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(2 NMSCs) versus the untreated arm (24 NMSCs).
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Introduction

Keratinocyte carcinomas, also known as nonmelanoma skin can-
cers (NMSCs), are the most common human neoplasm (1, 2).
Though rarely lethal in immunocompetent populations, NMSCs
and precursor actinic keratosis (AK) lesions are associated with
considerable morbidity, and treatment often incurs a high eco-
nomic impact (3). In contrast, NMSCs (especially squamous cell
carcinomas) cause considerable mortality in immunodeficient
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BACKGROUND. The loss of insulin-like growth factor 1 (IGF-1) expression in senescent dermal fibroblasts during aging

is associated with an increased risk of nonmelanoma skin cancer (NMSC). We tested how IGF-1 signaling can influence
photocarcinogenesis during chronic UVB exposure to determine if fractionated laser resurfacing (FLR) of aged skin, which
upregulates dermal IGF-1levels, can prevent the occurrence of actinic keratosis (AK) and NMSC.

METHODS. A human skin/immunodeficient mouse xenografting model was used to test the effects of a small molecule
inhibitor of the IGF-1 receptor on chronic UVB radiation. Subsequently, the durability of FLR treatment was tested on a cohort
of human participants aged 65 years and older. Finally, 48 individuals aged 60 years and older with considerable actinic
damage were enrolled in a prospective randomized clinical trial in which they underwent a single unilateral FLR treatment of
one lower arm. Numbers of AKs/NMSCs were recorded on both extremities for up to 36 months in blinded fashion.

RESULTS. Xenografting studies revealed that chronic UVB treatment with a topical IGF-1R inhibitor resulted in a
procarcinogenic response. A single FLR treatment was durable in restoring appropriate UVB response in geriatric skin for at
least 2 years. FLR resulted in sustained reduction in numbers of AKs and decreased numbers of NMSCs in the treated arm

CONCLUSION. The elimination of senescent fibroblasts via FLR reduced the procarcinogenic UVB response of aged skin. Thus,
wounding therapies are a potentially effective prophylaxis for managing high-risk populations.

FUNDING. National Institutes of Health, Veterans Administration.

populations, particularly solid organ transplant recipients (4). It is
accepted that advanced age and UVB wavelengths found in sun-
light are the primary risk factors for acquiring NMSC and AK (5, 6).

Recent data have led to a new paradigm to explain the role
of aging in NMSC carcinogenesis (7). The appropriate response
of keratinocytes to acute UVB exposure is to avoid cellular rep-
lication in the presence of continuing UVB-induced DNA dam-
age. In contrast, aged keratinocytes exhibit an inappropriate
UVB response in which cellular replication occurs despite the
persistence of DNA damage. The inappropriate UVB response in
aged keratinocytes is due to an increased presence of senescent
fibroblasts in geriatric dermis, which results in the silencing of
insulin-like growth factor 1 (IGF-1) expression in the skin (8). This
finding is supported by documented differences in senescent
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Figure 1. Inhibition of the IGF-1IR on human skin leads to phenotypic UVB-induced hyperproliferative lesions in the skin. Human skin obtained from
discarded abdominoplasty surgeries was grafted onto immunodeficient mice (11). The human skin was topically treated with vehicle or 20 uM AG538, a
small molecule inhibitor of the IGF-1R. Thirty minutes after treatment, the mice were irradiated with 700 J/m? of UVB, 5 days a week for 20 weeks (AG538
was applied twice a week before UVB irradiation). Representative H&E images of the human skin. Scale bars: 50 um. Note: the scale bar in the chronic
UVB AG538 treatment group (lower right) is much smaller than the other 3 images.

fibroblasts and IGF-1levels between participants aged 65 and old-
er versus younger counterparts (8). Moreover, aged skin responds
to acute UVB treatment such that geriatric basal keratinocytes
coexpress the proliferation marker Ki67 as well as UVB-induced
thymine dimers, a finding not seen in participants aged young-
er than 30 years. Furthermore, this abnormal response to acute
UVB is reversed by either exogenous dermal injections of IGF-1
or wounding of skin to upregulate IGF-1levels (8-10).

The appropriate UVB response, by which IGF-1receptor (IGF-
1R) activation protects against keratinocyte malignant transfor-
mation, has been shown to occur through at least 3 distinct mech-
anisms. First, IGF-1R activation on keratinocytes upregulates
the expression of multiple DNA repair enzymes (11). Second, the
transient suppression of DNA synthesis following UVB, under-
stood to be a protective mechanism to allow the cell to repair
damaged DNA before proliferation, is mediated by IGF-1 (12).
Finally, IGF-1R activation promotes senescence of proliferating
basal keratinocytes which cannot repair DNA damage, a process

:

that protects the body against cells with fixed mutations (8). Thus,
aging results in a deficient activation of the IGF-1R in epidermal
keratinocytes due to diminished IGF-1 expression from dermal
sources, causing an inappropriate UVB-response in these cells
and leading to proliferation of these keratinocytes containing
DNA damage (Ki67+:thymine dimer+ basal keratinocytes), which
ultimately leads to photocarcinogenesis.

