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Regulatory T cells (Treg) play a critical role in immune homeostasis by suppressing several
aspects of the immune response. Herein, Glycoprotein A repetitions predominant (GARP),
the docking receptor for latent transforming growth factor (LTGF-b), which promotes its
activation, plays a crucial role in maintaining Treg mediated immune tolerance. After
activation, Treg uniquely express GARP on their surfaces. Due to its location and function,
GARP may represent an important target for immunotherapeutic approaches, including
the inhibition of Treg suppression in cancer or the enhancement of suppression in
autoimmunity. In the present review, we will clarify the cellular and molecular regulation
of GARP expression not only in human Treg but also in other cells present in the tumor
microenvironment. We will also examine the overall roles of GARP in the regulation of the
immune system. Furthermore, we will explore potential applications of GARP as a
predictive and therapeutic biomarker as well as the targeting of GARP itself in
immunotherapeutic approaches.

Keywords: LRRC32, GARP mRNA, Glycoprotein A repetitions predominant (GARP), Treg, Soluble GARP or soluble
Glycoprotein A repetitions predominant (sGARP), biomarker, therapy
INTRODUCTION

Regulatory T cells (Treg) play an essential role in the maintenance of immune homeostasis and the
induction of peripheral tolerance. They have been shown to suppress many aspects of the immune
response by employing multiple immunosuppressive mechanisms. These mechanisms can be
broadly classified as being either contact dependent, such as the transfer of cAMP to T effector
cells (Teff) via gap junctions (1), or contact independent, like the secretion of suppressive cytokines.
As a result, many approaches have been tested to target Treg in order to suppress autoimmune
diseases or to enhance anti-tumor immunity.

In addition to the transcription factor, Forkhead box P3 (Foxp3), increased expression of
Glycoprotein A repetitions predominant (GARP) has been found on the surface of activated Treg.
GARP, a transmembrane protein, is the docking receptor for latent transforming growth factor
(LTGF-b) and thereby plays a critical role in the production and release of active transforming
growth factor beta (TGF-b). TGF-b is a pleiotropic and potent immunosuppressive cytokine known
to contribute to both immune modulation and evasion. GARP is also expressed by platelets and by
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tumor cells of different entities, and it has been detected as a
soluble factor. Expression of GARP has been found to be tightly
regulated by epigenetic modifications, microRNAs (miRNA),
and the master chaperone, GP96, amongst other things.

The objectives of this review are to highlight GARP
expression, regulation, and function in Treg, other immune
cells, and cancer cells as well as to evaluate the potential of
both surface and soluble GARP as predictive and therapeutic
biomarkers. In addition, approaches that target GARP for
immunotherapeutic intervention in autoimmune diseases and
cancer will be discussed.
GARP EXPRESSION, STRUCTURE, AND
FUNCTION

LRRC32 Structure
The gene encoding human GARP can be referred to by various
names including: LRRC32, Glycoprotein A Repetitions
Predominant, GARP, Transforming Growth Factor Beta
Activator LRRC32, Leucine-Rich Repeat-Containing Protein
32, Garpin, CPPRDD, and D11S833E (Gene ID: 2615). For the
sake of clarity, we will specifically refer to the GARP gene as
“LRRC32”, its mRNA as “GARP mRNA”, and the protein as
“GARP” for the remainder of the manuscript.

LRRC32 was first described in the telomeric region of
11q13.5-11q14 in human (2) and mice (3). LRRC32 consists of
two exons (4), and its expression is conferred by two alternative
promoters (5). One exon codes for a signal peptide as well as nine
amino acids, while the other codes for leucine-rich repeats
(LRR). In addition, LRRC32 contains an extensive 2-kb long 3′
untranslated region (UTR), that has five highly conserved
regions which are of importance for the post-transcriptional
regulation of the GARP mRNA (6).

