Combined PARP1-Targeted Nuclear Contrast and Reflectance
Contrast Enhance Confocal Microscopic Detection of Basal
Cell Carcinoma
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Reflectance confocal microscopy (RCM) with endogenous backscat-
tered contrast can noninvasively image basal cell carcinomas (BCCs)
in skin. However, BCCs present with high nuclear density, and the
relatively weak backscattering from nuclei imposes a fundamental
limit on contrast, detectability, and diagnostic accuracy. We investi-
gated PARPI-FL, an exogenous nuclear poly(adenosine diphosphate
ribose) polymerase (PARP1)-targeted fluorescent contrast agent, and
fluorescence confocal microscopy toward improving BCC diagnosis.
Methods: We tested PARP1 expression in 95 BCC tissues using
immunohistochemistry, followed by PARPi-FL staining in 32 fresh
surgical BCC specimens. The diagnostic accuracy of PARPi-FL con-
trast was evaluated in 83 surgical specimens. The optimal parameters
for permeability of PARPI-FL through intact skin was tested ex vivo
on 5 human skin specimens and in vivo in 3 adult Yorkshire pigs.
Results: We found significantly higher PARP1 expression and
PARPI-FL binding in BCCs than in normal skin structures. Blinded
reading of RCM-and-fluorescence confocal microscopy images by 2
experts demonstrated a higher diagnostic accuracy for BCCs with
combined fluorescence and reflectance contrast than for RCM alone.
Optimal parameters (time and concentration) for PARPI-FL transepi-
dermal permeation through intact skin were successfully determined.
Conclusion: Combined fluorescence and reflectance contrast may
improve noninvasive BCC diagnosis with confocal microscopy.
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Basal cell carcinomas (BCCs) occur with high incidence rates
of more than 4 million in the United States, Europe, and Australia
every year (/). Diagnosis is based on dermoscopy followed by biopsy
and histopathology. BCCs can manifest as superficial, nodular, infil-
trative, and micronodular subtypes (2). Although dermoscopy pro-
vides high sensitivity (80%—100%), the specificity remains low and
variable (32%-90%), particularly for lesions lacking distinct pigmen-
tation or vascular patterns (so-called pink lesions) (3—5). This lower
specificity leads to approximately 3—5 benign lesions being biopsied
for every detected malignancy, which translates to roughly 12-15
million biopsies annually (6). The specificity for BCC diagnosis
has recently been improved with reflectance confocal microscopy
(RCM).

RCM is a noninvasive high-resolution, label-free, quasihistopatho-
logic imaging technique that shows cellular-level morphology and
architecture in skin to a depth of 200 wm (7-9). RCM is based on the
detection of singly backscattered light from subsurface optical sections
(10-13). RCM detects BCCs with sensitivity of 76%-94% and specif-
icity of 54%-95% (14-16). When combined with dermoscopy, RCM
provides approximately 50% higher specificity, with a resulting
approximately 2-times drop in the benign-to-malignant biopsy ratio
compared with dermoscopy alone (/7-19). Although the use of RCM
has improved diagnostic accuracy at the bedside, the backscattered
contrast imposes a fundamental limit for BCC diagnosis. Because of
weak backscatter from intranuclear chromatin, nucleus-dense BCCs
appear dark relative to the surrounding dermis. But nucleus-dense nor-
mal structures (hair follicles, lower basal cell layer of epidermis) also
appear dark, thus mimicking BCCs (16,20). This limitation may be
overcome with an exogenous molecule-targeted fluorescence nuclear
contrast agent and fluorescence confocal microscopy (FCM) imaging.

PARPi-FL is a newly developed small-molecular (620 Da), poly-
(adenosine diphosphate ribose) polymerase (PARP1)-targeted
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fluorescent reporter (27). PARPi-FL is BODIPY-FL (Molecular
Probes) conjugated to the PARP inhibitor olaparib, possessing
the strong PARP1 specificity of olaparib (27,22) and the strong
fluorescence properties of BODIPY-FL, and has shown specific
nuclear labeling and tumor imaging (23,24). The Food and Drug
Administration accorded investigational-new-drug status to
PARPi-FL, and a phase I/II trial is in progress (NCT03085147)
for imaging oral cancers in patients (25,26). Higher intranuclear
accumulation in tumors, rapid tissue permeation (4.6 pm/s
(27)), safety, and detectability deeper in tissue makes PARPi-FL
attractive for BCC diagnosis.

