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Abstract

Progress in understanding tumor stromal biology has been
constrained in part because cancer-associated fibroblasts (CAF) are
a heterogeneous population with limited cell-type–specific protein
markers. Using RNA expression profiling, we identified the mem-
braneprotein leucine-rich repeat containing 15 (LRRC15) as highly
expressed inmultiple solid tumor indications with limited normal
tissue expression. LRRC15 was expressed on stromal fibroblasts in
many solid tumors (e.g., breast, head and neck, lung, pancreatic) as
well as directly on a subset of cancer cells of mesenchymal origin
(e.g., sarcoma, melanoma, glioblastoma). LRRC15 expression was
induced by TGFb on activated fibroblasts (aSMAþ) and on mes-
enchymal stem cells. These collectivefindings suggested LRRC15 as
a novel CAF and mesenchymal marker with utility as a therapeutic
target for the treatment of cancers with LRRC15-positive stromal
desmoplasia or cancers of mesenchymal origin. ABBV-085 is a
monomethyl auristatin E (MMAE)-containing antibody–drug con-

jugate (ADC) directed against LRRC15, and it demonstrated robust
preclinical efficacy against LRRC15 stromal-positive/cancer-
negative, and LRRC15 cancer-positive models as a monotherapy,
or in combination with standard-of-care therapies. ABBV-085's
unique mechanism of action relied upon the cell-permeable
properties of MMAE to preferentially kill cancer cells over
LRRC15-positive CAF while also increasing immune infiltrate
(e.g., F4/80þ macrophages) in the tumor microenvironment. In
summary, these findings validate LRRC15 as a novel therapeutic
target inmultiple solid tumor indications and support theongoing
clinical development of the LRRC15-targeted ADC ABBV-085.

Significance: These findings identify LRRC15 as a new
marker of cancer-associated fibroblasts and cancers of mesen-
chymal origin and provide preclinical evidence for the efficacy
of an antibody-drug conjugate targeting the tumor stroma.
Cancer Res; 78(14); 4059–72. �2018 AACR.

Introduction
Many cancer types with high stromal content, such as pan-

creatic cancer, triple-negative breast cancer, non–small cell lung
cancer (NSCLC) and sarcoma, continue to have low response
rates to current therapies and poor long-term survival (1–3). It
has been proposed that extracellular matrix (ECM) proteins
generated by cancer-associated fibroblasts (CAF) found in
tumor stroma impede the effective uptake of traditional che-
motherapeutics, and contribute to the immunosuppressive
environment seen in most solid tumors (4–7). Disrupting the
ECM to improve drug delivery is a strategy that is being pursued
preclinically as well as in early clinical trials in stroma-rich
tumors such as pancreatic cancer (8–10).

CAFs are a heterogeneous cell population with high degrees of
cellular plasticity, which are thought to arise from numerous cell
types including resident fibroblasts, endothelial cells, cells under-
going epithelial-to-mesenchymal transition (EMT), and mesen-
chymal stem cells (MSC; refs. 11, 12). This is a rapidly evolving
area of tumor biology, with many outstanding questions still
remaining regarding the origin, prevalence, and biological func-
tion of these CAF populations across different tumor types.
Fibroblasts in the tumor microenvironment (TME) are typically
characterized by expression of proteins such as a-smooth muscle
actin (a-SMA) or fibroblast activation protein alpha (FAPa), both
of which have significant normal tissue expression, leading
researchers in this field to emphasize the need for additional CAF
markers that are more TME specific (13–15).

In this study, we characterize leucine-rich repeat containing 15
(LRRC15), a 581 amino acid type I membrane protein with no
obvious intracellular signaling domains, which was found to be
highly expressed on the cell surface of stromal fibroblasts in many
solid tumors. In thismanuscript, we describe thefirst detailed evalu-
ation of the expression of LRRC15 on cancer and normal tissues.

Attaching a cytotoxic payload onto a cancer-targeting antibody
to generate an antibody–drug conjugate (ADC) is a therapeutic
strategy used to deliver cytotoxic molecules to cancer cells and
elicit an antitumor response (16, 17). The high LRRC15 expres-
sion we observed in multiple solid tumor indications together
with its low normal tissue expression led us to evaluate the utility
of LRRC15 as a targeting antigen to deliver a growth-inhibitory
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payload to the TME in the form of an ADC. ABBV-085 is an ADC
composed of an anti-LRRC15 humanized IgG1 antibody (Ab1),
conjugated to the antimitotic drug monomethyl auristatin
E (MMAE) via a protease cleavable valine–citrulline (vc) linker.
This novel stromal-targeting ADC is currently being evaluated in a
phase I first-in-human safety study.

Materials and Methods
Antibodies, drug conjugates, and proteins

Multiple anti-LRRC15 antibodies with different characteristics
were generated: (i) Ab1/Ab2-humanized IgG1 kappa antibodies
that bind human, cyno, rat, and mouse extracellular LRRC15; (ii)
Ab3/Ab4-murine IgG2a antibodies that bind human, cyno, rat,
and mouse extracellular LRRC15; and (iii) Ab5-murine IgG2b
that binds human extracellular LRRC15 and is formalin fixed
paraffin embedded (FFPE) compatible.