So far, the GARP mRNA has been detected in various cell types
and tissues of different origin, including heart, kidney, liver, lung,
pancreas, placenta, skeletal muscle, and lymphoid tissues as well as
in different cancer entities (e.g. melanoma, breast cancer, oral
squamous cell carcinoma, prostate cancer, and glioblastoma).
Although the GARP mRNA is expressed by many cell types,
surface expression of the GARP protein itself has been only
reported in the context of activated Treg (7, 8), activated B cells
(9, 10), macrophages (11), platelets (12), mesenchymal stem cells
(13), and hepatic stellate cells (9, 14). In Treg, surface GARP is
considered to be an activation marker. Of note, the GARPmRNA is
also expressed by human Teff clones. Nevertheless, even though its
expression levels in such clones are similar to levels found in some
Treg clones, GARP has not been detected on the surface of either
human or mouse activated Teff (15).

Interestingly, the LRRC32 gene locus is part of a chromosomal
region that was described to be altered in several human cancers. In
agreement with this finding, the GARP mRNA is highly amplified
in tumor cells, and GARP surface expression has been detected in
invasive, metastatic, and drug resistant tumors (16–18).
Furthermore, in ovarian cancer, single nucleotide polymorphisms
(SNP) were described in the non-coding regions of the LRRC32
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(two were found in the 3’ UTR, and one was found in the intron
(rs3781699 and rs7944357, respectively), which have been
associated with poor patient survival (19). Additionally, the gene
locus of LRRC32 was also identified as a risk locus for asthma (20),
atopic dermatitis (21), and colitis (22).

GARP Structure
GARP is an approximately 78 kDa type I transmembrane protein
made-up of 662 amino acids with an extracellular region
consisting of 20 LRR. In more detail, its structure has three
domains: a cytoplasmic tail of 15 amino acid residues, a
hydrophobic transmembrane domain, and an extracellular
domain, containing the LRR, which accounts for about 70% of
the protein (2). In addition, a signal peptide is located in the N-
terminus, and its cleavage is required for the surface expression
of GARP (4). The extracellular domain of GARP is similar to the
corresponding region of other members of the LRR protein
family, which in general play an important role in protein-
protein interactions and signal transduction (2). It contains 20
LRR motifs, subdivided into two groups of 10 LRRs each by a
proline rich domain and a C-terminal LRR [20]. The proline rich
region confers flexibility and supports the idea of the
involvement of GARP in protein-protein interactions. The two
cysteines, Cys-192 and Cys-331, located in the 7th and 12th LRR
respectively, are responsible for the two disulfide bonds that form
between GARP and its ligand, latency associated peptide (LAP),
in the LTGF-b complex (23). Following translation, GARP
undergoes N-linked glycosylation and contains five predicted
glycosylation sites (2, 24).

GARP Function
TGF-b is a pleiotropic cytokine, that is an important mediator
during the development of Treg and the maintenance of their
immunoregulatory state (25). Besides Treg, TGF-b is expressed
by a multitude of cell types and tissues and participates in the
mediation of numerous pathways, including development,
wound healing, homeostasis, and cancer (26).

GARP has been shown to be essential for the formation and
surface expression of LTGF-b on Treg. GARP binds all three
isoforms of TGF-b (7, 27, 28) and plays an important role in
TGF-b activation, which is first synthesized as a biologically
inactive homodimeric precursor protein (23, 29, 30). This
proprotein consists of three distinct parts: (I) mature TGF-b,
(II) LAP, and (III) a signal peptide. Following the removal of the
signal peptide, via cleavage by furin proteases, inactive TGF-b
becomes mature TGF-b (31). Then, mature TGF-b binds LAP
through both covalent (disulfide bridges) and non-covalent
interactions (32). The resulting complex of mature TGF-b and
LAP is called latent TGF-b (LTGF-b) and lacks biological
activity. In the absence of GARP, LTGF-b binds to the latent
TGF-b binding protein (LTBP), thereby forming the large latent
complex (LLC), which associates with the extracellular matrix
(ECM) (33). Surface GARP inhibits the binding of LTGF-b to the
LTBP due to its higher affinity and in turn, presents LTGF-b on
the cell surface. GARP enables the binding of latent TGF-b to
aVb6 and aVb8 integrins, forming a ring-like shape with TGF-b
orientated towards the center. This enables the release of TGF-b
July 2022 | Volume 13 | Article 928450
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from LTGF-b mediated by a protease dependent or a protease
independent mechanism. Integrin recruited metalloproteinases
or serine proteases may cleave LAP from the TGF-b – LAP -
GARP complex. Of note, aVb6 and aVb8 are expressed in a cell
type specific manner. In particular, Treg express aVb8 (34).
Protease independent release of TGF-b is facilitated through
the binding of the respective integrins to LTGF-b and the
resulting deformation of LAP, triggered by cell contraction.
This results in the release of bioactive mature TGF-b into the
extracellular space (34) (Figure 1B).
GARP REGULATION GARP AND ITS
REGULATION IN TREG

