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Loss of LRRC33-Dependent TGFb1 Activation Enhances
Antitumor Immunity and Checkpoint Blockade Therapy
Aiping Jiang1,2, Yan Qin1,2, and Timothy A. Springer1,2

ABSTRACT
◥

TGFb has multiple roles and gene products (TGFb1, -b2, and -
b3), which make global targeting of TGFb undesirable. Expression
of TGFb requires association with milieu molecules, which localize
TGFb to the surface of specific cells or extracellular matrices. Here,
we found that LRRC33 was specifically associated with TGFb1, not
TGFb2 and TGFb3, and was required for surface display and
activation of TGFb1 on tumor-infiltrating myeloid cells. Loss of
LRRC33-dependent TGFb1 activation slowed tumor growth and
metastasis by enhancing innate and adaptive antitumor immunity

inmultiplemouse syngeneic tumormodels. LRRC33 loss resulted in
a more immunogenic microenvironment, with decreased myeloid-
derived suppressor cells, more active CD8þ T and NK cells, and
more skewing toward tumor-suppressive M1 macrophages.
LRRC33 loss and PD-1 blockade synergized in controlling B16.
F10 tumor growth. Our results demonstrate the importance of
LRRC33 in tumor biology and highlight the therapeutic potential of
dual blockade of the LRRC33/TGFb1 axis and PD-1/PD-L1 in
cancer immunotherapy.

Introduction
The three TGFbs havemany important biological roles, and TGFb1

is especially important in regulating wound-healing, immune
responses, and tumor biology. Mice deficient in TGFb1 die within
a few weeks after birth from uncontrolled lymphocyte proliferation
and autoimmunity. TGFb inhibits CD8þ killer T cells and CD4þ Th1
and Th2 cells but stimulates regulatory T cells (Tregs). TGFb also
inhibits killing by natural killer (NK) and NKT cells and inhibits
migration and expression of coreceptors and cytokine effectors by
dendritic cells (DC). Thus, TGFb polarizes immune-infiltrating cells in
tumor microenvironments (TME) towards nonresponsiveness (1, 2).

TGFb expression correlates with poor prognosis for patients with
cancer and has long been considered an important therapeutic tar-
get (3). TGFb has emerged as an important tumor driver associated
with anti-PD-1/PD-L1 resistance in metastatic melanoma (4), and
inhibition of TGFb enhances immune-checkpoint blockade efficacy in
multiple preclinical tumormodels (5–7).Myeloid cells in theTMEplay
an important role in tumor progression (8–11). High infiltration of
immune-suppressive myeloid cells correlates with poor prognosis
and resistance to checkpoint blockade therapy. These cells include
Mac-1þF4/80þ tumor-associatedmacrophages (TAM),Gr-1þMac-1þ

myeloid-derived suppressor cells (MDSC), and Mac-1þCD11cþ DCs,
which infiltrate the TME in tumor-bearing mice, as well as in patients
with cancer. Tumor-associated myeloid cells are the predominant
sources of TGFb1 in theTME (2) and are important in tumor immune-

evasion (12). Hematopoietic cells preferentially express TGFb1, and
selective TGFb1 inhibition is sufficient to overcome resistance to
checkpoint blockade therapy (5, 13–15).

Here, we tested whether TGFb1 associated with a specific milieu
molecule, leucine-rich repeat-containing glycoprotein 33 (LRRC33;
ref. 16), was important in tumor biology. Early in intracellular bio-
synthesis, the large, N-terminal pro-domain of TGFb coassociates
noncovalently and through disulfide bonds with milieu molecules.
Besides LRRC33,milieumolecules includeGARP (LRRC32) and latent
TGFb binding proteins (LTBP) 1, 3, and 4 (17). Before secretion of
milieu molecule–TGFb complexes, furin cleaves between the TGFb
pro- and growth factor domains. Milieu molecule–TGFb complexes
remain latent in the environment, where the milieu molecule anchors
them on the cell surface or in the extracellular matrix until activation
releases the growth factor from the complex. TGFb1 is activated by
integrinsaVb6 andaVb8,which bind to anRGDLXXI/Lmotif in their
prodomains and release the TGFb growth factor from latency (17, 18).
LRRC33 is 34% identical in amino acid sequence with its paralogue
GARP, and both have transmembrane domains that localize them to
cell surfaces. LRRC33 is expressed on myeloid cells, especially on
monocytic cells including microglia and macrophages, that also
express TGFb1, and hence make LRRC33–TGFb1 complexes. This
complex appears to be the only type of TGFb1 complex in macro-
phages and microglia, as demonstrated in Lrrc33–/– mice, where these
myeloid cells are deficient not only in surface expression of LRRC33,
but also in cell surface expression and activation of TGFb1 (16).

In this study, we prefer to use the original gene name Lrrc33, which
is functionally agnostic. Several different functions have been ascribed
to this gene, including acting as a milieu molecule for TGFb1 (16),
negatively regulating Toll-like receptors (19), and acting as a negative
regulator of reactive oxygen species (NRROS; ref. 20). This gene was
renamed from LRRC33 after a request to the Human Genome
Organization (HUGO) Gene Nomenclature Committee. The name
for the protein remains LRRC33, andUniProt changed its longer name
to “TGFb activator LRRC33” after the demonstration that LRRC33 is a
milieu molecule required for expression and activation of TGFb1 (16).
The characterization of LRRC33 as a negative regulator of reactive
oxygen species has been questioned (16). In brief, the effects on
macrophage reactive oxygen species (20) and innate immune function
in Lrrc33–/– mice (19) are readily explained by the findings that TGFb
is a potent negative regulator of reactive oxygen species generation by
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macrophages (21) and suppresses innate immune function (1), respec-
tively. The striking phenotype of ascending paraparesis and death by
five months in Lrrc33–/– mice was not revealed in the original
report (20); however, a subsequent report by the same group shows
that mice deficient in both Lrrc33 andCybb, an essential component of
oxidases, have the same neurologic defects as Lrrc33-deficient
mice (22). Thus, reactive oxygen species are unrelated to the only
overt phenotype ofLrrc33-deficientmice. In contrast, the phenotype of
Lrrc33-deficient mice is similar to TGFb1-deficient mice carrying a
TGFb1 transgene in T lymphocytes to protect against autoimmuni-
ty (23) and to mice deficient in the TGFb1-activating integrin
aVb8 (24, 25). Patients deficient in LRRC33 (reported as NRROS
following requirements of human genetics journals to use the HUGO
gene name) are reported to have severe infantile-onset neurodegene-
ration, with similarities to human loss of TGFb1 function and to the
phenotype of Lrrc33 deficiency in mice (26, 27). Our previous findings
that LRRC33 associates with TGFb1 were independently confirmed.
Complexes with wild-type LRRC33 and TGFb1 are expressed on the
cell surface, whereas LRRC33 with C-terminal missensemutations can
complex intracellularly with TGFb1 and cannot be expressed on the
cell surface (26). The authors of the reports on human deficiency have
joined in requesting that HUGO change the gene name back to
LRRC33.

Here, we found that LRRC33 associates with TGFb1 and not
TGFb2 or TGFb3. Genetic ablation of Lrrc33 significantly decreased
tumor growth and metastasis in several syngeneic tumor models
and enhanced anti-PD-1 treatment efficacy. We also defined the
cellular mechanisms underlying the role of LRRC33/TGFb1 com-
plexes in downregulating immunity in the TME. Our studies reveal
a more selective, cell type–specific cancer target for blocking TGFb1
in the TME.