However, for in vivo use in patients, 2 central questions must be
addressed: can the exogenous PARPi-FL nuclear contrast improve
diagnostic accuracy for BCCs, and can PARPi-FL be quickly and
effectively delivered transepidermally to BCCs in the dermis through
intact skin? We report the results of our investigation on PARPI
expression, PARPi-FL staining, and permeability in this article (Fig. 1).

MATERIALS AND METHODS

Sample Collection

PARP1 expression was investigated on formalin-fixed, paraffin-embed-
ded specimens. For experiments on PARPi-FL staining, surgically excised
fresh discarded BCCs and normal specimens were collected after Mohs

surgeries. For the permeability experiments, large (5 X 5 cm) specimens of
normal breast skin were collected at the end of mastectomies. All samples
were collected under various institutional review board—approved protocols.

PARP1 Expression in BCCs

Two adjacent thin (5 wm) formalin-fixed, paraffin-embedded sec-
tions were obtained for PARP1 immunohistochemistry and hematoxy-
lin and eosin (H&E) staining. PARP1 immunohistochemistry was
performed according to a previously described procedure (24). We
used an anti-PARP1 rabbit monoclonal antibody (46D11; Cell Signal-
ing Technology) at 0.4 ng/mL, followed by a biotinylated goat anti-
rabbit IgG (PK6106; Vector Labs) at a 1:200 dilution.

Quantification of PARP1 Expression
Immunohistochemistry-stained and H&E-stained sections were digi-
tally scanned (Aperio ScanScope Slide Scanner; Leica Biosystems).
BCCs and surrounding normal structures—hair follicles, sebaceous
glands, and epidermis—were annotated by a pathologist using different
color codes. PARP1 was quantified using the Aperio Positive Pixel
Count Algorithm (Leica Biosystems) (28). Thresholding was performed
on the diaminobenzidine PARP1-positive area, and total area was deter-
mined by hematoxylin-stained area. PARP1 positivity (integrated posi-
tive pixel area/total annotated area) was computed in each field of view.
Thresholds, hue, and saturation were kept constant for all specimens.

PARPi-FL Staining and Nuclear PARP1
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Summary of experiments undertaken in study. FFPE = formalin-fixed, paraffin-embed-

ded. FCM = fluorescence confocal microscopy; RCM = reflectance confocal microscopy.
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300/phosphate-buffered saline for 10 min, followed by 10 min in 30%
polyethylene glycol 300/phosphate-buffered saline) and imaged using a
benchtop research ex vivo RCM-and-FCM prototype microscope (Viva-
scope-2500; Caliber Imaging and Diagnostics) simultaneously in both
fluorescence (488 nm) and reflectance (785 nm) modes (Supplemental
Fig. 1B). RCM and FCM mosaicking to display up to a 12 X 12mm
field of view encompassing the entire tissue was performed and used for
the blinded study.

Blinded Reader Evaluation

The blinded reading study was performed by 2 expert confocal read-
ers. Training was on a subset of RCM and FCM mosaics with an equal
number of BCC-positive and BCC-negative cases (i.e., equal preva-
lence for BCCs and normal skin). Depending on the specimen size,
each mosaic was divided into either 2 or 4 submosaics to facilitate read-
ing. The diagnosis was evaluated both at a mosaic (case) level and at
an individual submosaic (quadrant) level. Both readers were provided
with matched RCM and FCM mosaics for each specimen. The RCM
mosaic was evaluated, followed by the matched FCM mosaic to com-
pare BCC diagnostic accuracy on RCM and with added PARPi-FL
contrast in RCM and FCM. Readers evaluated BCC presence or
absence, nuclear staining (on FCM), and overall diagnostic quality.
Blinded analysis results were compared with the corresponding H&E
results to compute sensitivity, specificity, positive predictive value, and
negative predictive value at a case level and a quadrant level.

Effect of PARPi-FL on Subsequent Histopathology

Normal and BCC tissues were bisected such that one piece was
immersed in PARPi-FL (1 wM) and the other in polyethylene glycol—
phosphate-buffered saline (control) for 30 min, respectively. Both
pieces were separately submitted in formalin for H&E histopathology
evaluation. Sections were digitally scanned and read in a blinded manner
by 2 pathologists to grade the staining quality of cytoplasm, nucleus,
and collagen; diagnostic acceptability or unacceptability; and BCC
presence or absence and subtype.

Permeability and Transepidermal Delivery in Ex Vivo Tissue
The mastectomy specimens were processed to remove adipose tis-
sue and blood without disrupting stratum corneum integrity. Tissues
were placed on a flat corkboard and gently wiped with an alcohol pad
(Webcol alcohol preps; Covidien) and allowed to dry. PARPi-FL was
applied topically on the stratum corneum using plastic and metal tem-
plates, which served as PARPi-FL reservoirs (Supplemental Fig. 1C).
Additionally, in some specimens, a PARPi-FL—saturated gauze (1
nM) followed by a Tegaderm patch (3M Medical) was pinned onto
the skin to maintain uniform pressure, to mimic topical application
and occlusion in vivo. Ranges of PARPi-FL concentrations (1-10
wM) and application times (10-30 min) were tested. After experiment
completion, a 5-mm punch biopsy (MediChoice biopsy punches;
Owens and Minor) was performed. Each biopsy sample was bisected
and dipped in Hoechst 33342 (Invitrogen) (diluted to 0.002 mg/mL in
chilled phosphate-buffered saline) for nuclear counterstaining. The
tissues were mounted on their lateral surface for imaging with a con-
focal microscope (Zeiss LSM880 system [X20/0.8 numerical aperture
[NA]]) using 405-nm (Hoechst 33342) and 488-nm (PARPi-FL)
wavelengths. The raw files were qualitatively visualized in FIJI.

Permeability and Transepidermal Delivery In Vivo

Topical application and permeability were tested in vivo in adult
female Yorkshire pigs obtained under a protocol approved by the in-
stitutional animal care and use committee. The pigs were anesthetized
using inhalational 5% isoflurane. An area of the flank approxi-
mately 46 cm (18 in) in length was selected, shaved, and gently
swabbed with ethanol. Any local irritation (confirmed visually)
from shaving was allowed to subside before PARPi-FL application.

914

Within this area, 2 sets of rows comprising 5 sites each were
marked for the well placement to deliver either PARPi-FL or saline
and to perform biopsies (Supplemental Fig. 1D). The application
sites were spaced 2 cm apart (edge-to-edge) to prevent cross contami-
nation. Each well (or template) (Everbilt; Home Depot Product
Authority, LLC) measured 0.95-cm (*/g-in) in diameter and was
attached to the selected site using an adhesive (Dermabond Advanced;
Ethicon US, LLC) in which 1 mL of 10 wM PARPi-FL or saline solu-
tion was left for 30 min. Subsequently, ten 8-mm punch biopsies were
performed on each pig. The biopsy samples were bisected; one piece
was submitted for H&E staining, and the other was promptly imaged
using the benchtop ex vivo RCM-and-FCM microscope (Vivascope-
2500; Caliber ID). The biopsy samples were processed for histo-
pathology.

Statistical Analysis

Analyses were conducted using Prism (version 8.0; GraphPad), Stata
(version 14.2; Stata Corp.), and R (version 2020; R Core Team) with
the “rel” package (29) to calculate agreement statistics and the “ggplot2”
package (30) to produce figures. Inferential unpaired-sample comparisons
were assessed by the Mann—Whitney U test. PARPI-FL intensity and
area positivity were converted by a natural log transform because the raw
data were right-skewed. Associations of transformed variables with clini-
cal outcomes were analyzed with receiver-operating-characteristic curves.
A blinded experiment was conducted to assess diagnostic accuracy using
RCM images and RCM-and-FCM images by 2 expert readers. Interrater
agreement on the presence of cellular-level features, diagnosis subtyping,
and binarized tissue quality assessments was quantified according to
Gwet ACI1 because of the high marginal imbalance in the sample, in
addition to overall percentage agreement. For the effect of PARPi-FL on
histopathology, agreement between pathologists was quantified according
to Gwet ACI. Statistical significance was determined with an « value of
0.05. Unless stated otherwise, data are presented as mean = SD, and
significance is specified.