Interplay of GARP and Foxp3
The detailed relationship between Foxp3 and GARP in Treg
remains a matter of debate.

At first, it was described that the regulation of GARP is
independent of Foxp3. This conclusion was based on studies,
which demonstrated that TGF-b induced overexpression of Foxp3
was not sufficient enough to induce the expression of GARP (7, 36).
Furthermore, it was shown that the knockout of Foxp3 in Treg did
not change GARP expression, and correspondingly, the knockdown
of GARP did not affect Foxp3 expression. However, a knockdown of
GARP led to an impaired suppressive capacity of Treg, while
silencing of Foxp3 in GARP-expressing cells did not affect their
suppressive capacity, but knockdown of Foxp3 lead to an impaired
Treg function (8). Interestingly, GARP is not expressed by resting
CD4+Foxp3+ Treg, but it is upregulated upon Treg activation. In
comparison, CD4+Helios+Foxp3- cells upregulate the expression of
GARP/LAP upon TCR stimulation, supporting that Foxp3 and
GARP are not regulated by each other (37).

In contrast to this conclusion, Probst-Kepper et al. proposed a
mutual dependency of Foxp3 and GARP expression, which
occurs in a positive feedback loop like manner. They were able
to demonstrate that lentiviral downregulation of the GARP
mRNA led to the downregulation of Foxp3 and the loss of
Treg suppressive properties. Similarly, the downregulation of
Foxp3 also resulted in the downregulation of GARP mRNA and
impaired suppressive Treg function (15).

Pre-Transcriptional Regulation of LRRC32
Haupt et al. improved our understanding of the regulation of
LRRC32 by showing that the transcription factors, nuclear factor
of activated T cells (NFAT) and nuclear factor kappa light chain
enhancer of activated B cells (NF-kB), play an important role in
the expression of LRRC32. Transcription of LRRC32 is driven by
two different promoter regions, P1 and P2, which differ in their
methylation status depending on the cell type examined and the
surrounding environmental conditions. It was shown, that in
Treg, P1 and P2 are completely demethylated. This allows Foxp3
to bind to P1, opening the promoter region via chromatin
remodeling, enabling the binding of NFAT and NF-kB,
resulting in the expression of LRRC32. In contrast, Th cells
differ from Treg as they exhibit increased methylation of their P1
Frontiers in Immunology | www.frontiersin.org 3
promotor, which consequently prevents the expression of
LRRC32 (5).

In 2020, Nasrallah et al. were able to show that an enhancer,
located at chromosome 11q13.5, is active in Treg (22). This
enhancer forms conformational interactions with the promoter
of LRRC32, and the enhancer risk variant, rs11236797, is
associated with a reduction in histone acetylation and decreased
LRRC32 expression. This is based on the recruitment of STAT5
and NF-kB (22), which in turn mediate the expression of LRRC32.
Therefore, these transcription factors are vital for Treg-mediated
suppression. Any disruption of LRRC32 leads to early lethality in
mice. The knockout of the enhancer led to the development of
Treg that did not express LRRC32/GARP, which were unable to
control colitis in an adoptive transfer model. This underlines the
results of previous studies, that indicated that GARP is necessary
for Treg function (8, 22).