Materials and Methods
Study approval and mice

All animal experiments were approved by the Institutional Animal
Care and Use Committees (IACUC) at Harvard Medical School and
Boston Children’s Hospital. All Lrrc33þ/þ (WT), Lrrc33þ/� (hetero-
zygous), and Lrrc33–/– (KO) mice were on the C57BL6/NJ (CD45.2þ)
background, had been further backcrossed onto C57BL6/NJ, and were
genotyped and maintained as described (16). Mice with no notice-
able neurologic symptoms (6–8 weeks old) were used for all
experiments. All KO, heterozygous, and WT mice were littermates.
B6 CD45.1 (Strain #002014) and C57BL/6J Rag1–/– mice (Strain
#002216) were from The Jackson laboratory. Lrrc33þ/� mice were
bred with Rag1–/– mice to obtain F1 mice, among which Lrrc33
heterozygote-genotyped mice were used for breeding. Lrrc33–/–

offspring which lacked CD3þ T cells in tail vein blood, as shown
by flow cytometry, were Rag1–/– and were used as Lrrc33–/– Rag1–/–

mice; Rag1–/– mice used in experiments were littermates that were
Lrrc33þ/þ and lacked CD3þ T cells.

Cell lines and culture
B16.F10 cells and LLC1 cells were purchased from the ATCC in

2017. MC38 cells and CAGA cells (28) were gifts from the Arlene
Sharpe lab at Harvard Medical School and Thomas Thompson lab at
University of Cincinnati, respectively. All cell lines were frozen in
liquid nitrogen. For experiments, cell aliquots were thawed, and used
for no more than 2 to 3 weeks, or about 5 to 10 passages. B16.F10 cells
produced black tumors and metastases and were resistant to PD-1
antibody in vivo as reported, whereas MC38 cells were susceptible to

PD-1 antibody in vivo as reported. CAGAcells produced luminescence
after TGFb stimulation as expected. Cells were cultured in DMEM
supplemented with 10% FBS (Sigma-Aldrich), 4 mmol/L L-glutamine
(Corning), and either 1% penicillin/streptomycin (Corning) or for
CAGA cells 100 mg/mL of G418 (KSE Scientific). Expi293F cells were
cultured in suspension in Expi293 Expression Medium (Life Tech-
nologies) with no antibiotics. Full-length aV-GFP, b6, Flag-tagged
proTGFb1, proTGFb2, proTGFb3, and HA-tagged LRRC33 or GARP
were transiently transfected into Expi293F cells using jetPRIME
(Polyplus) according to the manufacturer’s instructions. Flow cyto-
metry was used to detectaVb6 expression viaGFP and tagged proteins
by staining with anti-DYKDDDDK Flag (clone L5) and anti-HA
(clone 12CA5). All cells were cultured at 37�C in a humidified 5%
CO2 atmosphere. All cell lines were tested every 3 months and found
free from mycoplasma contamination. Transiently transfected cells
were used immediately 48 hours after.

Immune cell subsets in naïve WT and lrrc33–/– mice
Spleen, thymus, and lung tissues were taken from 7-week-old WT

and Lrrc33–/– mice. The flat end of the syringe plunger was used to
mince the spleen or thymus in a 70-mm cell strainer by crushing the
tissues in gentle circular motions to release the splenocytes or thy-
mocytes. For lung extravascular DC analysis, mice were injected
intravenously with 3 mg of mouse CD45.2 antibody to label intravas-
cular leukocytes, and mice were euthanized 3 minutes postinjection.
Lungswere harvested and digested in 1mg/mLof Liberase TM(Roche)
and 20mg/mL ofDNaseI (Roche) for 20minutes at 37�C; ammonium–
chloride–potassium (ACK) lysing buffer (Thermo Fisher Scientific)
was used to lyse red blood cells.

Mouse syngeneic tumor models and pulmonary metastasis
Tumor cells (1� 105 B16.F10, 3� 105MC38, or 1� 104 LLC1 cells)

in 100 mL PBS were subcutaneously injected into the shaved right flank
of mice (C57BL6/NJ Lrrc33þ/þ, Lrrc33þ/–, Lrrc33–/–, Rag1–/–, and
Lrrc33–/–Rag1–/–). Once palpable, tumors were measured every 2 to
3 days (long diameter and short diameter) with a caliper. KOmicewere
housed in the same cages as control WT or heterozygote mice, which
supported better survival of KO mice and also facilitated blinded
tumor size measurements (randomly picking up each mouse and
reading/recording its tumor size and animal ID number without
knowing its genotype). WT recipient mice that received WT or KO
bone marrow were housed in separate cages and therefore were not
studied blinded. Tumor volume was determined using the formula for
a solid ellipsoid: L�W2/2, where L is the longer diameter andW is the
shorter diameter. Mice were sacrificed when tumors were ulcerated,
bleeding, or>2 cm. For antibody treatments,micewere given 10mg/kg
antibody via intraperitoneal injection every 3 days, starting when
tumors became palpable, with an average tumor volume of 30 mm3.
Dosing schedule is shown in figures. The following antibodies were
used: anti-PD-1 (BioXCell clone RMP1–14; catalog no. BE0146), 21D1
(a gift from Scholar Rock, Inc.; ref. 29), IgG control (BioXCell Rat
IgG2a), or human IgG4 (recombinant IgG expressed in Expi293F cells
and purified from supernatant by protein G and Sephadex S200
chromatography). For treatment with PD-1 or 21D1 antibodies, we
chose mice with similar tumor sizes for antibody and isotype control
treatments. A larger number of WT and KO mice were injected with
tumors than needed for treatment studies. On the first day of treat-
ment, tumors were measured and ranked by size. A sufficient number
of mouse pairs with tumors of similar size were chosen and one from
each pair was randomly assigned to the treatment group and the other
in the pair to the isotype control group.
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For assessment of pulmonarymetastasis, 3� 105 B16.F10 cells were
transferred intravenously via tail-vein injection. After 14 days, lungs
were perfused using PBS and fixed overnight in 4% paraformaldehyde
(PFA) solution. Fixed tissueswere sent to theRodent PathologyCore at
Harvard Medical School for paraffin embedding, sectioning, and
hematoxylin and eosin histologic staining. The number of metastatic
foci was determined using an Olympus BX51 microscope on sections
taken every 100 mm throughout the whole lung for at least 5 animals
per group.

Whole bone marrow transplantation
Congenic mouse transplant recipients (10-week-old CD45.1þ

C57BL6/NJ) were lethally irradiated (950 rad; RS-2000, Rad Source)
and tail-vein injected with 8 � 106 freshly harvested whole bone
marrow cells from femurs of WT or Lrrc33–/– donor mice (10-week-
old CD45.2þ C57BL6/NJ). Transplant recipients were given water
containing 30 mg/L neomycin sulfate, 30 mg/L kanamycin sulfate and
50 mg/L gentamycin sulfate for 4 weeks. MC38 tumor cells were
injected 10 weeks posttransplant when CD45.2þ bone marrow chi-
merism averaged over 90% in peripheral blood, showing successful
transplantation.

Cell isolation
B16F10 or MC38 tumors were excised and weighed 14 days after

subcutaneous tumor cell injection, cut into 2-mm-sized pieces, and
enzymatically dissociated in RPMI1640 medium with 5% FBS, 0.1%
2-mercaptoethanol, 1mg/mL collagenase IV (Roche), 20mg/mLDnase
I (Roche) at 37�C for 30 minutes during rotation at 180 rpm. Cell
mixtures were pipetted up and down to further dissociate cells and
then filtered through a 70-mm cell strainer to obtain single-cell
suspensions. To isolate tumor-infiltrating leukocytes, cells were cen-
trifuged, and pellets were resuspended in 40% Percoll (GEHealthcare)
and slowly layered on 70% Percoll for centrifugation at 2,200 rpm for
30 minutes at room temperature. Leukocytes from the 40% to 70%
Percoll interface and other cells from the pellet were washed twice with
PBS.

For myeloid cell purification, Petri dishes (100 mm � 15 mm,
Falcon REF351029, not tissue culture-treated) were precoated with
5 mg/mL of specific antibodies in 0.05 M pH 9.0 Tris buffer at 4�C
overnight and then washed with PBS before adding 1 � 107 cells in
RPMI1640 medium with 10% FBS. After attachment at 37�C for
2 hours in a 5% CO2 incubator, dishes were washed four times with
PBS, adherent cells were detached with 0.25% trypsin/0. 5 mmol/L
EDTA (Corning) in PBS, diluted in RPMI1640/10% FBS, and cen-
trifuged. Cells were either resuspended in RPMI1640/10% FBS for
further purification, in FreeStylemedium forTGFb assays, or inTRizol
(Invitrogen) for RNA isolation.