Consistent with this new paradigm that fibroblast senescence
expressing decreased levels of IGF-1 underlie these procarcino-
genic effects, wounding of geriatric skin with dermabrasion or
fractionated laser resurfacing (FLR) removed senescent fibro-
blasts, increased IGF-1 levels to those found in young adult skin,
and normalized acute UVB responses (9, 10). However, these pre-
vious studies only treated a small area (~5 x 5 cm) of either fore-
arm or buttock skin in 65-year-old or older volunteers and only
examined responses at 3 months after wounding. The safety, effi-
cacy, and durability of a single treatment with ablative fractionat-
ed resurfacing laser on forearm/dorsal hand in aged individuals

J Clin Invest. 2021;131(19):e150972 https://doi.org/10.1172/)CI1150972
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ticipants underwent FLR to one
extremity was initiated, with the
outcomes being AKs and NMSCs.
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Results

Aging of human skin in vivo leads
to UVB-induced epidermal hyper-
plasia  and  photocarcinogenic
initiation. Murine models have
been extremely valuable in pho-
tocarcinogenesis studies (13).
However, important differenc-
es in the expression pattern of
IGF-1 in human and mouse skin
render normal UVB mouse pro-

® DVSO tocols unworkable in examining

® AG538 our model system (14). Unlike
° human keratinocytes, IGF-1 is
®

abundantly expressed in murine
epidermis by keratinocytes (14).
In contrast, the major source of
IGF-1 for human Kkeratinocytes
is stromal tissue, predominantly
dermal fibroblasts. Therefore,
to test the role of IGF-1R signal-
ing in the chronic UVB respons-
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Figure 2. Hyperproliferation of human epidermis induced by UVB is exacerbated by inhibiting the IGF-1R.
Human skin obtained from discarded abdominoplasty surgeries was grafted onto immunodeficient mice and
treated as described in Figure 1. These results were obtained from 3 biological replicates, each time containing
groups of at least 4 mice per treatment. (A) Representative sections of human skin xenografts were stained
with antibodies to the proliferation marker Ki67 (SP6 clone) and nuclei identified by DAPI staining. (B) Sections
of skin stained with H&E were digitized and the area of the epidermis and length of the basement membrane
were determined using Nikon Elements software. The relative thickness of the epidermis was then determined
by dividing the area by the basement membrane length. Average areas indicated by black bars and standard
deviation represented by gray boxes (OMSO no UVB, 8 images; DMSO chronic UVB, 12 images; AG538 no UVB,
7 images; AG538 chronic UVB, 16 images). (C) Sections of human skin stained with 0-Ki67 as in € were imaged
and quantified for Ki67(+) cells using Nikon Elements software. Black bars indicate averages and gray boxes
represent the standard deviation of counts from 5 images (no UVB controls), 20 images (DMSO, chronic UVB), or
32 images (AG538, chronic UVB). P values shown derived from 2-tailed Student t test. The absence of P values

indicates a lack of statistically significant difference between data shown.

with multiple AKs at high risk for NMSC is at present unknown.
Furthermore, previous studies have demonstrated the potential
for increased susceptibility to the development of skin cancer due
to the inactivation of IGF-1R signaling, but it has not been clearly
demonstrated. To that end, the overall goal of the current studies
is to define the role of dermal fibroblast senescence with concom-
itant loss of IGF-1 in photocarcinogenesis. First, we used what we
believe is a novel xenografting model to assess the effect of mim-
icking aged human skin using a topical IGF-1R inhibitor on chron-
ic UVB responses. Next, the long-term effects of FLR on geriatric
skin IGF-1 levels and acute UVB responses were assessed. Final-
ly, a randomized prospective clinical trial where high-risk par-

J Clin Invest. 2021;131(19):e150972 https://doi.org/10.1172/JC1150972

- - es in vivo, we used a validated
No UVB Chronic UVB .
human skin xenograft model
(Figure 1, Figure 2, Figure 3, ref.
11, and Supplemental Figure 1;
supplemental material available
online with this article; https://
doi.org/10.1172/JCI150972DS1)
using immunodeficient mice. To
simulate the silencing of IGF-1R
signaling seen in geriatric human
skin in this model, some of the
xenografts were topically treated
with a small molecule inhibitor of
the IGF-1R, AG 538 (8). Chronic
sun exposure was approximated
by irradiating the xenografted
mice 5 times a week with 700
J/m?2of UVB (close to 2 MEDs) for
20 weeks. As expected, control
human skin xenografts treated with the DMSO vehicle and chron-
ic UVB exposure displayed increased undulation of the rete ridges
and mild epithelial hyperplasia when compared with xenografts
from unirradiated animals. In contrast, chronic UVB irradiation
of human skin xenografts treated with the IGF-1R inhibitor yield-
ed hyperplastic epidermal tissue with histological features of AKs
(Figure 1). Furthermore, increased keratinocyte proliferation (as
denoted by Ki67* cells) as well as nests of p53-positive keratino-
cytes were observed only in human skin treated with the IGF-1R
inhibitor and chronic UVB (Figure 2 and Figure 3).
We also noted increased numbers of senescent fibroblasts in
the papillary dermis of skin treated with our UVB source (9), which
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was accentuated in AG538-treated skin (Supplemental Figure 2).
Histologic assessment by of hematoxylin and eosin-stained slides
(supplemented by slides stained with antibodies to Ki67 or p53)
by dermatopathologists in blinded fashion revealed features con-
sistent with premalignant AK only in the chronic irradiated skin
treated with IGF-1R inhibitor. These findings provide support for
the concept that human skin lacking IGF-1R signaling responds in
a procarcinogenic manner to UVB.