Recently, Lehmkuhl et al. demonstrated that GARP-deficient
murine Tregs were characterized by an unstable Treg phenotype
as reflected by the decreased expression of CD25, Neuropilin-1
(Nrp1), cytotoxic T-lymphocyte-associated Protein 4 (CTLA-4),
Interleukin-10 (IL-10), and Histone deacetylase 9 (HDAC9), and
they were characterized by impaired immunosuppressive activity
(38). These alterations were due to decreased acetylation of
Foxp3 in comparison to stable Treg. Interestingly, it was found
that GARP could regulate the expression of HDAC9, which is
responsible for Foxp3 acetylation and thus Treg stability (38, 39).
Future studies are necessary to elucidate how HDAC9, NFAT,
and NF-kB interact and how their interplay affects the expression
of LRRC32/GARP in more detail.

Post-Transcriptional Regulation of the
GARP mRNA
It is becoming increasingly apparent that the expression of
GARP is tightly regulated. Hereby, miRNA have been shown
to play an important role. miRNA are single stranded, conserved,
non-coding RNA molecules that play an essential role in post-
transcriptional regulation (40). By binding to sequence
complementary sites within the 3’ UTR of their target mRNAs,
miRNA lead to translation inhibition and mRNA degradation,
which collectively leads to the suppression of gene expression.
Numerous miRNA have already been found to regulate the
development, differentiation, proliferation, and suppressive
function of Tregs, including the targeting of the GARP mRNA
itself (41).

As mentioned in section 2.1, LRRC32 Structure, the 3’ UTR of
LRRC32 contains five evolutionary conserved regions, which are
a promising indicator for potential miRNA recognition sites (6).
So far, several miRNA have been found to target the 3’ UTR of
the GARP mRNA in human Treg. Zhou et al. found that miR-
142-3p directly binds to the 3’ UTR of the GARP mRNA and
promotes its subsequent degradation via the Argonaute 2
pathway in primary CD4+CD25+ human T cells (6). They
could also show that miR-142-3p controls the expression of
GARP mRNA/GARP in activated Treg. Upon Treg activation,
GARP mRNA/GARP levels are upregulated. However, the
reason GARP levels subsequently decline following activation
July 2022 | Volume 13 | Article 928450
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FIGURE 1 | (A) Overview of Glycoprotein a repetitions predominant (GARP) protein biosynthesis and transport to the cell membrane in activated human regulatory
T cells (Tregs). GP96, a chaperone found in the endoplasmic reticulum, ensures proper folding of GARP [GARP structure modified from: Liénart et al. (35)]. The
GARP mRNA is targeted by miRNA, which promote its degradation, and thus lower GARP mRNA/GARP levels. (B) GARP functions as a docking receptor for
biologically inactive latent transforming growth factor beta (LTGF-b), which consists of a TGF-b homodimer bound to latency associated protein (LAP), and GARP
plays an important role in its activation. GARP binds LTGF-b with high affinity, forming the GARP/LTGF-b complex. Release of bioactive TGF-b can occur in both a
protease independent (shown) or a protease dependent manner (not shown). For protease independent release of mature TGF-b, aVb8 integrins, expressed on the
surface of Treg bind to the GARP/LTGF-b complex, resulting in a conformational change and in the subsequent release of biologically active TGF-b. Alternatively,
bioactive TGF-b can be released in a protease dependent manner, in which integrin recruited metalloproteinases or serine proteases cleave LAP from the GARP/
LTGF-b complex (not shown). (C) GARP can be cleaved from the surface of Treg by proteases in a form called soluble GARP (sGARP). GARP/LTGF-b complexes
can also be released into the extracellular environment via proteases. (D) Potential methods to target GARP for the treatment of autoimmune diseases, transplant
rejections, and cancer. Enhancing GARP mediated suppression by Treg offers a promising strategy for the treatment of autoimmune diseases and transplant
rejections. (1) Approach 1 utilizes antagomirs, specific to miRNA, which target the GARP mRNA. This would prevent GARP mRNA degradation, and thus increase
surface GARP expression and enhance the suppressive capacity of Treg. (2) Approach 2 is to apply sGARP to induce Treg. (3) Approach 3 would be to apply
sGARP in combination with LTGF-b to harness both their immunosuppressive effects and to promote the activation of TGF-b in an integrin-controlled manner. For
effective anti-tumor immune responses to occur, Treg mediated suppression needs to be inhibited. (4-5) Approaches 4 and 5 represent two different monoclonal
antibody (mAb) therapeutic strategies, that are currently in phase 1 clinical trials. (4) Approach 4 uses an IgG4 antibody (ABBV-151) that binds to the GARP/TGF-b1
complex and prevents the release of mature TGF-b1. This results in an inhibition of TGF-b1 signaling, a subsequent decrease in the suppressive capacity of Treg,
and the restoration of T effector cell (Teff) functions. (5) Approach 5 employs an afucosylated IgG1 antibody (DS-1055a), that efficiently depletes GARP+ Treg via
antibody-dependent cellular cytotoxicity, preventing Treg mediated suppression and restoring Teff function.
Frontiers in Immunology | www.frontiersin.org July 2022 | Volume 13 | Article 9284504
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results from the upregulation of miR-142-3p, which binds to the
GARP mRNA and targets it for subsequent degradation. Gauthy
et al. could show that miR-185, and miR-181 a, b, c, d, in addition
to miR-142-3p, target the 3’ UTR of GARP mRNA in human
Treg differentiated from PBMCs (31) (Figure 1A). Furthermore,
they could show that these miRNA were also expressed at a lower
level in human Treg when compared to Th cells. Interestingly, a
study by Jebbawi et al. demonstrated that miR-24 and miR-335
directly bind to the 3’ UTR of the GARP mRNA and regulate
GARP levels (34). It is important to note that they examined
primary human CD8+CD25+ Treg derived from cord blood in
contrast to the aforementioned studies, which studied human
CD4+ Treg (42). These differences in cell type and tissue source
may help explain in part why different sets of miRNA
were detected.