Using the above protocol, whole bone marrow cells or tumor
leukocytes were panned with anti-CD3 (clone 17A2, Biolegend) and
anti-CD19 (clone 6D5, Biolegend) to obtain T and B cells for RNA
isolation. Nonadherent cells were then added to anti-Mac-1-coated
(clone M1/70, Biolegend) plates to enrich myeloid cells for RNA
isolation or for further purification. To further purify myeloid popula-
tions, cells were resuspended as above and added to dishes precoated
with antibodies against F4/80 (clone BM8, Biolegend), CD11c (clone
N418, Biolegend), and Gr-1 (clone RB6–8C5, Biolegend) to enrich
macrophages, DCs, and MDSCs or granulocytes, respectively.

Flow cytometry
Flow cytometry on tumor samples from models was not per-

formed in a blinded manner. For cell surface staining, cells were

preincubated with 5 mg/mL of anti-mouse CD16/32 Fc blocker
(Biolegend, catalog no. 101319) in FACS buffer (2% FBS/PBS) for
15 minutes on ice and stained with 2 mg/mL of fluorophore-
conjugated antibodies at 4�C for another 30 minutes. Antibodies
to surface markers were all from Biolegend: Alexa Fluor-647 anti-
mouse CD45.2 (clone 104), Pacific Blue anti-mouse CD45 (clone
30-F11), Alexa Fluor-700 anti-mouse CD45.2 (clone 104), FITC-anti-
mouse CD3 (clone 17A2), PE-anti-mouse CD4 (clone GK1.5), PE-
anti-mouse CD8a (clone 53–6.7), APC-anti-mouse CD8a (clone 53–
6.7), APC-anti-mouse NK1.1 (clone pk136), PE-Cy7- anti-mouse
Mac-1 (clone M1/70), PE-anti-mouse F4/80 (clone BM8), PE-anti-
mouse Gr1 (clone RB6–8C5), APC-anti-mouse Ly-6C (clone HK1.4),
FITC-anti-mouse Ly6G (clone 1A8), Brilliant Violet 421 anti-mouse
CD103 (clone 2E7), APC anti-mouse CD103 (clone 2E7), PE-anti-
mouse CD11c (clone HL3), APC-anti-mouse MHC-II (clone AF6–
120.1), FITC anti-mouse MHC-II (clone AF6–120.1), PE-anti-mouse
CD326 (EpCAM; clone caa7–9G8), anti-alpha smooth muscle actin
(a-SMA, clone 1A4), and Brilliant Violet 421 anti-mouse TGF-b1
prodomain (clone TW7–16B4; ref. 30).

For intracellular staining, cells were first treated and stained for cell
surface markers as described above, and then fixed and permeabilized
with the BD Cytofix/Cytoperm Kit and stained according to the
manufacturer’s instructions. For intracellular TNFa and IFNg , prior
to cell surface staining, cells were cultured in RPMI1640 medium
supplemented with 10% FBS and BD leukocyte activation cocktail
following manufacturer’s instruction at 37�C for 4 hours. To detect
Foxp3, the eBioscience Foxp3/Transcription Factor Staining Buffer
Set was used following the manufacturer’s instructions. Antibodies
were from Biolegend: PE anti-human/mouse granzyme B (clone
QA18A28), APC anti-mouse TNFa (clone MP6-XT22), Brilliant
Violet 421 rat anti-mouse IFNg (clone XMG1.2), Brilliant Violet
421 anti-mouse Foxp3 (clone MF-14), and PE-anti-mouse CD206
(clone C068C2). For phosphorylated (p)SMAD staining, cells were
fixed and permeabilized using BD Phosflow Lyse/Fix Buffer and BD
Phosflow Perm Buffer III and stained with BD Phosflow Alexa
Fluor-647 anti-Smad2 (pS465/pS467)/Smad3 (pS423/pS425; clone
O72–670; BD Biosciences) following the manufacturer’s instruc-
tions. Samples were run on a BD Canto II, and data analysis was
performed using FlowJo.

TGFb activation assay
CAGA cells (1.5 � 104/well) seeded in 96-well flat plates were

cultured in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin in a 5%CO2 incubator at 37�C.After 4 hours, plates were
inverted, flicked, and wicked to remove excess medium. Purified
myeloid, B16.F10, or MC38 cells (1� 105 unless otherwise indicated)
were cocultured with mock or aVb6 transiently transfected Expi293F
cells (2 � 104) in a total of 100 mL Freestyle medium; in some cases,
medium included 21D1 anti-TGFb or human IgG4 isotype control.
For standard curves, recombinant human TGFb1 growth factor
(#T7039, Sigma) at 20 ng/mL and 11 2-fold dilutions thereof in
Freestyle medium was added to CAGA cells. After 24 hours, super-
natants were removed, and 40 mL nondiluted cell lysate was assayed for
luciferase activity using Luciferase Assay System (Promega, catalog no.
E1501) according to the manufacturer’s instructions. Plates were read
on a Biotek Synergy H1. TGFb concentrations were calculated in
PRISM9 from the luciferase activity using a standard curve.

qRT-PCR
RNA from B16F10 and MC38 cell lines, CD45– and CD45þ cells,

lymphocytes, myeloid cells, and tumor cells isolated from tumors was
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extracted using the Direct-zol RNA Mini Prep Kit (Zymo Research)
and 1 mg of RNA was reverse-transcribed using SuperScript II (Life
Technologies) with oligo(dT18) in 10 mL total volume according to the
manufacturer’s instruction. One microliter of 5 � diluted cDNA
product was used for template in qRT-PCR, which was performed
using the Power SYBRGreen PCRMaster Mix (Invitrogen) on a CFX-
Connect detection system (Bio-Rad) with Bio-Rad CFX Manager 3.1
software. Duplicate wells were performed for each sample and mRNA
expression was determined relative to Gapdh (ΔCt ¼ Ct gene
of interest � Ct gapdh) with Ct representing cycle threshold. Primers
used to murine genes were as follows: Lrrc33 forward ACTGCAG-
CTTCCCAAGGA, Lrrc33 reverse TGGGTACCGAAGCAAGGT;
Tgfb1 forward CTCCCGTGGCTTCTAGTGC, Tgfb1 reverse GCCT-
TAGTTTGGACAGGATCTG; Tgfb2 forward CTTCGACGTGACA-
GACGCT, Tgfb2 reverse GCAGGGGCAGTGTAAACTTATT; Tgfb3
forward CCTGGCCCTGCTGAACTTG, Tgfb3 reverse TTGATGT-
GGCCGAAGTCCAAC; Gapdh forward GTTGTCTCCTGCGAC-
TTCA, Gapdh reverse GGTGGTCCAGGGTTTCTTA.

Flow cytometry of Expi293f transfectants
Flag-tagged TGFbs and HA-tagged LRRC33 or GARP were

transfected into Expi293F cells as described above. After 48 hours,
cells were incubated with the primary antibodies in FACS
buffer (PBS with 1% BSA) on ice for 30 minutes at 2 mg/mL:
APC anti-DYKDDDDK tag (clone L5, Biolegend) and mouse anti-
HA which was purified by protein G and Sephadex S200 chro-
matograpy from supernatant of 12CA5 hybridoma (31). After
washing, the cells were incubated with Alexa 647-goat anti-
mouse IgG (HþL; Invitrogen) secondary antibody for 30 minutes,
washed, and analyzed on a FACS Canto II (BD Biosciences) and
analyzed with FlowJo.