Durability of wounding response in aged skin in vivo promoting
the appropriate UVB response. Previous studies by our group have
documented that aged skin treated with either dermabrasion or
FLR results in a decreased proportion of senescent fibroblasts,
increased levels of IGF-1 mRNA, and normalization of the procar-
cinogenic response of Ki-67*/TD* basal keratinocytes at 3 months
following the wounding therapy (9, 10). To define the durability of
this response, we conducted a randomized clinical trial by recruit-
ing groups of volunteers with nondiabetic Fitzpatrick skin types I
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Figure 3. Inhibition of the IGF-1R

on human skin leads to phenotypic
UVB-induced malignant lesions in the
skin. (A) Representative sections of
human skin xenografts were stained
with antibodies to both Ki67 (green)
and p53 (red; DO-7 clone). (B) Sections
of human skin stained with a-p53
were imaged and quantified for p53*
cells using Nikon Elements software.
Black bar indicates the average and
gray boxes represent the standard
deviation of counts from 5 images

(no UVB controls), 20 images (DMSO,
chronic UVB), or 31images (AG538,
chronic UVB). P values shown are
derived from 2-tailed Student t test.

and II, age 65 and older, and treated a 5 x 5 cm area of either the
dorsal forearm (sun-exposed) or hip/buttock (sun-protected) skin.
The study was conducted between April 2014 and May 2017. For
demographic details of the participants, see Supplemental Table
1. FLR treatment of geriatric skin in vivo led to a decrease in the
number of proliferating keratinocytes containing UVB-damaged
DNA (increasing the appropriate UVB response, Figure 4, A and B)
following acute UVB exposure as compared with control skin and
a corresponding increase in the expression of IGF-1 mRNA (Figure
4C) in FLR-treated geriatric skin. The responses were similar at
both 1 and 2 years after wounding, indicating that the wounding
response resulted in a stable long-term dermal effect.

FLR treatment removes existing AKs and prevents the occurrence
of de novo AKs. Aged (= 60 years old) participants were enrolled in
a randomized prospective clinical trial to test the effect of FLR on
AK development between January 2018 and April 2021 (Figure 5).
Due to the demographic limitations of a Veterans Administration

J Clin Invest. 2021;131(19):e150972 https://doi.org/10.1172/)CI1150972


https://www.jci.org
https://doi.org/10.1172/JCI150972
https://www.jci.org/articles/view/150972#sd
https://www.jci.org/articles/view/150972#sd
https://www.jci.org/articles/view/150972#sd

The Journal of Clinical Investigation

CLINICAL MEDICINE

Figure 4. FLR leads to lasting protection from inappropriate
UVB responses in geriatric skin. At 1 (A) or 2 (B) years follow-
ing treatment with FLR to localized areas of skin, geriatric
volunteers were UVB irradiated at the site treated with FLR and
at an untreated control site. Biopsies were removed 24 hours
after UVB exposure and assayed for the presence of basal layer
cells that expressed both the proliferative marker Ki67 and
markers of UVB-induced DNA damage (thymine dimers [TDs];
clone KTM53). In A and B, each dot represents a participant
and lines between the No Txt and FLR columns indicate results
from the same volunteer. Solid dark lines indicate the mean.
Ten participants were analyzed for either 1year or 2 years after
FLR. FLR-treated sites demonstrated a significant reduction

in double-labeled cells compared with untreated sites (P <
0.007, Student t test) at both 1and 2 years after FLR. (C) The
relative level of IGF-1 mRNA in each biopsy was determined by
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QPCR, standardized using the expression of the housekeeping
gene B2-microglobulin. The black bar indicates the average and
gray boxes represent the standard deviation of assays from 11
individuals (1year after FLR) or 9 individuals (2 years after FLR).
P values shown are derived from 2-tailed Student t test.

1 year after FLR 2 years after FLR

dermatology clinic, only 1 female and 47 male participants were
enrolled. Inclusion criteria included existing actinic damage to
wrists and forearms, and having a minimum of 5 AKs present on
each arm. As shown in Figure 6A, one arm was randomly chosen
for FLR treatment from the elbow extending on the dorsal surface
to the metacarpal-phalangeal joint. Prior to FLR treatment, the
number and location of AKs on each arm was recorded. The num-
ber of AKs on FLR-treated arms was not significantly different than
the number of AKs on untreated arms (treated arms: 7.64 + 3.5 AKs
versus untreated arms: 6.26 * 2.9 AKs). Though the treatments
resulted in significant levels of wounding (Figure 6B), minimal dis-
comfort and no scarring was noted in the participants. Side effects
from laser treatment were obtained by self-report. Pain, crusting,
and epidermal change all resolved within 2 weeks following treat-
ment. Erythema resolved within 1 month following treatment.

Participants were examined at 3 months following FLR treat-
ment and every 6 months thereafter. The number and location
of each AK was documented and lesions suspected of malignant
transformation were excised and submitted to dermatopathology
for diagnosis. Table 1 contains demographic data on the partici-
pants and the medical history of previous skin cancer diagnoses.
This is an ongoing study, and the number of return visits by partic-
ipants is shown in Table 1. We previously reported outcomes for 30
of these participants at 3 and 6 months following FLR treatment
(15). Subsequent to that report, 18 additional participants were
recruited to the study.

J Clin Invest. 2021;131(19):e150972 https://doi.org/10.1172/JC1150972

To determine the effectiveness of FLR in reducing the occur-
rence of AKs, the ratio of the number of AKs documented on
FLR-treated arms to the numbers of AKs on untreated arms was
determined (Figure 6C). This ratio, determined before FLR treat-
ment on day O (1.32), reflects the randomness of AKs occurring on
each extremity (equal numbers of AKs on each arm would yield
a ratio of 1.0). There was a slight bias for development of AKs on
the left arm (7.3 AKs) versus the right arm (6.5 AKs), but this differ-
ence was not statistically significant (P = 0.09, Student ¢ test). At
3 months after FLR treatment, the ratio of AKs on treated versus
untreated arms was reduced 4 fold (P = 1.7 x 102, Student ¢ test).
Throughout the current 36-month follow-up period, the ratio has
been maintained; in fact, none of the ratios determined at 3, 6, 12,
18, 24, 30, or 36 months after FLR are significantly different. As
described in our first report on this cohort, these data indicate that
FLR is an effective treatment for existing AKs (15). However, our
model predicts that FLR treatment will also prevent the occurrence
of new AK lesions. Two separate analyses were used to model the
initiation of new AK lesions. Figure 6E represents data on the 20
participants observed thus far at 30 months after FLR treatment.
On day 0, the red (untreated) and blue (FLR-treated) data points
are interspersed equally, reflecting the randomness of AK occur-
rence. However, subsequent data points reflect a segregation of AK
occurrence dependent on FLR treatment. If the slope of each set
of individual data points is determined, a positive slope indicates
increasing numbers of AKs over time, while a negative slope spec-
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ference in the numbers of AKs in their
initial screening (Supplemental Figure
4A). Of interest, there was no difference

Excluded (n =0)
Not meeting inclusion criteria (n = 0)
Refused to participate (n=0)

Other reasons (n = 0)

in how the participants forced to with-
draw from the study due to excessive
AKs on their untreated arms responded
to FLR treatment when compared with

4| Patients randomly assigned (n = 48) |

the participants still actively enrolled in
the study. These participants were then
treated with field therapy of topical
5-fluorouracil cream or topical photo-

Allocated to intervention (n = 48)
Received allocated intervention (n = 48)

Did not receive allocated intervention (n = 48)

Each subject received treatment on one arm
and no treatment on the other arm

Allocated to intervention (n = 48)
Received allocated intervention (n = 48)

Did not receive allocated intervention (n = 48)

Each subject received treatment on one arm
and no treatment on the other arm

dynamic therapy.

FLR treatment reduces the occurrence
of NMSCs. While AKs are a precursor
lesion to squamous cell carcinoma
(SCC), not all AKs will progress into

malignant lesions (16). Therefore it is

important to examine the occurrence

Lost to follow-up (n= 1)

Removed from study due to excessive
number of AKs (n = 14)

Lost to follow-up (n=1)

Removed from study due to excessive
number of AKs (n=14)

of NMSCs following FLR treatment.
Consistent with the notion that FLR
was preventing new actinic neopla-
sia, we noted a dramatic difference in

numbers of NMSCs diagnosed in the

untreated (1 = 24) versus FLR-treated (n

Analyzed (n=48)
Excluded from analysis (n = 0)

All enrolled participants were monitored
during at least one follow-up period

Analyzed (n = 48)
Excluded from analysis (n =0)

All enrolled participants were monitored
during at least one follow-up period

= 2) extremity (Figure 8A and Table 2).
The majority of the NMSCs diagnosed
by histology were SCC (11 invasive SCC
and 8 SCC in situ on untreated arms; 1
SCC and 1 SCC in situ on FLR-treated
arms), with lesser numbers (5) of basal

Figure 5. CONSORT flow diagram for prospective, randomized, controlled clinical trial.

ifies decreasing numbers of AKs (a slope of O equals no change in
AK numbers). As seen in Figure 6D, untreated arms continue to
accumulate increasing numbers of AKs (a slope of 0.19). In con-
trast, AKs on FLR-treated arms are decreasing with time, indicat-
ing the lack of newly initiated lesions (a slope of -0.04, see also
Supplemental Figure 3 for data representing other time points).

A second analysis of the data posits that if FLR were only
removing existing lesions, one would predict that the number
of AKs that were present at 3 months on both untreated and
FLR-treated arms would accumulate at the same rate subsequent
to the 3 month time point. As shown in Figure 7A, the number of
AKs on untreated arms continues to accumulate at a faster rate
than those found on FLR-treated arms. These data again suggest
that FLR treatment is decreasing the initiation of new AK lesions
(Figure 7B). Fourteen participants were removed from the study (2
individuals at 12 months; 1 individual at 18 months; 9 individuals
at 24 months; 1 individual at 30 months; 1individual at 36 months;
Table 1) as they were found to have 20 or more AKs; all excessive
numbers of AKs were on untreated arms. The excessive number of
AKs these participants acquired suggests that they had excessively
photodamaged skin at the onset of the study. However, when the
14 participants who were withdrawn from the study were com-
pared with the 34 active participants, there was no statistical dif-

cell carcinomas (BCCs) all on untreat-
ed arms (Table 2). Thus far, 16 of the 48
individuals enrolled in the study have
developed confirmed NMSC (Table 2
and Figure 8B). NMSCs were only found on the untreated arms of
14 individuals. Two individuals have multiple tumors, including 1
each on their arms treated with FLR (participant 19 had 2 NMSCs
on his untreated arm and 1 on his FLR-treated arm; participant 30
had 1 NMSC on his untreated arm and 1 on his FLR-treated arm). In
total, 5 participants have developed multiple NMSC lesions on their
untreated arms, while no participant has had more than 1 NMSC
on their FLR-treated arm (Figure 8E). The frequency of the occur-
rence of NMSC with the total number of AKs detected was deter-
mined at each observation milestone (0, 3, 6, 12, 18, 24, 30, and 36
months). The average frequency of NMSC on untreated arms was
0.78%. In contrast, the frequency of NMSC on FLR-treated arms
was significantly lower at 0.19% (Figure 8C). Similarly, when the
frequency that any participant would have a NMSC diagnosis at a
given observation period was determined, there was a significant
difference between untreated and FLR-treated arms (Figure 8D).
These studies indicate that a dermal wounding strategy involving
FLR, which upregulates dermal IGF-1levels, not only treats AKs, it
prevents further development of AKs and NMSCs.

Discussion
The most common class of cancers, NMSCs are associated with
considerable morbidity from disfiguring surgeries as well as con-

J Clin Invest. 2021;131(19):e150972 https://doi.org/10.1172/)CI1150972


https://www.jci.org
https://doi.org/10.1172/JCI150972
https://www.jci.org/articles/view/150972#sd
https://www.jci.org/articles/view/150972#sd
https://www.jci.org/articles/view/150972#sd

The Journal of Clinical Investigation CLINICAL MEDICINE

A c 35
[%2] *
Y A
©
T ~
i)
Volunteers must have at least T2 25
5 AKs on each arm fol *
i 53 o A
In this example at Day 0, the 38 20
ratio of AKs on FLR-treated 3 2
arm vs. untreated arm is 1.2 § < 1.5
=5 .
TS 10
Represents the <= * . .
location of 8 05 *
(“ .
an AK S Q Q m
00 4 4

B 0 3 6 18 24 30 36
Time after treatment (mo)
No. of subjects: 48 48 46 44 42 36 20 15
D E
g o7
hul *
g 06
o
2]
¥ 05 2
< S
1]
c% 0.4 * Q@
5 <
o
S 03 E =
) nd
8 02 2
g b §
= P=5.1x107 =
o O b
=
8 o —
o
[}
£ 01
Untreated FLR-treated
arms arms Time after treatment (mo)

Figure 6. FLR prospective randomized clinical trial reveals decrease in total AK lesions and rate of accrual of new lesions. Geriatric volunteers were
required to have at least 5 AKs on each arm to be enrolled in the study. (A) On day 0, the number of AKs on each arm of geriatric volunteers was document-
ed (represented by yellow circles in A). One arm was chosen, based on the last digit of the participant’s social security number, to be treated with FLR on
the dorsal surface from the elbow to the knuckles of the hand (gray shading). The other arm on each volunteer was not treated. (B) Representative clinical
appearance of skin at various times after FLR. (C-E). The number of AKs on each arm of geriatric volunteers was documented (0 month, 48 participants)
prior to FLR treatment on one arm. Participants were examined at 3 months (48 individuals), 6 months (46 individuals), 12 months (44 individuals), 18
months (42 individuals), 24 months (36 individuals), 30 months (20 individuals), and 36 months (15 individuals) to document AKs present on each arm. (C)
The ratio of the number of AKs on FLR-treated arms to the number on untreated arms indicates a decrease in AK lesions following FLR treatment (ratio

< 1.0). Heavy black bars denote means and gray boxes indicate standard deviations. Asterisks indicate significant difference between the follow-up time
points and the 0 month (P < 107?). Ratios determined at 3, 6, 12, 18, 24, 30, and 36 months were not statistically distinct. (D) At 30 months (n = 20), the
slope of the number of lesions over time was determined. A positive slope value represents increased numbers of AKs counted, and a negative number
indicates decreasing numbers of AKs with time. Heavy black bars denote means and gray boxes indicate standard deviations. P values shown are derived
from 2-tailed Student t test. (E) The number of AKs observed on both the FLR-treated and untreated arm over 30 months (total of 20 individuals).

siderable expense (2, 3). Extensive evidence has accumulated that ~ ing process, not necessarily due to latency of carcinogenesis from
indicates that aged skin is at increased risk for photocarcinogene-  previous UVB damage (17).

sis, in fact the vast majority of NMSCs are diagnosed in individu- The metabolic and cytokine changes associated with fibro-
als greater than 60 years of age (5, 6). Indeed, pioneering studies  blast senescence have been well characterized (18, 19). Senescent
published almost 3 decades ago demonstrated that use of sun-  fibroblasts exhibit decreased levels of cytokines such as IGF-1,
screen protected against the acquisition of AKs and NMSCs pro-  yet exhibit increased secretion of classic proinflammatory cyto-
vide support for the concept that photocarcinogenesis is an ongo-  kines, including interleukins IL-6, IL-8, and TNF-a (20). In the
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Table 1. Characteristics of participants in prospective study

Total number in cohort 48
Number of males in cohort 47
Number of females in cohort 1
Average age of participant, years 74
Age range of participants, years 61-87
Number of participants with right arm treated 26
Number of participants with left arm treated 22
Participants with previous skin cancer diagnosis
None 8
1-2 lesions 20
3-5 lesions 10
>5 |esions 10
Follow up data available for participants
0 month 48
3 months 48
6 months 46
12 months 44
18 months 42
24 months 36
30 months 20
36 months 15
Participants withdrawn due to excessive numbers of AKs*
12 months 2
18 months 1
24 months 9
30 months 1
36 months 1
Total 14

AParticipants were removed from the study if more than 20 AKs were
detected on 1arm (all participants who were removed from the study were
removed due to AKs on their untreated arms; range 20-30).