Post-Translational Regulation of GARP
Surface expression of GARP has been found to be dependent on
the heat shock protein, GP96 (GRP94) (43). GP96 is a master
chaperone, which is found in the endoplasmic reticulum (ER),
and its clientele consists of proteins implicated in both immune
response and oncogenesis, such as toll-like receptors (TLR),
integrins, Wnt co-receptor low-density lipoprotein receptor-
related protein 6 (LRP6), insulin-like growth factor (IGF),
platelet glycoprotein Ib-IX-V complex, and human epidermal
growth factor receptor-2 (HER2) (43, 44). In a study by Zhang
et al., examining the effects of GP96 knockout (KO) in Treg in
vivo, it was discovered that although GP96 KO mice developed
Treg, they displayed unstable Foxp3 expression, increased IFN-g
production, and impaired suppressive function, thus leading to
the development of fatal autoimmunity (43). One reason for this
reduction in Treg suppressive function was a decrease in surface
GARP expression and mature LTGF-b levels. Loss of surface
GARP and mature LTGF-b was also observed in CD41+ GP96
KO platelets and GP96 deficient B cells, suggesting that GP96
acts as an obligate chaperone for GARP. Loss of surface GARP
expression in GP96 deficient B cells was attributed to the
inability of GARP to leave the ER and was accompanied by a
decrease in the half-life of GARP. Collectively, this suggests that
GP96 is required for the stable protein conformation of GARP.
In addition, it was discovered that GARP interacts with the C-
terminal client-binding domain of GP96 as also reported for
TLRs (43).

Another protein that interacts with GARP, lysosomal
associated transmembrane 4B (LAPTM4B), was identified in a
yeast two hybrid assay (37). LAPTM4B expression increased
upon Treg activation, and it directly decreased the surface
expression of GARP and the secretion of LTGF-b1. LAPTM4B
has been postulated to function as part of a negative feedback
mechanism to downregulate Treg production of LTGF-b1 and
surface GARP during T cell activation. Translocation of
intracellular GARP to the surface of Treg upon activation
requires the cleavage of a signal peptide located in the N-
terminus of GARP (4). It has also been found in a model of
forced GARP overexpression in T cells, TCR activation was
needed for the translocation of intracellular GARP to the
cellular surface. Furthermore, in case of Treg, IL-2 signaling is
Frontiers in Immunology | www.frontiersin.org 5
able to specifically increase the surface expression of GARP
(45, 46).

