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Abstract

Patients with lymphangioleiomyomatosis (LAM) develop
pulmonary cysts associated with neoplastic, smooth muscle-like cells
that feature neuroendocrine cell markers. The disease preferentially
affects premenopausal women. Existing therapeutics do not cure
LAM. As gp100 is a diagnostic marker expressed by LAM lesions, we
proposed to target this immunogenic glycoprotein using TCR
transgenic T cells. To reproduce the genetic mutations underlying
LAM, we cultured Tsc2~’~ kidney tumor cells from aged Tsc2
heterozygous mice and generated a stable gp100-expressing cell line
by lentiviral transduction. T cells were isolated from major
histocompatibility complex-matched TCR transgenic pmel-1 mice
to measure cytotoxicity in vitro, and 80% cytotoxicity was observed

within 48 hours. Antigen-specific cytotoxicity was likewise
observed using pmel-1 TCR-transduced mouse T cells, suggesting
that transgenic T cells may likewise be useful to treat LAM in vivo.
On intravenous injection, slow-growing gp100" LAM-like cells
formed lung nodules that were readily detectable in severe
combined immunodeficient/beige mice. Adoptive transfer of
gp100-reactive but not wild-type T cells into mice significantly
shrunk established lung tumors, even in the absence of anti-PD-1
therapy. These results demonstrate the treatment potential of
adoptively transferred T cells to eliminate pulmonary lesions in
LAM.
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Lymphangioleiomyomatosis (LAM)
represents a benign neoplasm. Patients
present with cystic lung disease, renal
angiomyolipomas, retroperitoneal
lymphangiomas, and chylous fluid
collections (1). LAM cells exhibit biallelic
mutations or epigenetic modifications to
the TSC2 (or TSCI) gene (2). Resulting
tumors are metastatic, as pulmonary
tumors are frequently accompanied by
renal tumors that harbor the same

mutation (3). The disease almost
exclusively affects premenopausal women.
It can develop de novo in otherwise healthy
women (so-called “sporadic LAM”) or in
women with tuberous sclerosis complex
who carry a germline mutated allele of one
of the TSC genes. Patients with TSC
mutations can acquire a second mutation
or display disease features in cells with only
a single affected TSC allele (4). Thus, LAM
is relatively common among patients with

TSC mutations (“TSC LAM”). LAM cells
express elevated mTORCI activity.
Rapamycin slows the decline of lung
function in women with LAM and stabilizes
the disease but is not curative (5). Further
treatments might specifically target affected
LAM cells and mediate cytotoxic responses
(6, 7). The expression of immune
checkpoint programmed death-ligand 1
(PD-L1) in LAM (8) combined with
preclinical data for checkpoint inhibition
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monotherapy suggests that anti-CTLA-4
and especially anti-PD-1 might be

further supported by antigen-specific
immunotherapy for LAM (9, 10).
Interestingly, checkpoint inhibition may be
effective even in parallel with rapamycin
therapy (11).

LAM is a monogenic disorder (12),
and personalized neoantigen vaccines
(13) may not benefit patients with
LAM. However, LAM tumors exhibit
a relatively predictable genotype and
phenotype, providing an opportunity
to develop therapeutics that can benefit
a wide range of patients. We have
focused on targeting immunogenic
proteins that are a hallmark of LAM
development (14, 15). These are
normally commonly found in melanosomes
of neural crest-derived melanocytes
and melanoma cells. Our group found
consistent expression of melanosomal
proteins, including glycoprotein 100
(gp100) (or pmell7), in LAM (15).
Immunostaining with the gp100-reactive
antibody human melanoma black 45
(HMB45) is in fact diagnostic for LAM
(16). Their expression in LAM suggests a
possible neuronal origin of LAM cells.
However, other aspects of LAM cells might
not support this, and their derivation from
pluripotent stem cells is more likely.