skin, senescent dermal fibroblasts have been found to accumulate
with biological aging, accounting for up to 60% of the fibroblasts
found in the papillary dermis (9). This increasing proportion of
senescent fibroblasts in aged skin can influence how the epidermis
maintains homeostasis and responds to environmental stresses.
We have previously reported how the silencing of IGF-1 expression
by senescent dermal fibroblasts can alter how epidermal kerati-
nocytes respond to acute UVB exposure (8-12). However, it was
unclear from those studies what the effect of inhibiting the activa-
tion of the IGF-1R in keratinocytes would have during long-term,
repetitive exposure to UVB. In defining the IGF-1R-dependent
inappropriate UVB response, we used primary normal human
keratinocytes and fibroblasts grown as tissue culture monolayers
(8, 21). While the use of in vitro cell culture is an excellent begin-
ning to understanding how these cells respond to UVB irradiation,
these experiments do not necessarily accurately represent how the
intact 3D skin will react to UVB exposure. Moreover, the demon-
stration of dual-positive Ki67*/TD* basal keratinocytes following
acute UVB exposure in an IGF-1-dependent manner in humans
is important, yet UVB-induced carcinomas are believed to occur
following chronic exposure to the UV components in sunlight (5).
Therefore, the role of the IGF-1R in the UVB response of human
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keratinocytes grown in 2D cultures needed to be verified on intact
human skin. Previously, the induction of AKs and SCCs has been
demonstrated on human skin xenografted in murine models; how-
ever, the detection of palpable lesions required daily UVB expo-
sure for up to 2 years (22). If a chemical DNA mutagen was applied
once prior to UVB exposure, the time required to observe actinic
neoplasia was reduced to about 0.75 years (23). We can now report
that inhibition of keratinocyte IGF-IR signaling accelerated the
detection of AKs in our model at 20 weeks; approximately twice
as fast as the rate when adding a chemical mutagen. We have pre-
viously demonstrated the efficacy of topical AG 538 to inhibit the
keratinocyte IGF-1R using intact skin, and AG 538 has proven to
be a reliable specific inhibitor of the IGF-1R (8). These studies val-
idate the hypotheses that age-dependent inhibition of IGF-1R sig-
naling contributes to UVB-induced carcinogenesis.

While in these studies we have focused on the importance of
fibroblast renewal and the accompanying increase in IGF-1 expres-
sion following wounding, we do acknowledge that wound repair is
an exceedingly complex process that involves many different fac-
tors and pathways. Any of these processes involving inflammato-
ry factors, cytokines, other growth factors, lipid mediators, or cell
adhesion and migration factors could be influencing or modifying
the response of human keratinocytes to chronic UVB exposure. We
also acknowledge that the role IGF-1 plays in preventing NMSC in
the skin is incongruent with the established function IGF-1 has in
promoting the growth of tumor cells in other tissues (24). Notably,
itis the overexpression of IGF-1that is associated with procarcino-
genic effects in other tissues. In the skin, the wounding therapies
are only restoring the levels of IGF-1 in geriatric tissues to normal
levels found in young adult skin. It is worth noting that most IGF-1
distributed in the body is synthesized in the liver and carried in the
circulatory system. However, the effects of IGF-1 in the skin are
independent of liver-synthesized IGF-1 and subject primarily to
only localized production of IGF-1 by dermal fibroblasts and some
immune cells (25).

We previously reported in this cohort how using FLR field
therapy can radically reduce the numbers of AKs within 3 months
(15). This result is not unexpected as the procedure will remove
premalignant cells. In fact, the importance of NMSCs has resulted
in the adoption of many different field therapies for treatment of
precursor AKs (26). Therapeutic options such as topical photody-
namic therapy and 5-fluorouracil cream are designed to remove
precancerous lesions and are effective, but they do not generate
long-term dermal changes in the at-risk aged skin, which could
result in sustained protection from actinic neoplasia. Within 6 to
12 months following the therapy, the number of AKs on treated
skin rises to control levels. In contrast, there is a volume of litera-
ture, though much of it anecdotal, suggesting that wounding ther-
apies used for cosmetic purposes appear to protect the recipient
from AKs and NMSCs (27). The concept that wounding therapies
could protect against NMSCs fits with the hypothesis that dermal
fibroblast senescence with lack of IGF-1 plays an important role in
the increased incidence of actinic neoplasia associated with aging
(28). Importantly, we now report that FLR is a durable treatment
for correcting the inappropriate UVB response in geriatric skin,
maintaining efficacy for at least 2 years following treatment. How-
ever, the most critical data to emerge from our current studies are
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the functional inhibition of both AK and NMSC development by
FLR for at least 36 months following a single treatment. There
have been various estimates given for the probability of an AK to
progress into a NMSC (specifically a cSCC), ranging from 5% to
10% (29) to as low as 0.1% (30), although the precise definitions
for the frequency of SCC conversion often differs between stud-
ies. The frequency of NMSCs determined in untreated arms by
our study (0.78%) is very similar to the 0.6% frequency described
from a large study conducted in similar population (Veterans
Administration [VA] patients, ref. 31). Following FLR treatment,
the NMSC frequency falls 4-fold to 0.19%, perhaps indicating
a reduction in the malignant potential of the remaining AKs on
FLR-treated arms. Therefore, these data indicate that for indi-
viduals at high risk of developing NMSCs, a single treatment of
FLR can provide lasting significant prevention of NMSCs. In the
future, combined treatment with other proven systemic therapies
such as nicotinamide (32) or calcipotriol (33) with FLR may prove
to be even more effective. Of interest, the prior skin cancer history
of the study participants did not correlate with how well FLR pre-
vented the formation of AKs. This fact is important, as it indicates
that the therapeutic use of FLR is not limited to a subset of individ-
uals at the highest risk for skin cancer.

There are several limitations to the present studies. First, the
human skin/mouse xenograft studies involved UVB exposures of
the entire mouse, not just the human skin. Therefore, we cannot
discount murine systemic responses to the UVB irradiation, which
could influence the results. It should be noted, however, that the
SCID/NOD mice used in the studies have fur, which would pre-
vent direct exposure to the dorsal surface of the mouse skin. Sec-
ond, the randomized interventional FLR study was performed at
a single VA outpatient dermatology clinic that recruited predom-
inantly males (47), with only one female recruited for the study.
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Figure 7. FLR slows the rate at which new AK lesions appear. (A) The
change in the number of AK lesions since 3 months post-FLR treatment.
Participants were examined at 3 months (48 individuals), 6 months (46
individuals), 12 months (44 individuals), 18 months (42 individuals), 24
months (36 individuals), 30 months (20 individuals), and 36 months (15
individuals). P values shown are derived from Student t test. (B) The
average number of lesions on both untreated and FLR-treated arms was
calculated using the sample numbers of individuals indicated in Figure 7A.
Error bars represent the standard deviation. Student t test values for each
time point were as follows: 0 months, P = 0.04; 3 months, P =8 x1077;

6 months, P =7 x 107; 12 months, P = 4 x 107% 18 months, P=1x10™";

24 months, P =6 x 10°%; 30 months, P =1x 105 36 months, P=1x107.

The advantage of a VA population for these studies is that this pop-
ulation is rather stable, with the vast majority of the participants
seeking all of their care through the VA system. However, due to
the lack of females in our study group, we do not know if sex-based
differences in IGF-1 expression, fibroblast senescence, or inflam-
matory profiles could influence the effectiveness of FLR treatment
on our male cohort. We should note that a combination of female
and male participants was analyzed in our previous studies exam-
ining how fibroblast senescence affects acute UVB irradiation in
geriatric individuals and no gender-specific bias was observed.
Third, the population recruited was at high risk for NMSCs, with at
least 5 AKs on each forearm/dorsal hand. There is also an element
of potential bias as the increased numbers of NMSCs identified in
this population could be in part due to increased and focused sur-
veillance as being in part of this study. Fourth, although the term
geriatric has been arbitrarily used to define medical patients of at
least 65 years old, it does not consider that not all individuals age
at the same biological rate. Therefore, although we established
a minimum age of 60 years old (ages ranged from 61 to 87 years
old) for the prospective clinical study (65 years old for the clini-
cal durability study), we must acknowledge that any large cohort
of participants in this broad age group could have vastly different
biological ages that do not match exactly with their chronological
age. Finally, although FLR is only partially ablative and does not
remove large areas of epidermis, it is possible that this procedure
could be removing previously initiated keratinocytes. However,
this interpretation of our data would not provide an explanation
for the continued suppression of AK development observed at 36
months after wounding. Furthermore, one of the strengths of the
study is the ability to use the same individual as both the experi-
mental and the control subject. Collectively, the combination of
human skin/murine xenograft and prospective wounding studies
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Figure 8. FLR reduces the occurrence of BCC and SCC in geriatric skin. FLR treatment reduces the frequency of NMSCs arising from AKs as well as reduces
the number of individuals who develop NMSCs. (A) Graphic representation of the location of BCC, SCC-in situ, and SCC identified on FLR-treated arms (1 =
2) and untreated arms (n = 24). (B) The accumulation of verified NMSCs occurring on untreated and FLR-treated arms. (C) At each observation time point
post-FLR treatment (3, 6, 9, 12, 18, 24, 30, and 36 months), the percentage of NMSCs that occurred out of the total number of AKs counted at the same
time are shown for both untreated and FLR-treated arms. (D) At each time point described in C, the percentage of participants diagnosed with a NMSC is
shown for both untreated and FLR-treated arms. For C and D, heavy black bars denote means and gray boxes indicate standard deviations. P values shown
are derived from 2-tailed Student t test. (E) The cumulative total of participants who acquired more than 1 NMSC on their untreated arm. Thus far, no

participant has more than 1 NMSC on their FLR-treated arm.

indicate that wounding therapies such as FLR could be part of a
strategy to protect at-risk individuals against actinic neoplasia.

Methods
Chemicals/UVB. All chemicals were obtained from Millipore/Sigma
unless otherwise indicated.

Xenografting studies. Long-term xenografts from human skin were
established on the dorsal surface of immunocompromised mice as
previously reported (11). Briefly, under sterile conditions, the epider-
mis and superficial dermis were removed from an approximately 2 x
2 cm area of the shaved, disinfected skin of 8- to 10-week-old female
SCID/NOD (NOD/LtSz-scid/scid; obtained from breeding stock at
Indiana University School of Medicine) mice leaving the capillary
bed intact. Human skin, excised during routine abdominoplasty pro-
cedures, was cut into approximately 2 cm? sections and placed into
each murine wound using sutures to hold the tissue in place. A piece
of petrolatum-infused gauze was placed over the wound followed
by a piece of Telfa dressing and secured by elastic wrap. Sutures and
dressings were removed after 10 days and grafts were fully healed by
12 weeks after engraftment (Figure 1 and ref. 11). The skin was treated
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with either the IGF-1R inhibitor AG538 (EMD Millipore) twice week-
ly or dimethylsulfoxide (DMSO) vehicle twice weekly for 30 minutes
before being UVB-irradiated using 4 Philips FS20T12 UVB broadband
light sources as previously described (11) at approximately 2 minimal
erythema doses (700 J/m?) 5 times per week for 20 weeks.

The human skin xenografts were then excised and bisected. Half
of each graft was snap frozen in liquid nitrogen and stored at -80°C
until processed. The remaining portion of the graft was placed in 10%
buffered formalin for an hour followed by storage in 70% ethanol until
paraffin-embedded sectioned, and stained.

Clinical trial oversight. These studies consisted of 2 separate clin-
ical trials. The first was a single FLR treatment to a localized area
of either sun-exposed forearm or sun-protected hip/buttock skin,
which took place at both the Indiana University School of Medi-
cine Department of Dermatology and the Wright State University
Department of Pharmacology & Toxicology in the Boonshoft School
of Medicine. The second trial was an investigator-initiated, single
site, randomized single-blinded study performed at the Dayton Vet-
erans Administration Medical Center and the Wright State Univer-
sity Department of Pharmacology and Toxicology in the Boonshoft
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Table 2. Cutaneous malignancies in participants

Participant Pathology report Arm where lesion  Time period
no. was identified (months)
36 SCC, well-differentiated type Untreated 3
30 BCC, superficial type Untreated 6
31 SCC, well-differentiated type Untreated 6
36 SCC, moderately differentiated type Untreated 6
n BCC, superficial type Untreated 12
14 SCCinssitu Untreated 12
19 BCC, nodular type Untreated 12
20 BCC, superficial type Untreated 12
25 SCCinsitu Untreated 12
33 SCC, well-differentiated type Untreated 12
47 SCC, well-differentiated type Untreated 12
1 SCCin situ Untreated 18
10 SCCinssitu Untreated 18
19 BCC, nodular type Untreated 18
38 SCC, moderately differentiated type Untreated 18
12 SCCinsitu Untreated 24
19 SCCinsitu Untreated 24
20 SCC, moderately differentiated type Untreated 24
33 SCC, well-differentiated type Untreated 24
33 SCC, well-differentiated type Untreated 24
39 SCC, well-differentiated type Untreated 24
46 SCCin situ Untreated 24
14 SCC, well-differentiated type Untreated 36
30 SCCin situ Treated 6
19 SCC, well-differentiated type Treated 24

School of Medicine testing the efficacy of FLR to treat NMSCs. Stud-
ies were approved by the institutional review boards of both institu-
tions. Both studies were conducted in accordance with the Declara-
tion of Helsinki principles.

For the first localized FLR treatment study, specific requirements
for inclusion and exclusion criteria were identical to our previous
study which tested FLR on a small (5 x 5 cm?) area of forearm skin (10).
Briefly, potential individuals were excluded if they had diabetes mel-
litus, wound healing, or scarring disorders (e.g., keloids), or were on
any topical or oral immunomodulators. None of the participants had a
recent (6 months or less) history of significant commercial or medical
UV exposure, any cryotherapy in the past year to the areas, nor any
field treatment to upper extremities by topical 5-fluorouracil, topical
NSAIDs, imiquimod, or topical photodynamic therapy.

The second study evaluated the safety and effectiveness of a
single treatment with FLR on upper extremity skin of aged partici-
pants with extensive AK. This study was registered at ClinicalTrials.
gov (NCT03906253). Forty-eight nondiabetic volunteers (47 males,
1 female; age > 60 years) with Fitzpatrick types I and II skin with at
least 5 AKs on each forearm/wrist were recruited from patients at the
Dayton Veterans Administration Medical Center dermatology clinics.
AKs were identified as dry, scaly patches of skin that are rough to the
touch and often having a distinct color from the surrounding skin. All
of the AKs were small (< 3 mm; grades I or II). Specific requirements
for inclusion and exclusion criteria were identical to the above and
have been previously published (15).
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Trial procedures. All participants were thoroughly briefed on the
risks and benefits of participating in the study and signed an informed
consent statement attesting to their willful participation. Volunteers
who met the criteria for inclusion in this study had the AKs on their
bilateral dorsal forearms/wrists and dorsal hands (excluding digits,
see Figure 6A) mapped, counted, and graded (grades I and II, ref.
16). Forty-eight individuals were enrolled in the study; 26 individuals
underwent treatment to the right arm and 22 individuals underwent
treatment to the left arm. Following shaving to remove hair from
the planned laser treatment site, the skin was cleaned with isopropyl
alcohol and 4% xylocaine cream was placed for 30 minutes for anes-
thesia. The area was then treated with one pass (16% coverage) using
120 m] of energy per microspot with the largest coverage (~1 x 2 cm)
(Pearl Fractional Laser, Cutera). The Pearl Fractional Laser is a 2790
nm yittrium scandium gallium garnet ablative fractional resurfacing
device that thermally ablates microscopic columns of epidermal and
dermal tissue in regularly spaced arrays. White petrolatum was placed
on the wounded skin and the area was covered with clear plastic wrap
until the individual returned home. All participants were also reminded
to avoid significant sun exposure and to use sun protection/sunscreen.

Participants were given written wound care instructions to
include white petrolatum and asked to return in 3 months and every
6 months afterwards. At the initial appointment and at all follow-up
times, the areas on both arms were photographed and AKs counted/
mapped in blinded fashion with the measurer unaware of which arm
had been treated with FLR. Participants were also questioned as to
any adverse effects of the laser treatment. Any lesions suspicious for
NMSCs were biopsied and the biopsies were evaluated by dermato-
pathologists who had no knowledge of the study. Participants were
removed from the study if more than 20 AKs were present on 1 arm at
a follow-up appointment.

Randomization and blinding. The participants were divided into
2 cohorts. One group was treated with FLR on the left side, the oth-
er on the right side. An unblinded research coordinator assigned the
treatment arm based on odd/even social security number. Photogra-
phy and AK counting/mapping was conducted in a blinded fashion, as
described above.

Statistics. Experimental data are depicted as plus or minus stan-
dard deviation. Differences between paired samples were determined
by a 2-tailed Student ¢ test. For all figures, P values are presented in
the figure where possible or in the figure legend. If P values are not
indicated on the graph, then there was no statistically significant dif-
ference between data shown.

Study approvals. All studies involving mice were approved by the
IACUC of Indiana University School of Medicine. All studies involving
humans were approved by either the IRB at Indiana University School
of Medicine or at Wright State University and followed Declaration
of Helsinki principles. Volunteers provided written informed consent
before enrollment in studies.
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