It has been described that activated Treg shed a soluble form
of GARP (sGARP) from their surfaces (18). Shedding of GARP
was first proposed by Roubin et al. in their description of the
protein structure of GARP. They hypothesized, that a
hydrophobic leader sequence embedded in the amino acid
sequence of GARP may resemble a signal peptide for secretion
(3). The shedding of GARP has been subsequently confirmed in
blood plasma by mass spectrometry (47). Additionally, Metelli
et al., were able to show that thrombin can cleave GARP from the
surface of platelets, which is essential for the release of membrane
latent TGF-b (mLTGF-b) (48). Shedding of GARP/LTGF-b1
complexes from the surfaces of stimulated Treg and GARP
overexpressing Th cells has also been described and detected in
cell supernatants (31) (Figure 1C). These complexes may have
been shed from the membrane by proteases, and their functional
significance remains unknown.
SOLUBLE GARP

As mentioned earlier, sGARP is released by an array of different
cell types, including activated Treg, activated platelets, and cancer
cells. Hahn et al. could show that sGARP can modulate immune
responses and has strong suppressive properties (49). In this
regard, recombinant sGARP was found to suppress the
proliferation and cytokine production of Teff. Exposure of naive
T cells to sGARP led to an induction of Treg. This transition was
accompanied by the induction of Foxp3 expression, the inhibition
of cell proliferation, and a significant decrease in IL-2 and IFN-g
production. Furthermore, sGARP induced a tumor associated
“M2-like” macrophage (TAM) phenotype and suppressed
cytotoxic T cell function by inhibiting cell proliferation and the
production of IFN-g and Granzyme B (49).

Additionally, in a humanized mouse model of a xenogenic graft
versus host disease (GvHD), the application of recombinant sGARP
protected the animals from T cell mediated inflammation through
Treg activation (49). It was also found that sGARP drives epithelial-
mesenchymal cell transition (EMT). Cells treated with sGARP
showed increased proliferation and migratory capacities in
comparison to the untreated control (30).

The mechanism by which sGARP induces these phenotypic
changes is at least in part dependent on the TGF-b signaling
pathway, as phosphorylation of Mothers against decapentaplegic
homolog 2 and 3 (Smad2/3) in sGARP treated naive CD4+ T cells
was observed. However, inhibition of TGF-b signaling by the use
of a TGF-b receptor II blocking antibody could not fully prevent
the effects of sGARP (49).

These findings could be confirmed by our group using a
physiological source of sGARP (12). Activated platelets have
been shown to shed GARP from their surfaces. Based on these
findings, CD4+ T cells were cocultured with platelet conditioned
medium (PCM). PCM was able to induce Treg, characterized by
a strong Foxp3 expression, while simultaneously suppressing
their proliferation as well as their IL-2 and IFN-g production
when compared to the untreated control. Administration of a
July 2022 | Volume 13 | Article 928450
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blocking anti-GARP antibody was able to mitigate these effects.
Furthermore, it was shown that blockade of the TGF-b pathway,
by applying blocking antibodies against TGF-b I-III and TGF-b
RII, could not completely inhibit the effects of PCM on T cells.
This indicates that sGARP mediates its effects in part through a
TGF-b independent signaling pathway (12).

Furthermore, it has been shown that recombinant sGARP has
a strong capability to enhance the activation of free latent TGF-b.
This function further amplifies the effects of sGARP in the case of
autoimmunity and cancer (50).