ABBV-085, a humanized anti-LRRC15 ADC, contains hydro-
phobic interaction chromatography (HIC)-enriched E2, where
approximately two vcMMAE drugs are conjugated per antibody
(Ab1). ADCswith varying drug antibody ratios (mixture of 0, 2, 4,
6, 8 drugs per mAb) were generated as comparison materials to
ABBV-085, using published techniques (18). Anti-LRRC15-
mcMMAF (E2) was generated with Ab1 conjugated via a non-
cleavable maleimido-caproyl linker to form a broad ADC distri-
bution (0, 2, 4, 6, 8 MMAFs per mAb) and subsequently HIC-
enriched to contain approximately two molecules of MMAF
conjugated to each antibody. An isotype antibody against tetanus
toxoid, and isotype ADCs, were used as controls.

The LRRC15 protein used to characterize antibody binding
consisted of: extracellular domain (ECD aa22–526) LRRC15-Fc
fusion. Recombinant human TGFb (rhTGFb1; R&D Systems) was
reconstituted at 20 mg/mL in sterile 4mmol/L HCLwith 1mg/mL
BSA, and used at 10 ng/mL unless otherwise stated.

Compounds and formulation
All antibodies and ADCs were formulated in 15 mmol/L

histidine, 7% (w/v) sucrose, 0.03% polysorbate 80, pH 6.0, and
stored at�80�C. Antibodies and ADCs were diluted in PBS or 15
mmol/L histidine pH 6 prior to administration. A mouse IgG2a
anti-PD1mAb (17D2) was generated in-house and formulated in
PBS. Gemcitabine was obtained from Hospira and formulated in
0.9%NaCl. Erlotinibwasobtained fromOSIPharmaceuticals and
formulated in 2% (vol) DMSO, 98% vol of: 2% (vol) EtOHþ 5%
(vol) Tween-80 þ 20% (vol) PEG-400 þ 71% (vol) HPMC.
Cetuximab was obtained from Imclone Systems Inc., and formu-
lated in 15 mmol/L histidine buffer, pH 6. Carboplatin was
obtained from Hospira, Inc., and formulated in PBS. Docetaxel
was obtained from Sagent and formulated in 0.9% NaCl. Radi-
ation treatment was administered to the tumor using a cesium-
137 biological irradiation system (Precision X-Ray) with the
remainder of the body shielded from the source.

Cell culture
U118-MG (ATCC), PANC-1 (ATCC) were grown in DMEM.

RPMI7951 cells (ATCC) were grown in Eagle's Minimum Essen-
tial Medium. HCT116 (ATCC) andHCT116-LRRC15 transfectant
(withG418 selection, 500mg/mL)were cultured inMcCoymedia.
Normal human lung fibroblast (NHLF; Lonza), EBC-1 (JCRB),
and all additional cells were grown in RPMI1640 media. Unless
otherwise noted, all cell lines were supplemented with 10% FBS

and cultured at 37�C with 5% CO2. The identity of cell lines
was confirmed according to ATCC recommended guidelines
(DNA fingerprinting) and maintained at low passage numbers
(<10) and routinely tested for mycoplasma (MycoFluor
ThermoFisher).

Human bone marrow–derived MSCs (BM-MSC) that were
positive for CD29, CD44, CD73, CD90, CD105, CD166, negative
for CD14, CD34, CD45 were purchased from ATCC, and Lonza
and grown in vendor recommended media. Adipose-derived
MSCs (ATCC) and umbilical cord-derived MSCs (ATCC) were
grown in vendor's recommended low serum formulation. BALB/c
mouse MSCs (Cyagen) were grown in vendor-specific recom-
mended media under normoxic conditions.

Immunohistochemistry
Normal or cancer human tissues in FFPE blocks or unstained

slides were purchased from various commercial vendors (Zion,
Asterand, ClinPath Advisors, or US Biomax) for LRRC15 staining
performed at AbbVie. All the tissues stained at Dr. Eric Hsi's
laboratory were from the tissue bank at Cleveland Clinic Foun-
dation (CCF). All human samples were deidentified to be in
compliance with the CCF and AbbVie institutional and corporate
policies.

For human LRRC15 staining, FFPE slides were air dried at room
temperature. Antigen retrieval was performed with high pH target
retrieval buffer at 125�C for 1 minute. Slides were incubated with
an AbbVie internally generated human-specific LRRC15 antibody
(Ab5, mouse IgG2b) at 1 mg/mL for 60 minutes after protein
blocking, followed byHRPmEnvision reagent for 30minutes and
visualized with DAB reaction. Alexa Fluor 488/Alexa Fluor 594
secondary antibody reagents (Thermo Fisher) were used for the
immunofluorescence dual staining for LRRC15 and aSMA (clone
1A4; DAKO).

For LRRC15 staining in mouse tissues, optimal cutting tem-
perature (OCT) embedded frozen blocks were sectioned and
fixed in acetone before staining with biotinylated mouse anti-
mouse LRRC15 antibody (Ab3, mouse IgG2a) at 2 mg/mL after
protein block. The antibody-specific binding was detected with
ABC-Elite HRP and DAB reaction (DAKO mouse Envision þ).
LRRC15 expression in xenograft and patient-derived xenograft
(PDX) tumors was scored qualitatively from 0 to 3þ based
on intensity and frequency of the staining. Other antibodies
used for IHC were purchased from commercial vendors includ-
ing anti-phospho-histone H3 (pHH3) at serine 10, anti-Ki67,
anti-CD45 (Cell Signaling Technology) and anti-F4/80
(eBioscience).