A breakthrough in understanding their
neural stem cell-like characteristics has
come from identifying Notch homolog 1
(Notchl) activation of Ras homolog
enriched in brain (Rheb) (17).

Although CD68" macrophages are
abundant in LAM lesions (15), expression
of immunogenic proteins is not otherwise
accompanied by immune infiltration.

This is surprising, as gp100 is an
immunogenic target protein for

T cells in melanoma, and LAM cells

are susceptible to T cell-mediated
cytotoxicity (15). We have similarly
identified gp100 as a target molecule for

T cells in vitiligo, and have isolated, cloned,
and characterized a TCR with remarkable
reactivity to human melanoma when
expressed in human T cells and introduced
via adoptive transfer in preclinical disease
models (18). We expect this skin infiltrating
lymphocyte v44 (SILv44) TCR to hold
therapeutic value for LAM as well.

Here we focus on adoptive transfer
of gp100 antigen-specific T cells as a
possible treatment for LAM (19). The
data underscore the importance of
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antigen specificity when developing
immunotherapeutic options for LAM.
Antigen-specific immunotherapy might
find broad application for the treatment of
benign tumors. These present with a
relatively consistent genotype and a more
predictable phenotype than hypermutated,
aggressive tumors with powerful immune
escape mechanisms, as in, for example,
melanoma (20). The expression of gp100 by
normal melanocytes of the skin, ears, and
eyes would suggest that depigmentation
could be associated with aggressive
treatment.

We generated a Tsc2 knockout,
gp100™ cell line to test the cytotoxicity of
TCR-transduced gp100 reactive T cells
in vitro and challenged severe combined
immunodeficient (SCID)/beige mice with
these cells, followed by adoptive transfer of
gp100 reactive cells from pmel-1 mice. This
strain is transgenic for a TCR reactive with
gp100, resulting in robust T-cell responses
against the glycoprotein (21). We also
included a luciferase marker in the LAM-
like cell line and treated mice with a
combination of gpl100-reactive T cells and
anti-PD-1 in vivo. The experiments shed
light on the treatment potential of antigen-
specific T cells applied toward the
treatment of benign tumors in LAM.

Methods

Generating LAM-like Cells

To reproduce properties of human LAM cells,
we generated cells from tumors of Tsc2*/~
mice and introduced gp100 expression. Cells
were derived from a 21-month-old male
Tsc2™'~ mouse and transduced with a
lentiviral vector encoding gp100. Resulting
cells were maintained in selective medium and
passaged repeatedly. Cells were injected and
reisolated from immunodeficient mice to
enhance tumorigenicity, and some were
retrovirally transduced to express luciferase
and sorted for injection and in vivo imaging
system (IVIS) monitoring. A detailed
description is provided in the data supplement.

Characterizing LAM-like Cells

To demonstrate that LAM-like cells exhibit
mTOR hyperaction and expression of the
gpl00 antigen, cells were characterized

in vitro. This involved amino acid
deprivation, homogenization, and Western
blotting to detect a lack of TSC expression,
constitutive mTOR activation, and gp100

expression, as described in the data
supplement.

Generating gp100-Reactive Mouse

T Cells

To examine whether LAM-like cells can be
targeted by gp100 reactive T cells, we used
the TCR sequence expressed by CD8 T cells
in pmel-1 mice. The TCR sequence was
cloned into a retroviral vector to transduce
wild-type (WT) mouse T cells that were
sorted and Dynabead activated before
repeated transduction procedures. Resulting
cells were amplified in the presence of
Dynabeads, and successful transduction was
confirmed and quantified by FACS analysis,
as described in the data supplement.

Co-culture Experiments

In vitro experiments served to establish
that pmel-1 TCR-expressing T cells
respond to LAM-like cells. Transduced or
untransduced T cells were combined

with Tsc2™ kidney tumor cells with or
without gp100 expression at different
effector:target ratios. To establish successful
transduction, responses to target cells pulsed
with peptide were measured by enzyme-
linked immunosorbent assay (ELISA).
Cytotoxicity was estimated by counting
remaining target cells, as described in the
data supplement.

Adoptive T-Cell Transfer and Tumor
Monitoring

Immunodeficient mice served to evaluate
the anti-LAM activity of gp100-reactive

T cells in vivo. Mice <8 weeks old were
challenged with 10° LAM-like cells
introduced subcutaneously or by
intravenous injection. As relevant,
luciferase was measured over time by IVIS
or measured with calipers. On tumor
growth, gp100-reactive or WT T cells were
injected twice, 1 week apart, and
maintained under low-dose IL-2. In one
experiment, hamster anti-mouse PD-1
antibody was repeatedly administered to
some animals. For IVIS monitoring, mice
were injected with D-luciferin just before
imaging, as described in the data
supplement. Relevant tissues were
harvested when mice were killed.

Immunostaining

To locate tumors and infiltrating immune
cells, immunohistology was performed.
Relevant tissues were snap frozen. For
hematoxylin and eosin staining, sections
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were prefixed in neutral buffered formalin;
otherwise, acetone-fixed cryosections

were subjected to direct or indirect
immunostaining using antibodies described
in the data supplement. Microscopic images
were subjected to Adobe Photoshop
evaluation to quantify stained cells.

Statistics

Significant differences were determined
by applying statistical software, namely
Prism software (GraphPad), as described
in the data supplement. For all tests, a
value less than 0.05 was considered
significant.

Study Approval

Before executing in vivo studies, all animal
studies were approved by the Institutional
Animal Care and Use Committee of
Northwestern University and followed the
institutional guidelines.

Results

LAM-like Target Cell Validation
Tsc2™'~ mouse tumor cells were
generated from kidney tumors of an
aging mouse. Cell homogenates were
subjected to Western blotting to
evaluate Tsc2 expression. SV40 large
T-expressing human embryonic kidney
293 (HEK293T) cells served as a positive
control. The antibody used recognizes both
mouse and human TSC2 proteins. In
Figure 1A, expression of TSC2 is
detected in HEK293 cells, but not in
kidney tumor cells. No band was
observed at 250 kD or a smaller
molecular size, indicating that the
tumor cells carry mutations in both
alleles of the Tsc2 gene. These data
support loss of expression of Tsc2

by kidney tumor cells. In Figure 1B,
expression of gpl00 is confirmed in
LAM-like tumor cells, demonstrating
that the transfection procedure was
successful. The lack of expression of
gpl00 by mock-transduced cells
indicates that the loss of Tsc2 alone is
insufficient to prompt gpl100 expression.
Next, it is shown that loss of Tsc2 and
gain of gp100 expression are maintained
in vivo. In Figure 1C, intense expression
of gp100 is observed in mouse Tsc2™
cells transfected to express the protein,
but not in mock-transfected cells.
Expression appears more intense

toward the border of the tumor. In

Figure 1D, a hematoxylin and eosin

stain in conjunction with a bright-field
image helps to localize tumor cells.

These display intense gp100 expression
and coexpress phosphorylated S6 protein
(pS6) as an mTOR activation marker,
indicating that gp100 expression
co-localizes with, and is restricted to, Tsc2 ™~
tumor cells. Finally, in Figure 1E, LAM-like
gpl00™, Tsc2™ cells exhibit greater
phosphorylation of S6 kinase (S6K) and S6
protein, as confirmed by quantification of
Western blot band intensities in Figures 1F
and 1G. The combined data support an
LAM-like physiology for gp100-expressing,
Tsc2-knockout “target” cells, henceforth
named “LAM-like cells.”