Immunoprecipitation (IP) and Western blot (WB)
Flag-tagged TGFbs and HA-tagged LRRC33 or GARP-Expi293F

transfectants (�1�107/ml) were lysed at 4�C for 30 minutes in 500 mL
of 150 mmol/L NaCl, 50 mmol/L Tris-HCL pH 8.0, 1% Triton-x100
(Sigma-Aldrich), 0.1% SDS (Sigma-Aldrich), 0.5% sodium deoxycho-
late, 1 mmol/L EDTA, and protease inhibitor cocktail (Roche) and
centrifuged at 14,000 rpm at 4�C for 5 minutes. For IP, cell lysates
(�400 mL) were incubated with 2 mg/mL of anti-Flag M2 (Sigma,
F1804) overnight at 4�C with rotation and then 10 mL of protein G
Sepharose beads (50% suspension in PBS; GE Healthcare) was added
for 2 hours at 4�C with rotation. For WBs, 12.5 mL of 5� SDS sample
buffer was added to 50 mL of cell lysate or 60 mL of 1� SDS sample
buffer was added to pelleted, washed beads from IP. Samples were
heated at 95�C in sample buffer containing 5 mmol/L N-
ethylmaleimide (Calbiochem) or 5% b-mercaptoethanol and 12 mL
per lane was subjected to nonreducing and reducing SDS-PAGE,
respectively. Proteins were transferred to PVDF membrane (Bio-Rad)
using Trans-Blot Turbo System (Bio-Rad) and probedwith 2mg/mL of
specific antibodies (anti-FlagM2, Sigma F1804; anti-HA, 12CA5), and
detected with 1 mg/mL of HRP-conjugated secondary antibodies
(Abcam, ab6789). Blots were developed using the SuperSignal West
Pico Plus Chemiluminescent Substrate (Thermo Fisher Scientific) and
were imaged using an iBright FL1000 imager (Invitrogen).

Statistical analyses
For flow cytometry data, statistical analyses were performed

using GraphPad Prism 9 software, and statistical significance
was determined by unpaired Student t test (�, P < 0.05; ��, P < 0.01;
���, P < 0.001).

Results
TGFb1 specifically associates with LRRC33

LRRC33 can form noncovalent complexes, as well as covalent
complexes, through disulfide bonds with TGFb1 (16), but complex
formation with other TGFbs has not been tested. GARP is a paralog of
LRRC33with 34% sequence identity, associates with TGFb1, and has a
role in tumor immunity (32), but like LRRC33, whether it can associate
with TGFb2 and TGFb3 is uncharacterized. To better understand the
roles of both LRRC33 and GARP in modulating tumor immune
responses, we examined their specificity for different TGFb iso-
forms. Flag-tagged TGFbs and HA-tagged LRRC33 or GARP were
expressed together or separately in Expi293F cells. Expression of
TGFb1 on the cell surface was increased by coexpression with either
LRRC33 or GARP (Fig. 1A). In contrast, LRRC33 did not promote
TGFb2 or TGFb3 expression on the cell surface, whereas GARP
augmented TGFb2 and TGFb3 expression on the cell surface
(Fig. 1A). Furthermore, LRRC33 expression on the cell surface
was increased by co-expression with TGFb1, but not by TGFb2 or
TGFb3 (Fig. 1A).

We next tested the association of LRRC33 and TGFbs by IP and
WB. TGFb1, TGFb2, TGFb3, and LRRC33 were detected in Expi293F
transfectant cell lysates when TGFb and LRRC33 were expressed
individually or together (Fig. 1B, top andmiddle).HA-tagged LRRC33
interacted with all three FLAG-tagged TGFbs under reducing condi-
tions when TGFbs were IP with LRRC33 and blotted with anti-HA
antibody (Fig. 1B, bottom), although surface expression of LRRC33
was augmented only by TGFb1, and LRRC33 selectively augmented
surface expression of TGFb1 (Fig. 1A). We, therefore, used a more
stringent test and examined ability of LRRC33 to form disulfide bonds
with the TGFbs. Nonreducing SDS-PAGE showed that only TGFb1
formed a disulfide-linked complex of about 250 kDa with LRRC33
(Fig. 1C). Thus, among the three TGFbs, only TGFb1/LRRC33
complexes were capable of forming milieu-molecule/TGFb disulfide
bonds and being transported to the cell surface. Taken together, these
results suggest that TGFb1, and not TGFb2 and -b3, form biologically
relevant complexes with LRRC33, whereas all three TGFbs form
complexes with GARP.

Decreased tumor growth and absence of myeloid cell TGFb1
expression in lrrc33–/– mice

We tested three different syngeneic tumor lines for growth in
Lrrc33–/– mice after subcutaneous injection into the flank (Fig. 2).
B16.F10melanoma tumors grewmore aggressively inWTmice than in
Lrrc33–/–mice. Tumor volumewas significantly less (P¼ 0.04), and the
mass of explanted tumors was 5-fold lower in Lrrc33–/– mice (Fig. 2A
and B). MC38 colon carcinoma cells also grew significantly more
slowly and had significantly smaller (2.3-fold) masses at explant in
Lrrc33–/– mice (Fig. 2C and D). Growth of B16.F10 melanoma and
MC38 carcinoma tumors in heterozygous Lrrc33þ/– mice was inter-
mediate between growth in WT and homozygous Lrrc33–/–mice at all
time points, but was not significantly different than in WT mice
(Supplementary Fig. S1). Lewis lung carcinoma (LLC1) tumor cells
also grew significantly more slowly and had smaller final masses in
Lrrc33–/– mice, although the magnitude of the differences was less
(Fig. 2E and F). Thus, all three tested tumor models showed signif-
icantly reduced growth in Lrrc33–/– mice.

Given the importance of TGFb signaling in myeloid cells for
tumor metastasis (33), we also tested a B16.F10 melanoma lung
metastasis model. Fourteen days after intravenous injection of
tumor cells, Lrrc33–/– mice displayed 56% fewer pulmonary
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metastatic nodules on the lung surface than WT mice (Fig. 2G
and H). More definitive quantitation using hematoxylin and eosin
staining of lung tissue sections showed an 82% decrease in metas-
tasis in Lrrc33–/– mice compared with WT mice (Fig. 2I and J).
Heterozygous mice also showed significantly decreased lung metas-
tasis (Fig. 2G–J). Overall, our observations showed that loss of
LRRC33 slowed tumor growth in three cancer types that vary in
immunogenicity, including highly immune-infiltrated MC38 tumors
and less-infiltrated B16.F10 and LLC1 tumors, and significantly
reduced melanoma lung metastasis.

We next investigatedwhether loss of LRRC33 abolished pro-TGFb1
expression on tumor-associated myeloid cells. TGFb1 prodomain
staining and flow cytometry showed that Mac-1þF4/80þ macro-
phages, Mac-1þCD11cþ DCs, and Mac-1þGr-1þ MDSCs isolated
from Lrrc33–/– B16.F10 tumors lacked cell surface pro-TGFb1
although staining of MDSCs was weak (Fig. 3A). Similar results were
obtained with myeloid cells isolated from MC38 tumors (Fig. 3B).
After permeabilization, pro-TGFb1 was detected, suggesting that pro-
TGFb1 was still present inside cells with LRRC33 deficiency (Fig. 3B),
in agreement with what has been observed in peritoneal macro-
phages (16) and in transfectants coexpressing human patient LRRC33
mutants and TGFb1 (26).

Loss of cell surface TGFb1 correlates with loss of activatable
TGFb1 in tumor-associated myeloid cells

Myeloid cell populations were purified from MC38 tumors har-
vested fromWT and Lrrc33–/–mice by negative and positive antibody
panning. Cell purity was verified by flow cytometry (Fig. 3C). Cells

were cocultured with CAGA cells, a TGFb reporter cell line, in
the presence or absence of integrin aVb6-transfected Expi293F
cells. Total Mac-1þ myeloid cells, as well as macrophages, DCs, and
MDSCs, from tumors in WT mice produced activated TGFb1,
whereas this was not seen with the same cell types isolated from
MC38 tumors in Lrrc33–/– mice (Fig. 3D). Activation was depen-
dent on integrin aVb6. Total Mac-1þ myeloid cells, macrophages,
and DCs isolated from Lrrc33–/– bone marrow also lacked activa-
table TGFb (Fig. 3E). Comparison of pro-TGFb1 expression and
activatable TGFb on bone marrow and tumor-infiltrating myeloid
cells showed that cells from heterozygous Lrrc33þ/– mice were
consistently intermediate between cells from WT and KO mice,
although not significantly different compared with cells from WT
mice (Supplementary Fig. S2).

Loss of LRRC33 biases tumor-infiltrating immune cells toward a
more activated phenotype

To investigate the cellular mechanisms connecting loss of LRRC33-
dependent TGFb1 activation to slower tumor growth, we phenotyped
MC38 tumor-infiltrating leukocytes 14 days after subcutaneous tumor
cell injection. Although CD45þ immune cell infiltration did not
significantly change, CD3þ and CD8þ T cells, as well as NK1.1þ NK
cells, were significantly increased in Lrrc33–/– compared with WT
mice, including both as frequency among CD45þ cells (Fig. 4A andB)
and per mg of tumor (Supplementary Fig. S3). In contrast, LRRC33
loss did not significantly affect CD4þ T-cell frequency or number.
AlthoughTregs expressGARP/TGFb1 complexes and are regulated by
TGFb1 (13), we did not see a significant difference of tumor Treg
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infiltration between tumors from WT and Lrrc33–/– mice (Fig. 4C
and D). We also evaluated myeloid cell subsets. The proportions of
Mac-1þCD11cþ DCs and Mac-1þF4/80þ macrophages were not
significantly different between Lrrc33–/– and WT mice (Fig. 4B).
Tumor-associated macrophages (TAM) were not skewed signifi-
cantly into MHCIIþCD206– (M1-like) or MHCII–CD206þ (M2-
like) phenotypes (Fig. 4E and F). However, the proportion of

CD11bþGr-1þ MDSCs was significantly decreased in Lrrc33–/–

mice (Fig. 4B).
We next asked whether the increase in CD8þ T cells and NK cells in

Lrrc33–/– mice was accompanied by enhancement of functional acti-
vity. CD8þ T cells showed significant increases in the proportion of
TNFaþ, IFNgþ, and granzyme Bþ cells in tumors from Lrrc33–/–

mice, including a �2-fold increase in TNFa-secreting cells
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LRRC33 deficiency decreases syngeneic tumor growth and metastasis. A–F, Tumor growth after (A, B) 1 � 105 B16.F10; (C, D) 3 � 105 MC38; or (E, F) 1 � 104

LLC1 cells were subcutaneously injected into the right flank of WT and Lrrc33–/– (KO) mice. Dashed and solid lines: individual animals and group average,
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intravenously injected into Lrrc33þ/þ, Lrrc33þ/–, or Lrrc33–/– mice. Metastases were counted 14 days later. G and H, Lung metastases were counted by gross
observation after perfusion. I and J, H&E staining (10� magnification) to quantitate metastatic lesions as the average number per six whole-lung sections
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Lrrc33–/– tumor-associated myeloid cells lack cell surface pro-TGFb1 expression and activation. A and B, Pro-TGFb1 expression was measured 14 days after
subcutaneous (A) B16.F10 and (B) MC38 cell injection. Tumors were harvested and dissociated to obtain single-cell suspensions, and cells were analyzed for the
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Figure 4.

LRRC33 deficiency in hematopoietic cells augments both innate and adaptive host immune responses to MC38 tumors. A–J, Phenotype of tumor-filtrating immune
cells 14 days after subcutaneous MC38 injection inWT or Lrrc33 KOmice. Cells from tumors were stained for the indicated markers and subjected to flow cytometry
from five mice/group (one sample of IFNg-stained cells was lost in H). Mean� SEM is shown. P values were determined by unpaired Student t test. Representative
flow cytometry profiles for one sample fromWT and KOmice are shown in (D,G, I, and J). Overall results are representative of two independent experiments. GzmB,
granzymeB.K,Effect ofRag1 and Lrrc33deficiency onMC38 tumorgrowth. Data showmean�SEM forn¼6–7mice. L andM,Tumor growth inWTmice transplanted
withWTor Lrrc33–/–bonemarrow cells. L,Whole bonemarrow transplantation chimerism in individualmice.M,Growth ofMC38 tumors in transplant recipients. Data
show mean � SEM for n ¼ 8 mice/group. In K, M, P values are for the last time point, unpaired Student t test: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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(Fig. 4G–I). Tumor-infiltrating granzyme Bþ NK cells were also
significantly increased in Lrrc33–/– mice (Fig. 4G), along with an
increase in the proportion of tumor-infiltrating IFNgþ NK cells,
which increased from 26.7�14.0% in WT to 62.6�3.1% in Lrrc33–/–

mice (Fig. 4J).
Experiments in a Rag1–/– background showed that tumors grew

significantly faster in Lrrc33–/–Rag1–/– mice than in Lrrc33–/– mice,
demonstrating that deficiency of LRRC33 augmented specific immune
responses (Fig. 4K). This increase in growth rate was comparable with
the faster growth in Rag1–/– mice compared with WT mice. MC38
tumors were also significantly smaller in Lrrc33–/–Rag1–/–mice than in
Rag1–/– mice, indicating that deficiency of LRRC33 also augmented
innate immunity. Immunophenotyping showing increased TNFaþ,
IFNgþ, and granzyme Bþ CD8þ T cells is consistent with increased
adaptive immunity, whereas higher infiltration of IFNgþ and gran-
zyme Bþ NK cells are likely to contribute to the higher innate
immunity in Lrrc33–/– mice (Fig. 4G–J). To test the contribution of
hematopoietic cells to the effects on tumor growth, we transferred
CD45.2þ WT or Lrrc33–/– whole bone marrow cells to lethally
irradiated CD45.1þ WT mice. Chimerism was greater than 95% at
10 weeks (Fig. 4L). Chimeric mice that received Lrrc33–/– bone
marrow exhibited significantly slower MC38 tumor growth than mice
that received WT bone marrow (Fig. 4M).

Because immune responses vary among tumors, we extended
examination of tumor-infiltrating leukocytes to the subcutaneous
B16.F10 melanoma model (Fig. 5A and B; Supplementary Fig. S4).
CD8þ T cells were significantly increased in tumor infiltrates in
Lrrc33–/– compared with WT mice. CD8þ T cells also showed
significant increases in the proportion of cells expressing TNFa,
IFNg , and granzyme B, ranging from 1.7- to 2.7-fold (Fig. 5C
andD). In contrast to results with CD8þ T cells and results with NK
cells in MC38 tumors, NK1.1þ NK cells infiltrating B16.F10 tumors
showed no increase in expression of IFNg and granzyme B (Fig. 5E).
Numbers of Mac-1þCD11cþ DCs and Mac-1þF4/80þ macrophages
infiltrating B16.F10 tumors showed no differences between WT and
Lrrc33–/– mice (Fig. 5F). However, macrophages were skewed in
phenotype. MHCIIþCD206– (M1-like) TAMs were significantly
increased andMHCII–CD206þ (M2-like) were significantly decreased
in Lrrc33–/–mice (Fig. 5G andH). In summary, in B16.F10melanoma,
LRRC33 deficiency polarized immune cells toward a more immune
reactive phenotype, as in MC38 carcinomas, yet there were also
differences from MC38 among T-cell, NK-cell, and macrophage
subpopulations in the way they were skewed.