Whole section images were scanned with the Aperio Scanscope
XT. The percent of positive tumor cells for the mitosis marker
(pHH3) in viable tumor areas of whole section images were
quantitatively analyzed using a color deconvolution algorithm
(Spectrum Image Analysis Program; Aperio).

Immunoblotting
Lysates were quantitated using Pierce BCA Protein Assay Kit.

Fifteenmicrograms of protein was loaded on a 4% to 12%Bis Tris
Gel with 3-(N-morpholino)propanesulfonic acid (MOPS) run-
ning buffer and transferred to a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad Transblot Turbo). Anti-LRRC15 (Ab5) was
used at 0.5 mg/mL, anti-aSMA (DAKO; Clone 1A4) at 1:500, anti-
GAPDH (Santa Cruz Biotechnology) at 1:1,000, and goat anti-
mouse IgG HRP (Jackson Labs) at 1:10,000.
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Flow cytometry
LRRC15 expressionwas assessed by flow cytometry using either

Ab1 and Goat F(Ab')2 antihuman IgG Fc gamma RPE (Jackson
ImmunoResearch) secondary, or using AF647-conjugated anti-
LRRC15 Ab1 or Ab2. A humanized IgG1 anti-tetanus toxoid
antibodywith andwithoutfluor labelingwas used as an irrelevant
isotype control. LRRC15 cell surface copy number was performed
using LRRC15 Ab3 (AF488 labeled) relative to isotype-AF488 and
quantification was determined with Quantum Simply Cellular
Bead Kit (Polysciences) according to the manufacturer's
guidelines.

For cell-cycle analysis, trypsinized cells were pelleted and fixed
for 30 minutes with ice-cold 85% ethanol (5 mL). The cells were
centrifuged out of the ethanol and resuspended in 1mL of PBS to
rehydrate. The cells were centrifuged again and resuspended in 1
mL of 1� propidium iodide, 1� RNAase A and incubated for 1
hour at 37�C and then analyzed by flow cytometry.

For ex vivo flow cytometry of dissociated tumors, tumor tissues
wereminced with scissors and dissociated into single-cell suspen-
sions using the MACS Human Tumor Dissociation Kit (Miltenyi
Biotec) per the manufacturer's protocol for the dissociation of
tough tumors. Briefly, this involved two, 30 minute, 37�C, enzy-
matic digestion steps and twomechanical disruption pulses using
the gentleMACS C Tube on a gentleMACS Dissociator. Dissoci-
ated tumor cells were passed through a 70-mm filter, and imme-
diately used for flow cytometry. Single-cell suspensions were
resuspended in PBS with 10% FBS and 10 mg/mL FcR block
(antimouse CD16/CD32, clone 93; eBioscience). The following
directly conjugated antibodies were used for flow cytometry:
human IgG1 k isotype control AF647, anti-LRRC15 (Ab2)-AF647,
anti-FAP-AF647, mouse antihuman CD326 (EpCAM) PE (clone
1B7; eBioscience) and anti-mouse F4/80 PE (clone BM9;
eBioscience). Ex vivo tumor suspensions were incubated with
fluor-conjugated antibodies for 20 minutes on ice and washed
twice using PBS with 1% FBS. Flow cytometry data were collected
on either a Becton Dickinson FACSCalibur or LSR Fortessa flow
cytometer and analyzed using either CellQuest (Becton Dickin-
son) or FlowJo analysis software (Treestar).

siRNA knockdown
siRNA oligonucleotides for nontargeting control pool/single

and LRRC15 (n¼ 4 oligos) were purchased fromDharmacon and
resuspended to form 20 mmol/L stock according to the manu-
facturer's guidelines. Cells were seeded at 5� 105 cells per well in
six-well plates and transfected with 30 pmol of siRNA using
Lipofectamine RNAiMax (Thermo Fisher) and Opti-MEM media
according to the manufacturer's instructions. Cells were analyzed
by flow cytometry for LRRC15 expression 48 hours after trans-
fection with siRNA.

Cell proliferation assay
Inhibition of proliferationwas assessed in 96-well format using

CellTiterGlo (Promega) after 4 days of treatment with a titration
series of specified compounds. Luminescence (measuring ATP)
was read on a Perkin Elmer 2030 Victor X5 plate reader. Cell
viability was expressed as a percentage relative to untreated
control.

Animal husbandry
All mice strains used for efficacy studies, as well as male/female

Sprague Dawley rats used in tolerability studies, were obtained

from Charles River. Food and water were available ad libitum.
Mice/rats were acclimated to the animal facilities for a period of at
least 1 week prior to commencement of experiments. Animals
were tested in the light phase of a 12-hour light:12-hour dark
schedule. All in vivo experiments were reviewed, approved, and
conducted in compliancewithAbbVie's Institutional AnimalCare
and Use Committee and the NIH Guide for Care and Use of
Laboratory Animals guidelines in a facility accredited by the
Association for the Assessment and Accreditation of Laboratory
Animal Care.