TCR-transduced T Cells Are
Specifically Reactive toward LAM-like
Target Cells

Transgenic pmel-1 TCR expression

can be detected by TCR-V313-reactive
antibodies (Figure 2A). We observed

no T-cell staining without adding the
primary antibody and minimal natural
expression of this subunit among
mock-transduced T cells. Subtracting
natural expression, we observed ~4%
PBABE-pmel-1 TCR-transduced T cells,
compared with 21% naturally occurring
gpl00-reactive T cells detected among
cells from the pmel-1 transgenic

mouse. In Figure 2B, T cell-target
clustering, a sign of T-cell activation,

is observed only in the combination of
pmel-1-transduced T cells and gp100™
targets. More than 65% of target cells
are eliminated by gp100-reactive T cells
in vitro, which is evidence of cytotoxicity
even at the low 1:1 effector:target ratio.
In Figure 2C, killing efficiency by
transduced T cells is shown in vitro.
Here, only the pmel-1 TCR-transduced
T cells were cytotoxic toward LAM-like
target cells and also exhibited some
cytotoxicity toward target cells

pulsed with gp100 peptide. T-cell
transductions were achieved at higher
efficiency when using an alternative
construct with pmel-1 in pMMLV (Figure
E2A in the data supplement), and
transduced T cells demonstrated targeted
killing in co-culture assays (Figures
E2B-E2D), providing an opportunity for
more translational applications in the
future.

Han, Dellacecca, Barse, et al.: Adoptive T-Cell Transfer to Treat LAM

Containing LAM-like Tumor Growth

In Vivo

To assess the treatment potential of
transgenic T cells for LAM, we adoptively
transferred pmel-1 T cells into SCID-beige
mice previously challenged with LAM-like
tumor cells. Mice (four per group) were
challenged with 300,000 tumor cells by tail
vein injection. One and 2 weeks later,

two groups of mice received 1,000,000

T cells from either pmel-1 or C57BL/6 mice,
while in another group the tumors

grew unopposed, as outlined in Figure 3A.
Another 3 weeks later, mice were killed
and lung nodules counted. As shown

in Figure 3B, the number of lung

nodules (and the lung area covered

by LAM-like nodules) was significantly
lower in animals adoptively transferred
with pmel-1, gp100-reactive T cells

than with WT, polyclonal T cells,
supporting the treatment potential of
adoptive T cell transfer by gp100-reactive
T cells. In Figure 3C, representative
resected lung samples from each group are
shown. Thus, robust antitumor responses
by gp100-reactive T cells significantly
reduced the number and size of LAM-like
tumors.

Supporting Anti-Tumor Responses
with Anti-PD-1 Treatment

Some animals challenged with LAM-like
tumor cells and treated with gp100-reactive
T cells still contained tumors at endpoint. As
antitumor reactivity might be limited by
T-cell exhaustion, expression of checkpoint
proteins PD-1 and PD-L1 was assessed in
the tumor tissue. A trend toward greater
T-cell abundance was found in lung tumors
from pmel-1 compared with WT

T cell-treated animals (Figures E1A-E1C),
suggesting that pmel-1 T cells have become
activated through contact with LAM-like
cells. Indeed, among T cells, PD-1
expression was greater on lung-infiltrating
pmel-1 T cells than on WT T cells, as
shown in Figures 4A and 4B and quantified
in Figure 4C. Meanwhile, no overall
differences in PD-L1 expression were found
among treatment groups. But when tumor-
containing areas for all tissues were
combined for Figure 5A, lung sections
analyzed for gp100 and PD-L1 expression
showed that the abundance of PD-L1
within tumors is in fact inversely related to
tumor presence (Figure 5B). As most
PD-L1 expression observed was found in
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Figure 1. Generation and validation of lymphangioleiomyomatosis (LAM)-like cells. This figure displays the LAM-like features of target cells used for
experiments throughout the article. (4) TSC1 and TSC2 expression is shown as found in kidney tumor cells isolated from 21-month-old Tsc2*/~
mice. Human embryonic kidney (HEK) 293T cells served as a positive control. (B) Lack of gp100 expression by (PLKO-vec) control-transfected, and
apparent gp100 expression by mouse gp100-transfected, Tsc2™ kidney tumor cells. (C) Absence of gp100 expression in subcutaneous tumors from
SCID-bg mice injected with Tsc2~ kidney tumor cells, versus expression by gp100-transfected cells in vivo. (D) LAM-like cells from gp100* Tsc2™
subcutaneous tumors and reinjected into SCID-bg mice via tail vein formed pulmonary tumors in 1 month; sections were stained with hematoxylin
and eosin (H&E, left panel) and imaged in bright field (inset), and stained for gp100 (middle panels) or pS6 expression (right panel). (E) To identify
constitutive mTOR activation measured as phosphorylation under nutrient deprivation in LAM-like cells, HEK293 and LAM-like cells were treated with
normal- and amino acid-deprived FBS for 2 and 4 hours. Lysates were analyzed by Western blot using antibodies against indicated proteins. pS6
and pS6K bands from E were quantified and normalized to S6 and S6K, respectively, using Imaged software. Relative ratios of quantified band
intensity of (F) pS6 to S6 and (G) pS6K to S6K are shown in bar graphs. Scale bar: 100 um. BF = bright-field; bg = beige; gp100 = glycoprotein 100;
pS6 = phospho-S6; pS6K = phospho-S6 kinase; SCID = severe combined immunodeficiency; vec = vector.
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Figure 2. pmel-1-transduced T cells showed reactivity toward LAM-like cells in vitro. The expression and activity of a gp100-reactive TCR was analyzed
in vitro. (A) Flow analysis of TCRVB13 expression for the pmel-1 TCR in unstained (—control), pBABE-GFP vector-transduced, and pBABE-pmel-1-
transduced mouse T cells, and T cells from pmel-1 transgenic mice (+control), showing TCR expression only in the two latter groups. (B) Vector
control Tsc2™~ kidney tumor cells and gp100* Tsc2™ LAM-like cells pulsed with additional gp100 peptide were co-cultured with pBABE-GFP vector
and pBABE-pmel-1-transduced T cells at 1:1 ratio. Bright-field images taken 48 hours after co-culture. Red arrows: clusters are visible only in
combinations of gp100-reactive T cells and gp100™ target cells, indicative of ongoing cytotoxicity. (C) Cytotoxicity quantified: target cells remaining after
48 hours were quantified relative to target cell monocultures. With some background cytotoxicity observed, pmel-1-transduced T cells showed significant
cytotoxicity toward gp100™ targets at 1:1 and 2:1 effector:target (E:T) ratios (represented as mean =+ SD). N =3. **P < 0.01 (two-way ANOVA with Tukey’s
multiple comparisons test). Scale bars: 50 pm. FSC-A=forward scatter area.
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Figure 3. gp100-reactive T cells reduce LAM-like lung tumors in mice. The number and size of tumor nodules developing in the presence or absence of
gp100-reactive T cells were measured in vivo. (A) The experimental design for a LAM-like tumor challenge and adoptive transfer of transgenic CD3 T cells
is shown. Mice were killed after 42 days. (B) Surface lung nodules were counted and additionally quantified as percentage of lung area (represented as
mean x SD), and (C) representative lung images are shown for each treatment group. N=4. *P < 0.05 (Kruskall-Wallis test with Dunn’s muiltiple

comparisons test). WT =wild type.

surrounding normal tissue, tumor
clearance by infiltrating pmel-1

T cells is probably not limited by
PD-L1-expressing tumor cells. To

better understand if there might still

be a treatment benefit to including
anti-PD-1 therapy with adoptive transfer
of gp100-reactive T cells, mice received
the combination treatment in vivo, as
outlined in Figure 6A. In addition to

T cells, three mice within each treatment
group received three anti-PD-1 injections
per week. Four weeks after adoptive
transfer, tumors became undetectable in
pmel-1 T cell-treated mice, regardless of
anti-PD-1 treatment. However, some