Collectively, this leads to the conclusion that sGARP is able to
achieve two things in parallel, which may multiply its
immunomodulatory effects. First, sGARP has the ability to
modulate the differentiation and suppression of immune cells.
Second, sGARP can enhance the activation of TGF-b and
correspondingly its manifold downstream effects. Therefore,
sGARP may act as an important player in both autoimmunity
and the tumor microenvironment (TME). Taken together, this
highlights the importance of sGARP as a potent immunoregulatory
molecule on its own and in its interplay with TGF-b.
CELLULAR GARP

Regulatory T Cells
CD4+CD25+CD127lowFoxp3+ Treg, a highly immunosuppressive
subset of CD4+ T cells, play a major role in immune homeostasis by
controlling immune responses through the induction and
maintenance of peripheral tolerance (51). As mentioned above,
GARP is expressed on the surface of activated Treg and plays a vital
role in conveying their suppressive capacity (Figure 1A). GARP
expression is also obligatory for the binding of TGF-b1 to the
surface of Treg (7, 36).

Until recently, the functions of GARP on Treg were described
as aiding in the presentation of LTGF-b by acting as both an
anchor and support protein for the activation and release of
LTGF-b (7). It has been shown that GARP+ Treg in comparison
to GARP- Treg displayed a greater suppressive capacity of Teff in
vitro. This difference was associated with a decrease in the
effector cytokines IL-2 and IFN-g production (15, 36) and a
corresponding increase in the production of the inhibitory
cytokines TGF-b and IL-10 (52, 53).

Resting murine Treg express a low level of GARP. Upon TCR
stimulation GARP gets upregulated on the cell surface of Treg,
followed by an increased expression of latent TGF-b1. GARP
expression can be upregulated on murine Treg via exposure to
IL-2 and IL-4 without the need for TCR activation in vitro.
Expression of GARP in mice was found to be independent of
TGF-b1, but specific KO of GARP in murine CD4+ T cells leads
to a diminished expression of TGF-b1 on the surface of activated
Treg. These GARP- Treg were found to develop normally and
were capable of suppressing Teff in vitro. Additionally, Treg
numbers in the periphery were not affected. Treg which express
GARP/LTGF-b1 on their surfaces are able to induce Treg in the
presence of IL-2, while the presence of IL-6 leads to the induction
of Th17 cells (45, 46).
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Further evidence highlighted the importance of GARP in Treg
function. In a humanized mouse model of allogenic graft rejection,
CD4+CD25highCD127low Treg and CD4+CD25high Treg showed a
significantly lower capacity in preventing alloreactions in
comparison to CD4+CD154−GARP+ and CD4+CD154−LAP+

Treg (54). This study concluded that LAP and GARP are
specific markers for human Treg having a high suppressive
activity. In addition, a complete depletion of activated GARP+

Treg in a humanized mouse model of allergen-induced gut
inflammation diminished the protective effects of Treg (55).

In Treg with mutated LRRC32, expression of GARP was
reduced, resulting in an unstable Treg phenotype that led to
severe immune dysregulation and an increased development of
inflammatory diseases (38). In giant cell arteritis, the most
common primary arteritis, based on an imbalance of activated
Teff cells and dysfunctional Treg, patients’ Treg showed an
ineffective and reduced induction of GARP (56).

In a preclinical approach, in vitro expanded Treg were isolated
based on their selective surface expression of LAP. Herein,
LAP+GARP+Foxp3+ Treg showed a highly demethylated Treg-
Specific Demethylated Region, indicating a stable Foxp3
expression and ultimately a stable Treg phenotype. Additionally,
these cells showed a high suppressive capacity in vitro and in a
GvHD in vivo model, making these cells a suitable population for
the treatment of GvHD in patients (57).

Taken together, GARP expression on Treg significantly
influences the immunological balance in different settings: GARP+

Treg lead to immunosuppression, being of importance especially in
the tumor microenvironment. Deficiency of GARP in Treg has an
impact on the development of inflammatory diseases including
autoimmunity, allergy and transplant rejection.

Non-Treg Cells
Besides Treg, B cells are known to express GARP when activated
by TLR ligands, such as TLR4, TLR7, and TLR9 (58). Expression
of GARP led to the inhibition of cell proliferation, induced a class
switch to IgA production, and resulted in a more tolerogenic B
cell phenotype. This has been explored especially in the context
of autoimmune diseases (10, 58). Herein, GARP was upregulated
on B cells in autoimmune diseases and the GARP-LTGF-b axis
was shown to be an important factor for B cell tolerance and
prevention of lupus-like autoimmune diseases in mice.