Mouse xenograft efficacy
The following mice strains (all female) were used for efficacy

studies, C57BL/6 (MC38), CB17-SCID (EBC1, U118MG,
SUM190PT, SCC15, PANC1), SCID-Beige (NCI-H1650), and
NSG (osteosarcoma CTG-0241). For each xenograft study, 5 to
10million viable cells (injection volume 0.1mL)were inoculated
subcutaneously into the right flank of mice. Cells were implanted
with matrigel (1:1 mixture of S-MEM and Matrigel), unless
otherwise stated. Tumors were randomized and size matched for
initiation of treatment in efficacy studies once tumor volumes
grew to 150 to 200mm3. Mice weighed approximately 20 g at the
onset of therapy. Tumor volume was estimated two times weekly.
Measurements of the length (L) and width (W) of the tumor were
taken via electronic caliper and the volumewas calculated accord-
ing to the following equation: V ¼ (L � W2)/2. Mice were
euthanized when tumor volume reached 2,000 mm3 or if skin
ulcerations occurred.

Tumor growth inhibition (TGI) indicates the divergence
between the mean tumor volume of a drug-treated group and
the mean tumor volume of the control-treated group and is
expressed as a percentage of the mean volume of the control
group. TGImax (maximum TGI ¼ 100 � [1 � (mean tumor
volume of treatment group/mean tumor volume of control
group)] was determined at the time point when difference
between treatment and control groups was maximal (N ¼ 8
mice per group). Values for rate of complete response (CR) is
given as the percentage of mice within a group with a tumor
burden �25 mm3 for at least three consecutive measurements.
Partial response (PR) is given as the percentage of mice within a
group with tumor burden less than half of their starting tumor
volume at time of randomization but >25 mm3 for three
consecutive measurements. Data calculations were made and
stored using Study Log, Study director Version 2.1.

Statistical analysis
Data from experiments in vivowere analyzed using the two-way

ANOVA with post hoc Bonferroni correction for T/C values (JMP
Version 10.0.0; SAS Institute Inc.), and the Mantel–Cox log-rank
test for TGD (JMP Version 10.0.0; SAS Institute Inc.). Statistical
analysis for determining significance between treatment groups
for in vitro experiments was performed using two-tailed T tests in
GraphPad Prism.

Results
LRRC15 is highly expressed in tumor stroma andon cancer cells
of mesenchymal origin

RNA expression analysis of over 2,000 distinct cancer patient
samples representing multiple indications and 350 normal
human tissues was undertaken to identify antigens differen-
tially expressed between cancer and normal tissues. From this
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Figure 1.

LRRC15 expression in cancer. A, RNA-seq data from TCGA analyzed using ArrayStudio software (OmicSoft, http://www.omicsoft.com) showing LRRC15 RNA
expression onmultiple solid tumor indications relative to the normal tissue of origin. Axis units are Log2 (FPKMþ0.1).B, LRRC15-negative cell line HCT116 and HCT116
cells stably expressing LRRC15 were cultured in vitro, pelleted, and made as FFPE blocks for LRRC15 IHC. LRRC15-negative cell line EBC-1 and LRRC15-positive
cell line U118MG are shown for comparison. C, Representative IHC analysis of LRRC15 expression (brown) in solid tumors, where expression is cancer-negative and
stromal-positive (top) or cancer-positive and stromal-positive (bottom). D, Fluoresencent IHC of LRRC15 (green) colocalization with activated fibroblast
marker (a-SMA, red) in a representative example of NSCLC (adenocarcinoma). Nuclei of cells are stained with DAPI (blue). IF, immunofluorescence.
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analysis, LRRC15 was identified as having high expression and
prevalence across multiple solid tumors, with low expression in
most normal tissues. Publically available data from The Cancer
Genome Atlas (TCGA, https://cancergenome.nih.gov/) con-
firmed this finding (Fig. 1A; Supplementary Fig. S1), and is
consistent with published reports of LRRC15 overexpression in
breast cancer (19, 20).

To confirm RNA expression findings, we examined LRRC15
protein expression in cancer and normal tissues by IHC. Multiple
commercially available antibodies to LRRC15 were found to be
lacking specificity, leading us to generate new highly selective
antibodies to the extracellular domain of LRRC15. The specificity
of our LRRC15 antibodies was extensively tested on LRRC15
recombinant protein, LRRC15-positive (e.g., U118MG) and -neg-
ative (e.g., HCT116, EBC1) endogenous cell lines, and on
LRRC15-transfectant cells compared with the negative parental
cell line (HCT-116). LRRC15 immunofluorescence and IHC
performed on cell pellets (Fig. 1B; Supplementary Fig. S2A,
S2B) corresponds with flow cytometry protein expression data
(Supplementary Fig. S2C). In addition, we show that commer-
cially acquired siRNA oligonucleotides (n ¼ 4) to LRRC15
resulted in loss of expression and loss of antibody binding
48 hours post-siRNA transfection (Supplementary Fig. S2D).

The prevalence of LRRC15 protein expression across tumor
types by IHC was found to be highly concordant with that
observed by mRNA expression analysis. Interestingly, rather than
being expressed by the cancer cells, LRRC15 was predominantly
expressed at high levels on the stromal cells in the TME
(Fig. 1C; Table 1). Tumor stromal IHC expression of LRRC15
(�2þ, 25%) was detected across a diverse set of solid tumor

cancer types. High LRRC15 prevalence was seen for multiple
cancer indications including breast cancer (94%, n ¼ 82/87
representing all subtypes), head and neck (81%, n ¼ 182/226),
NCSLC (72%adeno, n¼ 63/87 and 64% squamous, n¼ 74/115),
and pancreatic (66%, n ¼ 27/41). Conversely, there were certain
indications that had negligible or no LRRC15 expression such as
renal cancer (3%, n ¼ 1/31), prostate (0%, n ¼ 0/34), and GIST
(0%, n ¼ 0/6). We also observed stromal LRRC15 expression in
metastases from various sites (lymph node, bone, liver). LRRC15
stromal positivity is shown in a matched primary head and neck
tumor (tongue) and lymph node metastasis from the same
patient (Supplementary Fig. S2E). Specific noncarcinoma cancers
with mesenchymal characteristics were identified as having both
cancer and stromal expression of LRRC15, including sarcomas,
glioblastoma (GBM), and melanoma (Fig. 1C; Table 1). Cancer
cell lines derived from these mesenchymal tumor types often
expressed LRRC15 protein at high levels in vitro (Supplementary
Fig. S2A and S2B). To identify the type of stromal cell that
expresses LRRC15 within tumors, double-staining assays were
performed that revealed LRRC15 expression occurs on a-SMAþ
CAFs in (Fig. 1D), and in other tumor types such as breast and
pancreatic cancer.

Normal tissue expressionof LRRC15 and its regulationby TGFb
Analysis of LRRC15 mRNA expression suggested its general

absence from most normal human tissues (Fig. 1A; Supplemen-
tary Fig. S1), which was confirmed by a broad IHC assessment of
LRRC15 protein expression (Fig. 2A). Interestingly, LRRC15 nor-
mal expression was highly localized with expression restricted to
hair follicles, tonsil, stomach (cardia and pylorus regions only),
spleen (peritrabecular region), osteoblasts, and sites of wound
healing (Fig. 2A).

The recruitment and activation of fibroblasts in tumor stro-
ma to become a-SMA-positive CAFs is known to be regulated in
large part by the secretion of TGFb in the TME (21–24). Given
the expression of LRRC15 on CAFs, we decided to test whether
LRRC15 expression was regulated by TGFb. NHLFs, which
express very low levels of LRRC15 in vitro, were found to
upregulate LRRC15 expression upon treatment with TGFb
(10 ng/mL) by flow cytometry (Fig. 2B). NHLF cells that had
sustained exposure to TGFb for 7 days demonstrated that the
induced LRRC15 expression was maintained, and these cells
also showed an increase in expression of the intracellular CAF
marker a-SMA (Fig. 2C). TGFb-induced LRRC15 expression was
found to be reversible upon removal of TGFb from culture, and
could also be inhibited by a TGFBR blocking antibody (Fig.
2D); further emphasizing the important role TGFb plays in
regulating LRRC15 expression.

LRRC15 is a novel marker of MSCs
The normal tissues that express LRRC15 are sites where TGFb is

reported to be present and where MSCs are known to reside
(25–28). To test whether MSCs express LRRC15, BM-MSCs were
acquired and tested for LRRC15 expression by flow cytometry and
immunoblotting. BM-MSCs from several human donors showed
significant LRRC15 expression when cultured ex vivo, and this
expression was further increased upon treatment with TGFb
(Fig. 2E and F). In fact, LRRC15 expression and its induction by
TGFb were also seen in adipose-derived MSCs. A subset of
umbilical cord–derived MSCs (ATCC) showed LRRC15 expres-
sion, albeit at lower levels than BM-MSCs or adipose MSCs

Table 1. Summary of LRRC15 expression in cancer

IHC score (TMA þ individual
tissues)

Tumor type � 2þ % Positive

Breast
Ductal þ lobular 72/76 95
Triple-negative 10/11 91

Head and neck (incl. metastases) 182/226 81
Lung
NSCLC: adeno 63/87 72
NSCLC: squamous 74/115 64

Pancreatic 27/41 66
Bladder 14/30 47
Colorectal 19/43 44
Ovarian 8/18 44
Hepatocellular 7/17 41
Testicular 9/31 29
Endometrial 3/27 11
Gastric 2/35 6
Renal 1/31 3
Gastrointestinal stromal tumor 0/6 0
Prostate 0/34 0
Sarcoma (multiple subtypes)a 28/39 72
Melanomaa 28/48 58
GBMa 7/31 23

NOTE: Biopsies from different tumor types were used to generate TMA, which
were assessed for LRRC15 expression by IHC and scored on a scale of 0 to 4. A
score of �2 was chosen to identify tumors (cancer cells or tumor stroma) that
expressed LRRC15 at high levels. The LRRC15 staining and expression was only
seen on the tumor stroma, unless otherwise stated.
Abbreviation: TMA, tissue microarrays.
aIndications where examples of cancer-positive LRRC15 expression were
observed.
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Figure 2.

Normal tissue expression of LRRC15 and its regulation by TGFb. A, Representative IHC images of LRRC15-positive expression (top) and LRRC15-negative
expression (bottom) in normal human tissues. B, Flow cytometry of LRRC15 expression on normal lung fibroblasts (NHLF) following stimulation with TGFb
(10 ng/mL). C, Immunoblot of LRRC15 anda-SMA expression in NHLF cell lysate following 7-day treatment with TGFb (as indicated).D, LRRC15 induction by TGFb in
the presence and absence of a TGFBR-blocking antibody as measured by flow cytometry. E, Expression of LRRC15 on human MSCs (bone marrow, adipose, or
umbilical derived) and mouse BM-MSCs treated with TGFb (3 days). F, Immunoblots of LRRC15 and a-SMA expression for three distinct donor BM-MSCs
with and without TGFb treatment (3 days). Two-tailed t test (unequal variance). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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(Fig. 2E). Mouse BM-MSCs (BALB/c strain) were similarly tested
and confirmed to have LRRC15 expression, which was further
increased following TGFb treatment (Fig. 2E).