798

therapeutic effects of anti—-PD-1 treatment
alone (WT T cells) are observed in IVIS
imaging of the control (WT T cells) group,
comparing the bars at 4 weeks after
treatment (Figure 6B) and the associated
quantification (Figure 6C). The overarching
effect of transgenic T-cell treatment
compared with WT T-cell treatment is
illustrated in images of representative lungs
after termination (Figure 6D).

in genetically identical littermates

unless transgene expression precludes
outgrowth of the cells in this setting.
Mice were challenged with gp100™
LAM-like cells by subcutaneous and,

in smaller numbers, intravenous
injection. When subcutaneous

necrotic tumors appeared after 3 months,
mice had not developed pulmonary
tumors. Subcutaneous tumors (Figure 7A)
were screened for maintenance of
LAM-like features. In Figures 7B-7D,
expression of gp100 (Figure 7B) and
phospho-S6 (Figure 7C) and an absence
of Tsc2 expression (Figure 7D) were
observed throughout the tumor,

An Immunocompetent Model to Test
Immunotherapeutic Strategies for
LAM

As LAM-like cells originated from

Tsc2*'™ mice, the cells are expected to grow

American Journal of Respiratory Cell and Molecular Biology Volume 62 Number 6 | June 2020
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A o whereas in Figure 7E, a significant

Lung from WT T cell recipient portion of CD3™ infiltrating T cells
express PD-1. Infiltration by
immunosuppressive elements, including
F4/80" macrophages (Figure 7F) and
FoxP3™" regulatory T cells (Figure 7G), was
also observed. Thus in an immuno-replete
environment, as found in WT or Tsc2
heterozygote mice, as well as in actual
patients with LAM, adoptively transferred
T cells may fail to compete for nutrients
and may require supportive treatment by
checkpoint inhibitors to be efficacious.
Under these conditions there may thus well
be merit to combining adoptive T-cell
transfer with anti-PD-1 therapy.

Merge
CD3

PD-1
DAPI

B Discussion

Lung from pmel-1 T cell recipient
Recognition by antibody HMB45 (14)
used in LAM diagnosis illustrates
disease properties shared with
malignant melanoma, suggesting
that LAM might likewise be amenable
to antigen-specific immunotherapy.
The HMB45 antibody responds to
gp100, encoded by the Pmel-17
gene. This early melanosomal
glycoprotein contributes to
melanosomal striation, providing
the fibrillar structures onto which
melanin is deposited in pigmented
cells (22). However, premelanosomal
structures observed in LAM cells do
not fully differentiate or exhibit
c pigmentation, and expression of
tyrosinase, the rate-limiting enzyme in

Merge
CD3

PD-1
DAPI

801 - \r;vn_qre_ll:l:;lcell pigment formation, is lacking (23).

< In the early 1990s, the gp100 antigen

°\+’ 60 - was defined as a target for melanoma-

2 infiltrating T cells (24). This solidified the

Q concept that expression of gp100 would

0404 = leave LAM cells vulnerable to gp100-

‘i u reactive, cytotoxic T cells. Indeed, when we

E’ 20 4 generated primary cell cultures from LAM
lung, resulting target cells were sensitive to
human leukocyte antigen (HLA)-matched,

0 ‘ gpl00-reactive cytotoxic T cells (15). This

pmel-1T cell WT T cell interaction induced antigen- and major
histocompatibility complex (MHC)-
restricted cytokine release by gp100-
reactive and HLA-A2-restricted T cells.