Although immune cell populations are reported to be normal in
Lrrc33–/– mice (20), we evaluated immune cell subsets to test if any of
the skewing seen in tumor-infiltrating cells was preexisting in tumor-
freemice (Supplementary Fig. S5). ComparedwithWTmice, Lrrc33–/–

mice had comparable percentages of splenic CD3þ, CD4þ, and CD8þ

T cells, B cells, NK cells, Mac-1þF4/80þ macrophages, Mac-
1þCD11cþ DCs, and Mac-1þGr-1þ granulocytes (Supplementary
Fig. S5A). Intracellular functional markers (granzyme B and IFNg)
in splenic CD8þ T cells and NK cells also showed no significant
differences (Supplementary Figs. S5B–S5D). Lrrc33 loss did not sig-
nificantly affect Ly6Cþ monocytes nor Ly6Gþ polymorphonuclear
(PMN) neutrophils among splenic Mac-1þ cells (Supplementary Figs.
S5E and S5F). Thymus CD4þCD8–, CD4–CD8–, CD4–CD8þ, and
CD4þCD8þ T-cell also showed no difference between WT and KO
mice (Supplementary Figs. S5G and S5H).However, in lungs, although
extravascular innate and adaptive immune cells in Lrrc33–/– mice
were otherwise normal, there was a significant decrease in
CD103highCD11cþCD11b–MHCIIþ DCs (Supplementary Figs. S5I

and S5J). This finding may relate to the unusual susceptibility of
Lrrc33–/– mice to pneumonia and otitis media (16). Lrrc33 mRNA is
selectively expressed on immune cells and tumors, and LRRC33 has
only been found on immune cells (16, 20, 34). We therefore assessed
expression in B16.F10 tumor cells. Lrrc33 mRNA was not expressed
on B16.F10 tumor cells grown in vivo (Supplementary Fig. S6).

LRRC33 deficiency, TGFb antibody treatment, and inhibition of
SMAD phosphorylation

We next compared deficiency of LRRC33 to inhibition of TGFb
signaling using the 21D1 antibody, which reacts with the growth factor
moiety of TGFb1 with a Kd of <0.5 pmol/L and with that of TGFb3
with a Kd of 4.9 nmol/L (29). Blocking TGFb signaling led to
significantly stronger inhibition of MC38 tumor growth in WT mice
than deficiency of LRRC33 (Fig. 6A). Moreover, 21D1 antibody
inhibited MC38 tumor growth to similar extents in Lrrc33–/– and
WT mice. Similar results were obtained with B16.F10 tumors, with
tumor growth being inhibited similarly in WT and Lrrc33–/– mice
(Fig. 6B). These results suggest that TGFb from sources other than
LRRC33/TGFb1 complexes, including complexes of LTBP and GARP
with TGFb1 or TGFb3 from host or tumor cells, also contribute to
tumor growth.

To test for TGF-b production by B16.F10 and MC38 cells, we co-
cultured them in vitro with CAGA indicator cells. Both cell lines
produced active TGF-b (Fig. 6C and D), and the majority of TGF-b
was neutralized by 50 nmol/L 21D1 antibody (Fig. 6E and F). Essen-
tially identical results were obtained with mock and integrin aVb6-
transfected Expi293F cells. Because we used purified TGFb1 to stan-
dardize our assays, we calculated that in our assays, B16.F10 andMC38
cells secreted about 3 � 10–4 and 11 � 10–4 pg/cell of TGFb1
equivalents, respectively, whereas the myeloid cells in MC38 tumors
secreted on average 6� 10–4 pg/cell. The caveat to these calculations is
that although there was a dose–response relationship between the
number of tumor cells and TGFb production, the relationship was not
linear (the intermediate cell number in Fig. 6C and D was used for
calculations). qRT-PCR showed high expression of TGFb1 and less
expression of TGFb3 mRNA in B16.F10 and MC38 cells, less TGFb2
mRNA in B16.F10 cells, and almost no TGFb2 mRNA in MC38 cells
(Fig. 6G and H).

Although TGFb is known to directly act on adaptive and innate
immune cells in the TME (1), we verified this in the MC38
tumor model using Lrrc33–/– mice by measuring intracellular
phosphorylated SMAD2 and SMAD3 (pSMAD2/3). SMAD2/3
phosphorylation was decreased in MC38 tumors in Lrrc33–/– mice
compared with WT in immune cells, particularly in CD3þ and NK
cells (Fig. 6I and J). Decreased pSMAD2/3 was seen in tumor-
infiltrating CD45þ, CD3þ, Mac-1þ, and NK populations in Lrrc33–/–

mice at all timepoints measured (days 7, 14, and 21) and reached
significance in at least one timepoint for each population (Fig. 6J).
There was no significant change in pSMAD2/3 in either tumor
epithelial cells or fibroblasts (Fig. 6J). We also compared the effect
of the 21D1 antibody to TGFb1 and b3 on SMAD2/3 phosphorylation
7 days after beginning treatment. Treatment reduced TGFb signaling
in CD45þ immune cells and CD45– nonimmune cells alike in MC38
tumors (Fig. 6K and L). In contrast, Lrrc33 deficiency was completely
selective, whereby it reduced TGFb signaling only in immune cells.

LRRC33-deficiency enhances anti-PD-1 efficacy in the B16.F10
model

B16.F10 tumors are immune checkpoint therapy-resistant (35, 36),
in agreement with lack of a significant effect of PD-1 antibody in WT
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mice (Fig. 7A). However, treating Lrrc33–/– mice with PD-1 antibody
significantly reduced B16.F10 tumor growth (Fig. 7A). Tumor size
reduction persisted throughout the experiment and was synergistic
(combined treatments reduced tumor size more than the sum of the
two treatments). Contrasting results were obtained in the PD-1–
sensitive MC38 colon carcinoma model (37), in which PD-1 blockade
more strongly inhibited MC38 tumor growth than Lrrc33 deficiency
(Fig. 7B).

To provide mechanistic insights into how loss of LRRC33-
sensitized B16.F10 melanoma to anti-PD-1 treatment, we examined
tumor-infiltrating leukocytes by flow cytometry. PD-1 blockade in
WT mice did not affect infiltration by CD45þ, CD3þ, CD4þ, CD8þ,
and NK cells in tumors (Fig. 7C–E). However, the combination of
PD-1 blockade with LRRC33 deficiency led to an increase in tumor-
infiltrating CD3þ and CD8þ T cells, as well as NK cells, and the
increase with the combination was often significant compared with

either alone (Fig. 7D). Furthermore, the combination significantly
increased granzyme B CD8þ T cells and NK cells relative to
deficiency or treatment in WT mice (Fig. 7E and F). TNFa was
similarly increased in CD8þ T cells by anti-PD-1 plus LRRC33
deficiency and was significantly increased in the combination
relative to either deficiency or treatment alone (Fig. 7F). Moreover,
IFNg in both tumor-infiltrating NK cells and CD8þ cells were
increased with deficiency and treatment and were significantly
augmented by the combination of LRRC33 deficiency and PD-1
treatment relative to either alone (Fig. 7E and F). These data suggest
that loss of LRRC33-dependent TGFb1 activity potentiates the
ability of anti-PD-1 to enhance antitumor immunity by increasing
immigration of CD8 and NK cells and enhancing their effector
activity.

Myeloid cell infiltration was also affected by treatment. Blockade of
PD-1 in Lrrc33–/– mice significantly increased infiltration of DCs
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Figure 5.

Slower growth of B16.F10 tumors
in Lrrc33 KO mice associates with
increased infiltration of effector cells
and altered macrophage phenotype.
A–H, Phenotype of tumor-filtrating
immune cells 14 days after subcutane-
ous B16.F10 injection. The indicated
immune populations were measured
by flow cytometry in tumors from five
mice/group; mean � SEM. Represen-
tative flow cytometry profiles for one
sample from WT and KO mice are
shown in D, E, and H. P values were
determinedbyunpairedStudent t test.
Data are representative of two inde-
pendent experiments.
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Figure 6.