Furthermore, hepatic stellate cells constitutively express
GARP on their surfaces. A blockade or knockdown of GARP
resulted in an impaired suppression of T cell proliferation and
IFN-g production. It has been described that GARP is required to
anchor and activate LTGF-b. Whether the observed effects are
mainly mediated by LTGF-b, a suppressive function of GARP
itself, or by a release of sGARP has not yet been described (14).
Nevertheless, being expressed on cells involved in fibrosis as well
as in hepatic cell cancer progression, it will be of interest to
further investigate influence of GARP in this context.

In multipotent mesenchymal stromal cells (MSC), GARP has
been shown to be important for their proliferation and survival
by rendering them more resistant to DNA damage and apoptosis
in a TGF-b dependent manner (59). In addition, GARP is
involved in the immunomodulatory activities of MSC (60).
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Platelets
Expression of GARP was initially described on the surface of
platelets (3). Platelets are the main cells that mediate hemostasis
at the site of injury. Platelets are important modulators of both
innate and adaptive immunity through their interaction with
immune cells. In the case of infection, platelets become activated
and are able to modulate inflammation (61, 62). In addition,
recent evidence indicates that platelets are present in the TME,
and cancer associated thrombocytosis has been associated with
the promotion of invasion and metastasis, and thus poor clinical
outcomes in different tumor entities (63). Low platelet counts
and inhibited platelet activation in patient blood correlated with
a lower likelihood of metastasis (64, 65). In more detail, platelets
promote motility (66–68) and EMT (69). Furthermore, platelet
count and activation status influenced the survival of circulating
tumor cells (CTC) by shielding them from NK cells and from
destruction by shear stress (70, 71). This is due to their
expression of fibrinogen receptor GPIIb-IIIa and P-Selectin,
which mediate the attachment of platelets onto CTCs via the
binding of CD44 and avB3 integrin (70). In addition, melanoma
cells express chemokines that attract and activate platelets, in a
process called tumor cell-induced platelet aggregation (72),
resulting in the shielding of metastasizing melanoma cells by
platelets in the bloodstream. Platelet-derived TGF-b has been
shown to be an important modulator of the immune system (73).
Besides being known for its immunosuppressive capability, TGF-
b can downregulate B-cell lymphoma 2 (Bcl-2) proteins, known
for their anti-apoptotic effects, as well as natural killer group 2D
(NKG2D) leading to a decrease in NK cell efficacy (74). While
there is increasing evidence that GARP on platelets plays an
important role in immunomodulation, GARP does not seem to
play a significant role in hemostasis and thrombosis. The
conditional knockout of GARP on platelets and endothelial
cells in mice did not lead to any changes during agonist
induced platelet activation and aggregation. Furthermore, the
tail bleeding time and the FeCl3-induced thrombus formation
occlusion time were not affected (75).

There has been an emerging role of platelets not only in
hemostasis but also in the immunomodulation of cancer
patients. Given the fact that platelets express GARP on their
surfaces and connecting this to previous works describing GARP
as a key molecule in inducing peripheral tolerance, several
groups have shown a possible contribution of platelets to
adaptive immunity, leading to a poor prognosis of cancer
patients with cancer associated thrombocytosis. For example,
GARP was found to be expressed on platelets to a certain extent;
however, upon platelet activation, surface GARP levels were
found to be significantly increased (12). We demonstrated that,
cocultures of platelets and Teff as well as Teff grown in the
presence of PCM induced a regulatory phenotype, characterized
by an upregulation of Foxp3, reduced proliferation, and
decreased effector cytokine production, as well as an induction
of suppressive capacity. This phenomenon was shown to be
GARP dependent. In addition, the TGF-b signaling axis seemed
to be at least in part associated to GARPmediated Treg induction
(12). The cleavage of GARP by proteolysis through thrombin
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from the surface of platelets, has been shown to be a major
contributor to cancer immune evasion. The blockade of the
GARP cleavage led to an improved therapeutic efficacy of anti-
PD-1 therapy (48). