cells. Briefly, a custom pipeline was

designed and applied to the images to identify three key features of

a cell: the nucleus, plasma membrane, and keratin aggregates.

These features are needed to determine the overall cell density

(nuclear count), cell boundary (plasma membrane), and the num-

ber of keratin aggregates (GFP-tagged K14 protein) present in each

cell identified within the cytoplasm. The CellProfiler software
calculates the average number of keratin aggregates per cell and

the percentage of cells containing keratin aggregates for each set of

fluorescent images.

Cell proliferation and viability assays

For cell coverage assays, 5 � 104 per well of WT or EBS cells were

seeded in 6-well plates (Thermo Fisher Scientific) and cultured at 37
�C and 5% carbon dioxide in IncuCyte. Cell coverage (%confluence)

was monitored every 2 hours by taking phase-contrast images at�10

magnification. After 72 hours, human recombinant IFN-g was added

at concentrations from 10 ng/ml to 100 ng/ml, and cells were

cultured for 8 days. Wash-out experiments were conducted on two

wells from each cell line at 48 hours after adding IFN-g: media from

one IFN-getreated well was replaced with fresh medium without

IFN-g, and fresh medium with IFN-g was added to the second well

of each cell line. The cells were further incubated in IncuCyte to

continue tracking cell coverage.

Proliferation was directly measured by phospho-histone H3

(Ser10) levels. Images of WTor EBS cells immunostained with rabbit

phospho-histone H3 (Ser10) antibody were acquired on an inverted

DeltaVision epifluorescence microscope and analyzed using ImageJ

software and Prism 9.0 (GraphPad Software, San Diego, CA).

For cell viability assays, 3 � 103 of either WT or EBS cells were

seeded in each well of a 96-well plate (Thermo Fisher Scientific).

After 72 hours, 10 ng/ml or 100 ng/ml of human recombinant IFN-g
was added to the wells, and the cells were incubated for another 7

days. After 7 days, cell viability/metabolism assay was performed

using Celltiter 96 AQueous One Solution Cell Proliferation Assay

(Promega) according to the manufacturer’s instructions. Briefly, 20 ml
of Celltiter 96 AQueous One Solution Reagent was added to each

well and incubated for 90 minutes. The absorbance was then

recorded in a 96-well plate reader at 490 nm, and statistical results

were analyzed using Prism 9.0.

For LIVE/DEAD assays, 5 � 103 of either WT or EBS cells were

seeded on each well of a 24-well plate. After 72 hours of seeding,

cells were treated with human recombinant IFN-g at concentrations

ranging from 1 ng/ml to 10 mg/ml for 7 days. After 7 days, cells were

subjected to LIVE/DEAD cytotoxicity kit according to the manufac-

turer’s instructions. Briefly, the wells were washed once with PBS,

before a solution containing 2 mM calcein AM, 1 mM ethidium

homodimer-1, and 1 mM Hoechst 33342 (Thermo Fisher Scientific)

in PBS was added to each well and cells were incubated for 45

minutes in the dark at room temperature. Fluorescent images in each

well were then acquired using the Olympus IX-81 high content

screening inverted microscope, and postanalyzed using ImageJ

software as previously described (Tan et al., 2021).

Wound healing assay (barrier removal)

Wound closure assay was done using a removable 2-chamber sili-

cone insert with a defined 500 mm cell-free gap, which was manu-

ally placed within each well of a 24-well plate. WTor EBS cells were

seeded onto the culture insert (ibidi) in 100 ml of KSFM per chamber,

and the outsides of the insert filled with cells. After 72 hours, the

KSFM medium was aspirated gently from the chambers and switched

to DF-K experimental medium (1:1 v/v of KSFM and DF-K medium,

which consist of equal volumes of DMEM and Ham’s F12 medium

containing 0.2 ng/ml of EGF, 1% L-glutamine, 25 mg/ml of bovine

pituitary extract, and 0.4 mM of calcium chloride) (Dickson et al.,

2000), containing either 10 ng/ml human recombinant IFN-g or

10 ng/ml human recombinant IFN-g þ HuMab (10 mg/ml). After 48

hours incubation, the silicone insert was removed using sterilized
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tweezers. The dishes were then imaged on an Olympus IX-83 live-

cell imaging inverted microscope (Olympus) in an enclosed cham-

ber at 37 �C and 5% carbon dioxide. Fluorescent and phase-contrast

images were acquired at �10 magnification and postanalyzed using

ImageJ software macro that derived the initial wound area between

two migrating fronts of the in vitro wound and the area of wound

region covered over time and presented as ratio of area covered-to-

initial wound area.

Dispase-based dissociation assay

Of either WTor EBS cells, 2 � 105 was seeded in 35-mm dishes and

grown to 100% confluence in KSFM medium before switching to

DF-K experimental medium (1:1 v/v of KSFM and DF-K medium,

which consist of equal volumes of DMEM and Ham’s F12 medium

containing 0.2 ng/ml of EGF, 1% L-glutamine, 25 mg/ml of BPE, and

0.4 mM of calcium chloride) (Dickson et al., 2000) containing either

100 ng/ml human recombinant IFN-g) or left untreated and incu-

bated for another 72 hours. After 72 hours incubation, the mono-

layers were washed with PBS and incubated in 2.4 U/ml Dispase II

(neutral protease, grade II) (F. Hoffmann-La Roche, Basel,

Switzerland) for 30 minutes at 37 �C. The detached monolayers were

carefully washed with PBS and transferred to 15 ml conical tubes

filled with 5 ml PBS. The tubes were attached to a rocker and sub-

jected to 50 inversion cycles. The fragments were then imaged using

a Chemidoc MP Imager with a green fluorescent filter (Bio-Rad

Laboratories). The number of fragments was quantitated on the basis

of a minimum size requirement using a batch processing macro

written with ImageJ as previously described (Tan et al., 2021).

Statistical analyses

Data analysis was performed by either unpaired Student’s t-test for

two groups or one-way ANOVA, followed by post hoc Tukey’s test

for multiple comparisons of at least three groups using Prism

9.0. P < 0.05 was considered statistically significant.
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