ABBV-085 is an LRRC15-targeting ADC with MMAE-driven
bystander tumor efficacy

To assess if LRRC15 could be used as a targeting antigen to
deliver a cytotoxic drug to the TME and elicit an antitumor

response, an ADC was generated against the extracellular
domain of LRRC15. The LRRC15-specific humanized IgG1
antibody (LRRC15 Ab1) has comparable protein binding
across a broad range of species (human, cynomolgus monkey,
rat, mouse) as shown by ELISA binding to LRRC15-Fc-fusion
proteins and engineered LRRC15 transfectant cell lines con-
taining the specific LRRC15 protein sequence for each species
(Fig. 3A–D; Supplementary Table S1A). The parent LRRC15
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Figure 3.

In vitro characterization of the ADC ABBV-085. A–D, Binding by ELISA of isotype control antibody, LRRC15 antibody (Ab1), and ABBV-085 to human, cynomolgus
monkey, rat, and mouse LRRC15-Fc recombinant protein. E, HIC of mc-vc-MMAE conjugated onto LRRC15 antibody (Ab1) via reduced interchain disulfides to
a broad DAR4 distribution. ABBV-085 is shown containing primarily two mc-vcMMAE molecules per antibody (E2). F, Cell killing by LRRC15 antibody (Ab1) and
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antibody (Ab1) did not demonstrate in vitro or in vivo activity
(as measured by direct inhibition of growth or by mediating
ADCC; Supplementary Fig. S3A and S3B). ABBV-085 is a
LRRC15-targeting antibody conjugated to the potent cell per-
meable antimitotic molecule MMAE through a cleavable vc
dipeptide linker (29). Following conjugation to interchain
disulfides, a process step is added to highly enrich for ADC
molecules containing primarily two MMAE molecules per
antibody (ADCs with this conjugation format are referred to
as "E2" throughout). This differs from the more commonly
used drug–antibody ratio (DAR) with a Gaussian distribution
averaging �4 (DAR4; Fig. 3E), such as that used in the
approved agent brentuximab vedotin. The drug-loading profile
of two MMAE molecules (E2) was chosen over DAR4 based on
the combination of preclinical efficacy (Supplementary Fig.
S4A) and significantly improved tolerability in toxicity models
(e.g., rat tolerability; Supplementary Table S1B). ABBV-085 is
able to kill LRRC15 expressing cancer cells in vitro (Fig. 3F),
and because ABBV-085 can bind to mouse LRRC15, its efficacy
was assessed in xenograft models where the implanted human
cancer cells were either LRRC15-positive or -negative, and the
mouse stromal fibroblasts were LRRC15-positive. We found
that ABBV-085 has broad efficacy (tumor regressions or cures)
in vivo in many solid tumor models across multiple cancer
indications. Efficacy was observed in LRRC15 stromal fibro-
blast-positive/cancer-negative models, and in LRRC15 cancer-
positive models. As examples, the NCI-H1650 (NSCLC-ade-
nocarcinoma) model, which was cancer-negative but highly
positive for mouse stromal LRRC15 expression (3þ IHC),
displayed robust LRRC15-targeted sensitivity to ABBV-085,
including tumor regressions and cures (>80 days postinitiation
of treatment), which was superior to the treatment with
carboplatin or erlotinib (Fig. 4A). In addition, ABBV-085
demonstrated significant antitumor activity in multiple
LRRC15 cancer-positive models, including a PDX model of
osteosarcoma (CTG-0241) with high LRRC15 cancer and stro-
mal expression (3þ IHC). This PDX model was refractory to
current therapies used in osteosarcoma when dosed maximally
(doxorubicin, ifosfamide, gemcitabine, cisplatin; Fig. 4B). Of
note, tumors that eventually regrew following ABBV-085 treat-
ment, retained sensitivity to ABBV-085 when the ADC was re-
administered in both the LRRC15 cancer-negative/stromal-
positive setting (SUM190PT breast xenografts; Fig. 4C) and
in LRRC15 cancer-positive/stromal-positive tumors (U118MG
GBM xenografts; Fig. 4D).

ABBV-085 also showed enhanced activity in combination with
multiple therapies of varying mechanisms of action (Fig. 5A–D;
Supplementary Fig. S4B and S4C), whichwas statistically superior
to either agent alone, including cytotoxic chemotherapy (gemci-
tabine, docetaxel), radiation, immune-therapy (anti-PD1), and
other targeted therapies (erlotinib, cetuximab). The broad com-
bination activity with ABBV-085 frequently resulted in CRs and
cures in these xenograft models (both cell line and patient-
derived). All mice tolerated ABBV-085 in combination with the
agents tested, indicating no worsening of tolerability associated
with these combinations.

To further our understanding of ABBV-085 mechanism of
action, we assessed its ability to induce M-phase cell-cycle arrest
via uptake of the mitotic inhibitor MMAE. M-phase cell-cycle
arrest (by DNA flow cytometry) was demonstrated in LRRC15-
positive U118-MG cancer cells in vitro (Supplementary Fig.