Blocking TGFb1 with an antibody inhibits tumor growth and pSMAD2/3 signaling more effectively than LRRC33 deficiency. A and B, Effect of TGFb antibody 21D1
(specific for the TGFb1 and TGFb3 growth factors) on growth of (A) B16.F10 and (B) MC38 tumors in WT or Lrrc33–/– mice. Mice were treated with 10 mg/kg 21D1
antibody or isotype control on indicated days (arrows) after tumor cell subcutaneous injection. Data showmean� SEM for n¼ 6–7mice. P values are shown for last
time point, unpaired Student t test (� , P <0.05; �� ,P <0.01; ��� , P <0.001).C–H, TGFb release andmRNAexpression in (C, E,G) B16.F10 and (D, F,H) MC38 tumor cells.
C and D, TGFb release from the indicated number of tumor cells measured by co-culture with CAGA cells in the presence of mock-transfected Expi293F cells for
24 hours. Data aremean� SEMof quadruplicate samples.E andF,Effect of 21D1 or IgG4 control antibody (50 nmol/L) on TGFbproduction by tumor cells (1� 105) co-
culturedwithCAGA cells for 24 hours. Data aremean�SEMofquadruplicate samples.G andH, Tgfb1, Tgfb2, and Tgfb3mRNAexpression relative toGapdh in B16.F10
andMC38 cell lines determined by qRT-PCR. Expression determined using the 2–DCtmethod is presented asmean� difference of duplicates. Data are representative
of two independent experiments. I and J, Phosphorylated (p)SMAD2/3 in immune cells and nonimmune cells in MC38 tumors fromWT and Lrrc33–/–micemeasured
by flow cytometry. I, pSMAD2/3 expression in the indicated cell types in one representative tumor from WT and Lrrc33–/– mice on day 14. Control antibody: gray
histogram; WT: black curve; KO: red curve. J, pSMAD2/3 expression in tumors from n¼ 3 mice/group on day 7, 14, and 21 after tumor injection (mean� SEM). SMFI:
specific mean fluorescence intensity (after isotype control subtraction). K and L, pSMAD2/3 expression measured by flow cytometry in MC38 tumors 7 days after
treatment ofWTmicewith 21D1 antibody or treatment ofWTor KOmicewith IgG4 control antibody.K,Representative histograms of stainingwith anti-pSMAD2/3 in
the indicated groups.WTþ21D1: blue curve; KOþIgG: red curve;WTþIgG: black curve; isotype control staining: gray-shaded histogram. L, pSMAD2/3 SMFI of CD45þ

and CD45– cells in 4 mice/group, mean� SEM. The % of CD45þ and CD45� cells in tumors is also shown (� , P < 0.05; �� , P < 0.01; ���, P < 0.001; ���� , P < 0.0001, as
determined by unpaired Student t test).

LRRC33/TGFb1 Axis is a Therapeutic Target in Cancer

AACRJournals.org Cancer Immunol Res; 10(4) April 2022 463

D
ow

nloaded from
 http://aacrjournals.org/cancerim

m
unolres/article-pdf/10/4/453/3108305/453.pdf by H

arvard M
edical School user on 06 April 2022



%
 o

f M
ac

-1
+  c

el
ls

MHCII+CD206 − 

M1 macrophage 

0

2

4

6

8

%
 o

f M
ac

-1
+  c

el
ls

MHCII−CD206 + 

M2 macrophage 
M1/M2 Ratio

0

6

12

18

M
1/

M
2 

R
at

io
P = 0.013 

P = 0.003 

0

8

16

24

32

P = 0.002 

P < 0.001 

P < 0.001 

1

2

3

4
P = 0.011

P = 0.01 P = 0.04

P = 0.014 
P = 0.04

P = 0.004 

0

7

14

21

28

P = 0.02

P = 0.05

P = 0.03
P = 0.02

P = 0.016 

P = 0.035 

P < 0.001 
P < 0.001 

P = 0.002 P = 0.004 

P = 0.003 

P = 0.004 

P = 0.003 

F

G

WT IgG KO IgGWT anti−PD-1 KO anti−PD-1

CD3+ T cells CD4+ T cells CD8+ T cells CD3- NK1.1+

NK cells

C
el

ls
 (%

 o
f C

D
8+  c

el
ls

) 

IFNγGzmB

C
el

ls
 (%

 o
f N

K1
.1

+  c
el

ls
) 

P < 0.001 P = 0.003 P = 0.013 P = 0.039 P = 0.004 

P = 0.003
P = 0.004 

0

7

14

21

28

35
P = 0.02

P = 0.017 
P = 0.009

P = 0.03 P = 0.035

P < 0.001 

P = 0.004 

GzmB TNFα IFNγ

P = 0.003
P < 0.001 

P < 0.001 

P < 0.001 

P = 0.02 

P < 0.001 

Mac-1+CD11c+ 
DCs

Mac-1+F4/80+ 
Macrophages

Mac-1+Gr-1+ 
   MDSCs

CD45+

9

18

27

6

12

18

24

3

6

9

12

15

10

20

30

40

0

7

14

21

28

35

42

C
el

ls
 (%

 o
f C

D
45

+  c
el

ls
)

0

4

8

12

16

C
D

45
+  c

el
ls

 (%
) i

n 
tu

m
or

C

D

E

Days postinjection

A
 WT IgG control

 WT anti−PD-1

 KO IgG control
 KO anti−PD-1

B16.F10

N = 6

5 10 15 20 25
0

600

1,200

1,800

2,400

***
*

Tu
m

or
 s

iz
e 

(m
m

3 )

Days postinjection

MC38
 WT IgG control

 WT anti−PD-1

 KO IgG control
 KO anti−PD-1

5 10 15 20 25
0

200

400

600

800

N = 6

**
**Tu

m
or

 s
iz

e 
(m

m
3 )

B

**
*

B16F10

0.8

1.6

2.4

3.2

3

6

9

12

15

8

16

24

32

40

20

40

60

80

100

Figure 7.

LRRC33 loss and PD-1 blockade synergize in controlling B16.F10 tumor growth by altering the tumor immune landscape.A andB,Growth of (A) B16.F10 and (B) MC38
tumors injected subcutaneously inWT and KOmice treated intraperitoneally with 10mg/kg of anti-PD-1 or IgG control antibody on indicated days (arrows). Data are
mean � SEM for n ¼ 6 mice. P values are for the last time point, unpaired Student t test; � , P < 0.05; ��, P < 0.01; ��� , P < 0.001. Data are representative of two
independent experiments.C–G,Mice (4/group)were injected subcutaneouslywithB16.F10 cells and treatedwith antibodies as inAondays7, 10, and 13 and sacrificed
on day 15 for flow cytometric analysis of immune cell populations in tumors. Mean � SEM is shown. P values were determined by unpaired Student t test.
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(Fig. 7D). Furthermore,MDSCswere decreased by LRRC33 deficiency
and PD-1 treatment and further decreased by their combination
(Fig. 7D). Phenotyping macrophages for CD206 and MHCII expres-
sion showed that LRRC33 deficiency had amore significant effect than
anti-PD-1 in both increasing theMHCIIþCD206–M1 population and
decreasing the MHCII–CD206þ M2 population (Fig. 7G). However,
skewing towards M1 was significantly enhanced by addition of anti-
PD-1 to LRRC33 deficiency (Fig. 7G). Overall, the results suggest that
LRRC33 deficiency leads to a more immunogenic B16.F10 TME and
improved anti-PD-1 efficacy. These data emphasize the therapeutic
potential of dual blockade of LRRC33/TGFb1 and PD-1 in cancer
immunotherapy.

Discussion
Here, we focused on a selective approach to tumor therapy:

inhibiting only one (of many combinations) of the three TGFb
isoforms associated with their five well-characterized milieu mole-
cules, LTBP1, 3, and 4, GARP, and LRRC33 (16, 18). We used this
approach because in contrast to Tgfb1–/– mice, Lrrc33–/– mice show
no autoimmune or inflammatory disease (16, 20). We confirmed
here, and extended to further myeloid cell types, that LRRC33
associates with TGFb1 and is required for TGFb1 expression and
activation (16, 34). GARP has been known only to associate with
TGFb1 (38–40). Here, we showed that GARP associated with
and presented all three TGFb isoforms on the cell surface, whereas
LRRC33 only productively interacted with TGFb1. This is the first
time that a milieu molecule has been shown to associate with a
unique TGFb1 isoform.