Figure 4. PD-1 expression is more frequently found on gp100-reactive T cells. To evaluate differential Many TCRs identified are HLA'AZ,

T-cell engagement as it relates to expression of a gp100-reactive TCR, PD-1 expression by (CD3") restricted. Although MHC haplotyp mng has
T cells was measured in lung tissues from mice that received T cells from (4) WT or (B) pmel-1 mice, ~ 1Ot been performed to reveal a possible
revealing (C) greater PD-1 expression among the latter and suggesting that expression represents T-cell ~ association between LAM and HLA, we
activation rather than exhaustion (represented as mean =+ SD). Arrows show examples of double- have several HLA-A2™ tissues in our
stained cells. Scale bars: 50 pm. *P < 0.05 (two-tailed, unpaired t test with Welch’s correction). N=3.  inventory from patients who might benefit
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tissue cells to PD-1 engagement on T cells was evaluated by lung immunohistology. PD-L1 and
gp100 co-expression was quantified in tissues with differing tumor burden after LAM-like tumor
challenge and adoptive transfer of CD3™ T cells. (4) Example staining showing abundant expression
of PD-L1 in sites without a tumor, whereas PD-L1 expression is absent from tumor cells. (B) When
quantified relative to tumor burden, PD-L1 expression was inversely related (represented as

mean * SD). Thus, PD-1 expression by T cells may not represent PD-L1-induced T-cell exhaustion.
Quantifications were calculated in a given field of view where N=12, 10, 2, and 11 for large,
intermediate, small, and no tumor areas, respectively. Scale bars: 100 wm. ***P < 0.001 and
P <0.0001 (Kruskell-Wallis test with Dunn’s multiple comparisons test).

from treatment by HLA-A2-restricted and
gpl00-reactive T cells. In the absence of
any known HLA association in LAM, we
expect a prevalence of ~50% for HLA-
A*0201 among white patients, the same as
in the healthy population (25).

Other patients might benefit from
other means of enhancing immune
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responses to melanosomal antigens,

for example by vaccines that newly

elicit T-cell responses to MART-1
(melanoma antigen recognized by

T cells) or to gpl100 (26), or otherwise
from tyrosinase-related protein-1 (TRP-1)
vaccination to elicit humoral responses
(27). Existing antibody responses to the

TRP-1 antigen have not been measured
in patients with LAM, and T-cell
responses are generally considered

more powerful. However, the therapeutic
value of anti-TRP-1 antibodies has

been documented in melanoma, and
these antibodies may be beneficial to
patients with LAM as well (28).

LAM pulmonary tissues are not
infiltrated by T cells, despite marked
overexpression of gp100, suggesting
that patients do not mount a spontaneous
response to the antigen. Such lack
of infiltration might be assigned to
immunosuppressive elements attracted
to tumor sites by, for example,
overexpression of MCP-1 (monocyte
chemotactic protein-1) (29). Activation
of mTORC supports M2 polarization
(30), and lesional cells overexpressing
the chemokine MCP-1 might subsequently
attract M2 macrophages, which impair
T-cell reactivity and support humoral
responses instead. Moreover, expression
of PD-1 ligands has been reported
for LAM (31). Elevated secretion
of soluble natural killer group 2D (NKG2D)
ligands may contribute to the observed
failure to activate T cells and mount
effective T-cell responses in LAM (32, 33).
These microenvironmental factors suggest
that checkpoint inhibition alone may not
suffice to mount a response to LAM
lesional cells, but such treatment can well
be supportive of adoptive T-cell therapy.