S5A). To assess ABBV-085 mechanism of killing of LRRC15-
negative cancer cells in vivo, EBC-1 tumors (cancer-negative,
LRRC15 stroma-positive) were excised 72 hours posttreatment,
and stained by IHC for phospho-histone-H3 (pHH3), a marker
of cells in mitosis. The LRRC15-negative cancer cells underwent
a transient M-phase mitotic arrest, as noted by an increase in
pHH3 staining (Fig. 6A). This suggested that the payload was
exerting a targeted bystander activity on the cancer cells fol-
lowing its initial uptake and processing by the LRRC15-positive
stromal fibroblasts. To assess this further, a non-cell-permeable,
yet structurally similar, highly potent antimitotic payload
monomethyl auristatin-F (MMAF) was conjugated onto the
LRRC15 Ab1 and evaluated (30). In vitro, the LRRC15-MMAF
ADC was able to kill LRRC15-positive cancer cells at sub-
nanomolar potency, similar to that seen for ABBV-085 (Sup-
plementary Fig. S5B). In vivo, however, the MMAF payload
proved to be ineffective in LRRC15 cancer-negative/stromal-
positive xenograft models (PANC1, EBC1) shown to be sensi-
tive to ABBV-085 (Fig. 6B and C). This suggests that direct
killing of the LRRC15-positive CAFs by ABBV-085 only partially
contributes to tumor reduction and that the cell permeable
properties of MMAE are essential to ABBV-0850s in vivo activity.
To investigate the mechanism of ABBV-085 further, EBC-1
tumors were excised at Day 11 posttreatment, dispersed into
single cell suspensions and evaluated by flow cytometry or
immunofluorescent microscopy. We found that ABBV-085
resulted in a significant reduction in the percentage of cancer
cells (EpCAM-positive) within the shrinking tumor (Fig. 6D
and E). Interestingly, our ex vivo data of dispersed tumors
revealed that LRRC15-positive fibroblasts were not completely
ablated by ABBV-085 treatment in shrinking tumors (e.g.,
EBC1, PANC1). A population of a-SMA- and FAPa-positive
fibroblasts were still evident post treatment (by microscopy and
flow cytometry, respectively), suggesting that ABBV-085 was
having a more pronounced growth-inhibitory effect on the
cancer cells than on the stromal fibroblasts in our models (Fig.
6D and E; Supplementary Fig. S6). A significant increase in
mouse macrophages (F4/80þ) was also seen within the shrink-
ing tumor post-ABBV-085 treatment (Fig. 6E). These observa-
tions, together with the immunogenic cell death (ICD) reported
for other MMAE ADCs preclinically and clinically, suggest that
additional investigation of a possible immune-modulating
aspect to ABBV-085 is warranted (31, 32).

To further examine the potential impact of bystander killing by
the MMAE payload, an assessment of the proliferative rate (Ki67
positivity) of cancer cells versus stromal cells was performed by
immunohistochemistry on multiple human solid tumor tissue
types (Fig. 6F). Across tumor indications, the stromal fibroblast
compartment had amuch lower percentage of Ki67þproliferative
cells than was seen for the corresponding cancer area within each
tumor type.

Discussion
Herein, we performed the first detailed assessment of LRRC15

expression in tumor and normal tissues. We found this novel
protein to be highly expressed on CAFs within the tumor stroma
ofmany cancer indications, as well as directly on cancer cells from
a subset of mesenchymal tumors (e.g., sarcomas, GBM). Consis-
tent with the mesenchymal cancer expression, we found LRRC15
to be expressed on localized normal tissues with mesenchymal
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In vivo antitumor activity ofABBV-085whenused in combinationwith anticancer drugs. Tumor growth curves ofABBV-085 combinedwith erlotinib inNSCLC-adeno
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MechanismofABBV-085.A,Representative IHCanalysis showingphospho-histone-H3 (M-phasemitotic arrest) in EBC-1 (LRRC15 cancer-negative/stromal-positive)
xenografts treated with ABBV-085 or isotype controls and harvested 72 hours after dosing. B, PANC-1 (LRRC15 cancer-negative/stromal-positive) xenograft
tumors showing sensitivity to anti-LRRC15-vcMMAE (ABBV-085) but not anti-LRRC15-mcMMAF. C, EBC-1 xenograft tumors treated with ABBV-085, LRRC15-
mcMMAF, or isotype ADCs, which were subsequently harvested for ex vivo analysis on day 11. D, Representative fluorescent microscopy of EBC-1–dispersed tumors
(day 11, as indicated in C) allowed to adhere to slides (24 hours) and imaged for cancer cells (EPCAM, green), CAFs (a-SMA, red), and nuclei (DAPI, blue).
E, Flow cytometry of EBC-1–treated tumors harvested 11 days posttreatment and dispersed into single cells. The relative percentage of human cancer cells (EPCAM),
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characteristics such as hair follicle and tonsil (25, 26). The
expression of LRRC15 observed on both CAFs and MSCs, as well
as on wound healing tissue (all of which are highly TGFb-regu-
lated), supports the theory that similar cell populations and
processes are at play in tumor stroma and wound repair (33, 34).