RESULTS

PARP1 Expression in BCC and Normal Skin Structures

In 95 specimens, we found PARP1 expression in BCCs (the
superficial, nodular, infiltrative, and micronodular subtypes) and in
normal structures (Fig. 2A; Supplemental Fig. 2). Higher area posi-
tivity was observed in tumors (47.89% = 21.4), followed by hair
follicles, epidermis, and sebaceous glands (P < 0.001) (Fig. 2B).
The value of 0.927 for area under the curve (AUC) indicates suc-
cessful discrimination of tumor from normal areas on the basis of
PARPI area positivity (Fig. 2C).

PARPi-FL Staining and PARP1 Immunofluorescence in Thin
BCC Sections

In 32 thin BCC sections, PARPi-FL uptake in nuclei correlated
with PARP1 expression, confirmed by PARP1 immunofluorescence
(Figs. 3A and 3B; Supplemental Figs. 3A and 3B). The fluorescence
intensity and area positivity in 394 images (from 32 tissues) demon-
strated significantly higher intensity and area positivity in tumors
than in normal tissue (P < 0.01) with both imagewise and casewise
analyses (Fig. 3C; Supplemental Fig. 3C). Similar trends were
observed in nontransformed data (Supplemental Figs. 3D and 3E).
Area positivity differentiated tumor from normal tissue with higher
accuracy (AUC, 0.96) than did fluorescence intensity (AUC, 0.68)
(Fig. 3D).
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FIGURE 2. Expression of PARP1 is higher in BCCs than in normal skin structures. (A) Representa-
tive images of PARP1 expression show high expression in superficial, nodular, and infiltrative BCC,
as compared with epidermis, hair follicles, and sebaceous glands. (B) PARP1 area positivity in immu-
nohistochemistry samples (n = 95) shows significantly higher positivity in tumors. (C) Receiver-oper-
ating-characteristic curve to differentiate tumor from normal skin structures yields AUC of 0.83.

moderately better specificity in the RCM-
and-FCM images than in the RCM-alone
images (Figs. 4B and 4C).

Transepidermal Delivery of PARPi-FL
Through Intact Skin in Fresh Ex Vivo
Human Specimens

In 5 ex vivo normal mastectomy speci-
mens, we tested topical application of
PARPi-FL at various concentrations and
application times (Fig. 5). We detected
PARPi-FL staining in the nuclei of the
basal cells of the epidermis and dermal
cells, confirming successful permeability.
Optimal staining with high nuclear specific-
ity and intensity was observed for the 10 uM
PARPi-FL concentration when applied for
30 min. These parameters were selected for
in vivo testing in pigs.

Transepidermal Delivery of PARPi-FL in
an In Vivo Pig Model

In 3 adult Yorkshire pigs, we verified
PARPi-FL permeability in vivo in normal
skin after topical application of 10uM
PARPi-FL for 30 min (Fig. 6; Supplemental
Fig. 5). Positive nuclear staining in the epider-

PARPI-FL Staining for Improving BCC Diagnosis in an Ex Vivo mal basal cell layer was consistently observed in PARPi-FL-treated
Blinded Study sites and was absent from the control sites, confirming the permeability

In 83 fresh surgical specimens, PARPi-FL enhanced the visualiza-  and detectability of PARPi-FL after in vivo application. No significant
tion of small BCC tumors that otherwise were invisible in the corre-  histopathologic differences were noticeable between the PARPi-
sponding RCM mosaic, as confirmed on H&E-stained sections FL-treated and control groups (Fig. 6; Supplemental Fig. 6).