Thus, it will be important to
support antigen-specific responses,
by making use of existing tools that
target melanoma. We identified and
cloned a gp100-reactive TCR from human
vitiligo skin, a disease where autoimmune
T cells exhibit reactivity to self-antigens,
including gp100 (19). Indeed, when
compared with TCRs from patients
with melanoma, the SILv44 gp100-
reactive TCR exhibited superior
antimelanoma reactivity in mice (18).
Adoptive transfer of transgenic
T cells expressing the SILv44 TCR
might thus be therapeutic and truly
eliminate the disease in affected MHC-
matched, HLA-A2" patients. Given
the known expression of PD-1 ligands
in LAM, such treatment might best be
combined with anti-PD-1, although a
patient with melanoma treated under a
phase I clinical trial using tyrosinase-
reactive T cells did not benefit from
supportive anti-PD-1 treatment (34).
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Figure 6. Transgenic T cells provide potent tumor control independent of immune checkpoint inhibition. A supportive role for checkpoint inhibition by
anti-PD-1 to adoptively transferred, LAM-reactive T cells was tested in vivo. (A) The experimental outline is shown, comparing adoptive transfer of WT or
pmel-1 transgenic CD8 T cells with or without anti-PD-1 antibody in SCID-bg mice. (B) IVIS imaging of luciferase™ tumors before and after treatment
shows complete responses to T-cell transfer independent of checkpoint inhibition. (C) Relative luminescence intensities measured as ROI readings
(represented as mean =+ SD) suggest some treatment benefit to anti-PD-1 in the absence of gp100-reactive T cells. (D) Representative lungs are shown
after treatment with pmel-1 or WT CD8 T cells. Group sizes were N = 2 for mice that received WT CD8 T cells or pmel-1 CD8 T cells and N = 3 for mice that
received WT CD8 T cells with anti-PD-1 antibody or pmel-1 CD8 T cells with anti-PD-1 antibody. Arrows show examples of double-stained cells. IVIS =
in vivo imaging system; ROl = region of interest.
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The use of anti-PD-1 is currently
approved primarily for immunogenic
tumor types with a high mutation
burden and resulting neoantigen
expression, which are more likely to
benefit from treatment (35). By contrast,
LAM is driven by mutations in a single
gene (12). Yet, opportunities remain to
follow transgenic T-cell treatment by
anti-PD-1 administration. It is possible
that a supportive effect of anti-PD-1
therapy is better demonstrated when
experiments are performed with large

DAPI

DAPI

CD3 DAPI

sample sizes. Another limitation to
our study is the restriction of the
Pmel-1 receptor that is limited to
mice. However, the known in vivo
antitumor efficacy of (human)
SILv44-transduced T cells can partially
compensate for this limitation (36).

The patient described above, who
did not benefit from anti-PD-1 treatment,
originally harbored stage 4 melanoma
tumors and has now benefitted from
adoptive T-cell therapy for several years
(34). The persistence of transgenic T cells in
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Figure 7. LAM-like tumor growth in immunocompetent mice. We tested the characteristics of LAM-like cells hosted by immunocompetent mice by
subcutaneous and i.v. challenge of C57BL/6 mice with LAM-like cells. (A) Subcutaneous tumor growth was observed 2 months after subcutaneous
challenge. Representative staining is shown for (B) gp100, (C) pS6, and (D) Tsc2, revealing the LAM-like identity of tumor cells. Immune infiltration was
observed by detecting (£) CD3 and PD-1 co-localization, (F) the presence of F4/80" macrophages, and (G) FoxP3 and CD3 co-localization indicative of
regulatory T cells in an LAM-like subcutaneous tumor. Scale bars: 100 pm.

treated patients can provide long-term
immunosurveillance. It will be important
to consider a potential for tissue damage
in patients with LAM with extensive
disease. A suicide gene can then be
included for safety (37). Moreover,
Clustered Regularly Interspaced Short
Palindromic Repeats/CRISPR-associated
protein 9 (CRISPR/CAS9) technology can
be used to avoid off-target cytotoxicity
by TCR subunit mispairing in transduced
cells, which might elicit unpredicted
specificities (36).
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We recently reported the in vivo
effects of newly transduced, gp100-reactive
T cells toward gp100-expressing human
melanoma tumors (18). Taken together,
there are compelling arguments supporting
an initial application of gp100-reactive
T cells in a setting of early disease, where
the size of the lesions will not yet be
limiting to treatment efficacy and where
concerns about eliciting inflammation

The actual therapeutic outcomes of
adoptive T-cell transfer in LAM and its
interactions with selected follow-up
therapies are ultimately best gauged in
actual patients.

Meanwhile, our data provide proof
of principle for the use of adoptively
transferred, gp100-reactive T cells to treat
LAM. These data provide a rationale and
in vivo support for our quest to bring LAM
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