Based on our expression findings, we propose that LRRC15 is a
novel cell-surface marker of the mesenchymal phenotype, with
high expression limited to activated fibroblasts, MSCs, and a
subset of mesenchymal cancer cells (35). The specific localization
of LRRC15 protein expression and its inducibility by TGFb differ-
entiates LRRC15 from other commonly used mesenchymal mar-
kers such as FAPa, which have expression on cells other than
myofibroblasts (36, 37). This is further supported by RNA-seq
expression data from TCGA breast cancer cohorts (https://cancer
genome.nih.gov/), where we observed lower baseline LRRC15
normal tissue expression and higher differential LRRC15 RNA
expression between cancer and adjacent normal tissues, com-
pared with that seen for FAPa (Supplementary Fig. S7).

Because the role of CAFs as regulators of tumor growth is the
subject of ongoing debate (especially across tumor types),
attempts at modulating this cell population need to be carefully
considered (12, 38, 39). Our data on LRRC15 expression suggest
that the heterogeneity ofCAFs, due to its cell type of origin,maybe
a contributor to these discrepancies. Because LRRC15 is a cell
surface marker with specific expression on CAFs (including
recruited MSCs and TGFb-activated fibroblasts), with limited
expression on normal cells, we believe it to be a valuable antigen
that can be leveraged both in the study of the TME, and for the
deliveryof cytotoxic agents.Given the scarcityofpublisheddataon
this novel protein, additional work is needed to better understand
the biological and functional role of LRRC15 within the TME.

The clinical failure of smoothened inhibitors that targetedCAFs
in pancreatic cancer and resulted in increased tumor growth
emphasizes the need for an increased understanding of distinct
stromal cell populations and their specific roles in regulating cell
growth in different cancer indications (40, 41). These smooth-
ened inhibitors targeted CAFs without also negatively impacting
the growth of cancer cells, suggesting a treatment strategy in
pancreatic cancer (and possibly other indications) that only
depletes CAFs while having no inhibitory effect on cancer cells
is unlikely to demonstrate positive clinical activity (42).

ABBV-085 uses an LRRC15-specific mAb to localize the MMAE
payload at high levels in the TME. Once localized to the LRRC15-
rich stroma, the cell-permeable MMAE payload can diffuse into
nearby cancer cells where it can then drive a targeted-bystander
effect to kill dividing cancer cells and ultimately induce tumor
shrinkage. We found ABBV-085 to have a more profound growth
inhibitory effect on proliferative cancer cells within a tumor than
the stromal fibroblasts, which tend to have a lower Ki67 mitotic
rate (Fig. 6D–F). Similarly, LRRC15-positive MSCs, which also
have a low proliferative rate, displayed minimal sensitivity to
ABBV-085 in vitro, alleviating potential normal tissue toxicity
concerns of targeting these MSCs. In both rat (Supplementary
Table S1B) and cynomolgus monkey tolerability studies for
ABBV-085, no toxicities associated with sites of normal tissue
LRRC15 expression were observed. Rather the dose limiting
toxicity was neutropenia, which is a well characterized and fre-
quently observed findingwith otherMMAE-based ADCs (43, 44).

ABBV-085 monotherapy activity was seen in both LRRC15
cancer-negative/stromal-positive tumor models and in LRRC15
cancer-positive/stromal-positive tumors. In addition, ABBV-085

displayed activity in highly chemo-refractive indications such as
osteosarcoma (CTG-0241 PDX; Fig. 4B) with poor treatment
options and prognosis (45). Xenograft models across multiple
solid tumor indications (e.g., breast, lung, head and neck,
pancreatic, sarcoma, GBM) with �2þ LRRC15 positivity (25%
area, moderate/strong staining) often responded to ABBV-085
treatment, suggesting that tumorswith high LRRC15positivity are
more likely to respond and that ABBV-085 has the potential to be
broadly active. Interestingly, we found that tumors that eventually
regrow following ABBV-085 treatment retain sensitivity to ABBV-
085 upon re-administration of the ADC (Fig. 4C and D). We
propose that targeting an antigen found onCAFs, which are under
less genetic/mutation pressure compared with cancer cells may
minimize potential drug resistance due to reduced target antigen
expression.

Encouraging antitumor efficacy is also seen when ABBV-085 is
used in combination with multiple cancer therapies with varying
mechanisms of action (Fig. 5A–D; Supplementary Fig. S4B and
S4C). We propose that targeting the LRRC15-positive TME using
ABBV-085 has the potential to enhance the delivery and activity of
these combination therapeutic agents, resulting in improved
anticancer activity relative to that seen for either single agent
alone. It will need to be determined clinically whether high
LRRC15 cancer-positive/stromal-positive indications (e.g., sarco-
ma) or high expressing LRRC15 cancer-negative-/stromal-positive
indications (e.g., breast, head, and neck) respond better to ABBV-
085 treatment and whether the appropriate clinical development
is as a monotherapy or in the combination setting.

A companion diagnostic IHC assay (CDx) has been created
to support the clinical development of ABBV-085. Patient
selection for LRRC15 expression may be required in certain
cancer indications where the prevalence of antigen positivity is
lower. A retrospective assessment of LRRC15 expression and its
potential correlation with clinical response will also be
determined.

In summary, LRRC15 is a novel marker of TGFb-activated
fibroblasts and MSCs and can be used as a targeting antigen to
deliver an ADC payload to the TME. ABBV-085 is a first-in-class
stromal targeting ADC that is currently being investigated in a
phase I safety study in solid tumors expressing LRRC15.
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