(Fig. 4A; Supplemental Fig. 4). Of the 166 RCM and FCM mosaics,
44 were used for training. The blinded evaluation was performed on

.. . . DISCUSSION
the remaining 122 mosaics; however, only cases with acceptable

diagnostic quality were analyzed. We found higher sensitivity and Our results suggest that the addition of exogenous PARPi-FL fluo-

x x
o S
x & &
& u &
z pr x
o o
o - E
g S
S C ).
x 2 -
o b=
[+ 4 k4 2
3 4
g cl LB
R £
£3 |
23
]
34
2 | e AUC1 (Average Intensity): 0.6853
= ‘B - . AUC2 (Area Positivity): 0.9661
% 2 . 2 P-value (AUC2-AUC1) <0.001
o 24
E 0.00 025 0.50 075 1
- 1-Specificity
= Area positivity === Average intensity
Tumor Normal Reference

FIGURE 3. Nucleus-specific PARPI-FL staining observed in BCC tissues. (A) Representative
images showing successful PARPI-FL nuclear staining in tumor and normal tissue. (B) PARPi-FL
nuclear uptake and spatial correlation with nuclear PARP1 in nucleated areas verified in high-
resolution images (X20). (C) Higher average intensity and area positivity in tumors than in normal
structures in casewise analysis (right) (P < 0.001 for percentage area positivity and imagewise inten-
sity). (D) Area positivity better discriminates tumor and normal tissue than does fluorescence inten-
sity (AUC, 0.96 vs. 0.68)

rescence contrast to endogenous reflectance
contrast improves noninvasive diagnosis of
BCCs. PARPI1 proved to be an excellent
biomarker; we found consistently higher
PARP1 expression in all BCC subtypes than
in normal skin structures. Across the 95
specimens investigated, 90% of BCCs had
homogeneous PARP1 staining, especially in
the superficial and infiltrative subtypes.
Some heterogeneous PARP1 expression was
observed in a few nodular BCCs (<10%),
specifically in the variants with nodular—
cystic changes and squamous differentia-
tion (Supplemental Fig. 2E).

We confirmed specific nuclear labeling
correlating with PARP1 expression in nucle-
ated tissue areas of tumors, basal epidermal
layers in epidermis, hair follicles, and seba-
ceous glands (Figs. 3A and 3B; Supplemen-
tal Figs. 3A and 3B). We used area positivity
and intensity parameters to quantitatively
confirm PARPi-FL nuclear fluorescence in
tumors, as compared with normal nucle-
ated structures—an issue that often con-
founds BCC diagnosis in vivo. Although
both parameters were higher in tumors,
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FIGURE 4. PARPI-FL contrast in FCM images improves BCC diagnostic accuracy over RCM
alone. (A) PARPI-FL contrast improves visualization of BCCs, as compared with RCM alone, as con-
firmed on H&E images. (B and C) Higher sensitivity in RCM-and-FCM images and moderate
increase in specificity found in blinded evaluation in both casewise and quadrantwise analysis.

PARPI-FL nuclear labeling, we demonstrated
that a combined imaging approach (RCM
and FCM) improved diagnostic performance,
especially sensitivity, when compared with
RCM alone. Surprisingly, we found minimal
improvements in specificity in the blinded
study. False-positives were more prevalent in
cases with smudged PARPi-FL staining,
possibly attributable to the variability in
tissue quality. Furthermore, ex vivo tis-
sues do not image as well as skin in vivo
(31-33), probably because of tissue dehy-
dration and alterations in refractive index
and optical properties. Differences in the
training of the 2 readers may have
impacted improvements in sensitivity and
specificity. We do not anticipate these tis-
sue-related issues during in vivo imaging
in patients (our ultimate goal). Thus, we
expect better results, in terms of both
higher sensitivity and higher specificity,
with use of RCM-and-FCM imaging,
when performed in patients through a
clinical trial.