Tumors grew more slowly in Lrrc33–/– than in WT mice,
which we traced to a lack of TGFb1/LRRC33 complexes and
activatable TGFb1. B16.F10 lung metastasis was also decreased.
Whole bone marrow transplantation confirmed that hematopoietic
Lrrc33–/– cells were sufficient to slow tumor growth in WT mice,
in agreement with the finding that TGFb1/LRRC33 complexes
were primarily expressed on myeloid cell types. Tumors in Lrrc33–/–

mice showed increased infiltration of both adaptive immune CD3þ

and CD8þ T cells and innate immune NK cells, TAMs were
skewed toward an M1-like phenotype, and MDSC infiltration
was decreased. In addition, CD8þ T-cell and NK-cell effector
phenotype was enhanced. These results are consistent with results
from Lrrc33–/– and– Rag1–/– mouse crosses, which showed that
Lrrc33–/– lowered tumor growth by increasing both adaptive and
innate immune cell responses. Phosphorylation of SMAD2/3 was
decreased in infiltrating adaptive and innate immune cells,
demonstrating a direct effect of Lrrc33 deficiency on TGFb signal-
ing in both immune arms (1). We confirmed that Lrrc33–/– defi-
ciency did not affect immune cell subset distributions in spleen
or thymus (20); however, we also found a reduction in the
CD103highCD11cþCD11b–MHCIIþ DC subset in lungs, which
might be relevant to the predisposition of Lrrc33–/– mice to pneu-
monia (16). We observed synergy between Lrrc33 deficiency and
PD-1 blockade in slowing growth of checkpoint blockade-resistant
B16.F10 tumors. These synergistic effects also contributed to
increased infiltration of CD8þ T cells and NK cells and their effector
functions, and in skewing the M1/M2 macrophage subset ratio
toward a more tumoricidal M1-like phenotype.

Our study suggests that TGFb release from TGFb1/LRRC33
complexes is localized at the cellular level within tumors.
TGFb1/b3 antibody, 21D1, more effectively inhibited tumor growth
than Lrrc33 deficiency. However, the inhibition of SMAD2/3 phos-

phorylation in tumor-infiltrating leukocytes by 21D1 was more dra-
matic compared with Lrrc33 deficiency. Furthermore, SMAD2/3
phosphorylation in nonimmune cells in tumorswas almost completely
inhibited by 21D1 antibody and unaffected by Lrrc33 deficiency.
These results demonstrate the high selectivity of the TGFb1 growth
factor that is released from proTGFb1/LRRC33 complexes within
tumors for action on immune cells. As emphasized previously
and demonstrated in the central nervous system, activation (release)
of TGFb1 takes place between an aVb6 or aVb8 integrin-bearing
cell and a cell bearing proTGFb1/LRRC33, and the released TGFb
acts on cells in the immediate proximity of its site of release (16).
We did not identify the relevant integrin-expressing cells in our
study; however, DCs are known to express integrin aVb8 and
antibodies to aVb8 are effective at suppressing tumor growth (41).
The selective effect of Lrrc33 deficiency on non-LRRC33 bearing cells,
including CD3þ, CD8þ, and NK cells, suggests that these cells are in
close contact with TGFb1/LRRC33-expressing myeloid cells in
tumors, and that an aVb6 or aVb8 integrin-expressing cells may
also be nearby. Notably, tumor-associated myeloid cells are one of the
most important factors in suppressing immune responses to tumors
and in inducing resistance to immune checkpoint blockade (42).
Furthermore, DCs, macrophages, and MDSCs, all of which have
activatable LRRC33/TGFb1 complexes, accounted for 60% to 70% of
the infiltrating leukocytes in this study.

Previous studies that combined inhibition of TGFb1 or the
TGFb1/GARP complex with inhibition of PD-1 or PD-L1 showed
substantial inhibition of tumor growth in mice and effects on
tumor-infiltrating immune cells. Increases in CD8þ T cells,
decreases in M2-like macrophages, decreases in MDSCs, and a
surprising increase in Foxp3þ Tregs was found in one study (14),
and increases in CD8þ T cells were observed in other studies (5, 15).
In contrast, combination TGFb1/GARP and PD-1 blockade had no
effect on tumor-infiltrating populations (13). However, this and two
other studies report enhanced CD8þ T-cell effectors (5, 13, 14). Our
results were most different from TGFb1/GARP blockade, suggest-
ing that combination of TGFb1/GARP and TGFb1/LRRC33 could
be additive or synergistic. We found here that CD3– NK cells, which
were not examined in these previous studies, were increased in
MC38 tumors in Lrrc33–/– mice and in B16.F10 tumors in Lrrc33–/–

mice treated with PD-1 antibody.
Our results suggest that targeting the LRRC33 axis of TGFb1

activation has promise as an immuno-oncology treatment strategy.
It will be important to produce antibodies that specifically bind to
the TGFb1/LRRC33 complex and inhibit release of the active
TGFb1 growth factor, just as has been previously achieved for the
TGFb1/GARP complex (32, 43). Such antibodies would also allow
overcoming two limitations of the current work: (i) the restriction
of tumors to the C57BL/6 mouse strain carrying the Lrrc33–/–

mutation and (ii) the inability to grow tumors prior to inhibiting
the LRRC33 axis of TGFb1 activation. Antibodies would also enable
future translation to patients of the highly selective mechanism of
inhibiting the LRRC33 axis of TGFb1 activation in myeloid cells in
the TME.
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A
B

Supplementary Figure S1. Lrrc33+/- mice displayed slightly decreased tumor growth of B16F10 and MC38. 
B16F10 (A) or MC38 (B) cells were subcutaneously injected into the right flank of WT and KO mice. Data show 
mean ± SEM for n = 6 or 7 mice. P-values are determined by repeated measures two-way ANOWA including all the 
time points. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns, not significant.
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Supplementary Figure S2. Lrrc33+/- myeloid cells had slightly decreased cell surface pro-TGF-β1 expres-
sion and activation compared with WT cells. (A, B) Pro-TGF-β1 expression on bone marrow (A) and MC38 
tumor (B) myeloid cell population was measured. Single-cells from bone marrow or tumor were stained with spe-
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1 staining, respectively. Numbers show mean fluorescence intensity subtracted isotype control. (C) Indicated 
myeloid cell populations purified from MC38 tumors by antibody panning were co-cultured with CAGA cells in 
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Supplementary Figure S3. MC38 tumor immune cell phenotyping. (A) Infiltrating cells were quantitated as numbers 
of cells per mg of tumor. Symbols show tumors from each of five mice per group. Results show mean ± SEM. P values 
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700-CD45-/extravascular Pacific blue-CD45+ (tissue resident cells), and downstream gates as indicated. Symbols show each of 3-4 mice per group. 
Results show mean ± SEM. P values were determined by unpaired Student’s t-test. (D) shows representative gate strategy of activation markers of WT. 
CD8 and NK cells were gated out for IFNγ and GzmB analysis. KO had similar frequencies. (F, H, J) show representative flow cytometry profiles for one 
sample from WT and KO mice. Data represent two independent experiments. * p<0.05 as determined by unpaired Student’s t-test.
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Supplementary Figure S6. Lrrc33 mRNA distribution 
analysis in B16F10 tumor. (A) Cells were isolated by 
centrifugation at 1600g for 30min on a gradient with 
layers of 40 and 70% percoll. The leukocyte fraction was 
taken at the interface between the 40% and 70% percoll 
layers and tumor cells were taken from the pellet and 
subsequently purified by panning. Purity was measured 
in panels 1-5 by flow cytometry. (B) Lrrc33 mRNA 
expression relative to GAPDH in the indicated cell types 
determined by RT-PCR as 2-∆Ct x 10000 
(∆Ct = Ct gene of interest - Ct gapdh) and shown as 
mean ± difference from mean of duplicate samples.
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