The next critical issue that makes a con-

NPV = negative predictive value; PPV = positive predictive value.

only area positivity could successfully differentiate tumor from
normal structures with a high accuracy (Fig. 3D). We acknowl-
edge that none of these parameters would have utility in clinical
practice (as Hoechst 33342 or other nuclear dyes cannot be
applied on patients); however, PARPi-FL staining would enhance
the cellular and morphologic details that help aid an expert RCM
reader to differentiate BCCs from normal structures and improve
the diagnosis. This improvement was also demonstrated through
the blinded analysis performed by 2 expert RCM readers—an
analysis in which PARPIi-FL contrast, when combined with RCM,
boosted the diagnostic accuracy, as compared with RCM alone. In
general, nuclear staining was observed in most tissues; only 5 of
62 (8%) tissues had minimal or no nuclear staining in tumor or
normal structures. This finding was in contrast to PARP1 expres-
sion, with only 1.1% of specimens showing low or negative
expression. A higher rate of inconsistent nuclear staining could be
attributed to the delays in fresh tissue handling, since PARP1 can
rapidly degrade in excised tissues. Despite some heterogeneity in

trast agent suitable for topical application
is permeability through intact skin. We suc-
cessfully demonstrated that PARPi-FL can
passively diffuse through the stratum corneum after topical appli-
cation in ex vivo human tissues and in vivo pig skin. Skin is char-
acterized by a tightly and coordinately regulated molecular
transport system, which allows molecules with low molecular
weight (<500 Da) and lipophilicity (logP, 1-3) to permeate the
stratum corneum. Thus, the borderline molecular weight and lipo-
philicity of PARPi-FL (620 Da; logP, 2.9) makes it suitable for
topical application and transepidermal delivery. We found that
PARPi-FL at a 10 pM concentration and 30 min yielded consis-
tent labeling in nucleated cells throughout the epidermis into the
dermis in human and pig tissues. To deliver the dye, we attached
reservoirs to the skin; however, this delivery approach would not
be feasible in patients. Thus, to demonstrate clinical feasibility,
we also tested PARPi-FL permeability and detectability using a
saturated gauze (mimicking a nicotine patch) applied to the skin
under occlusion, which yielded similar results (Supplemental
Fig. 5), laying the foundation for developing a cream- or gel-
based formulation for topical application in clinics. Furthermore,
PARPi-FL application to the skin did not
influence the subsequent H&E staining of

1 pM: 10 min 5 pM: 10 min 10 pM: 10 min

tissue (Supplemental Fig. 6).

CONCLUSION

Higher PARP1 expression was found in
BCCs than in normal skin structures, allow-
ing specific PARPi-FL labeling in BCCs.
Enhanced contrast provided by PARPi-FL—

10 pM: 30 mi . . e
¢ - labeled nuclei leads to higher sensitivity

FIGURE 5. PARPI-FL successfully permeates through intact skin in ex vivo human tissue.
Increased nuclear labeling is found for longer periods; maximum labeling and intensity are found for

10 uM and 30 min.
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and specificity for BCC diagnosis with
RCM-and-FCM imaging than for RCM
imaging alone. PARPi-FL can be delivered
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KEY POINTS

QUESTION: Can PARPI-FL combined
with reflectance contrast improve detec-
tion of BCCs?

PERTINENT FINDINGS: Higher PARP1
expression and PARPI-FL staining were
confirmed in nuclei of tumor cells than in
normal skin structures. In a blinded
study by 2 readers, diagnostic accuracy
for BCCs was higher for combined
PARPI-FL and reflectance contrast than
for reflectance contrast alone. The per-
meability of PARPi-FL through passive
diffusion was also confirmed in human
skin and in vivo in pigs.

IMPLICATIONS FOR PATIENT CARE:
Improving noninvasive diagnosis will
directly impact clinical care and manage-
ment of BCCs by reducing benign biopsies

FIGURE 6. Successful PARPI-FL staining confirmed in vivo after topical application in live pig
model. Representative wide-field, FCM, and H&E images demonstrate positive nuclear staining in

and enabling nonsurgical management of
less aggressive BCC subtypes.

basal layer of epidermis in test image (PARPI-FL), with absence of nuclear labeling in control image.

into the dermis (1-10 pM, 10-30 min) after passive topical appli-
cation, suggesting promising potential for clinical use in patients.
However, staining was found to be heterogeneous in 8% of thick
specimens, suggesting that a combination of FCM with RCM may
be necessary for improving clinical diagnosis of BCCs in vivo in
patients.
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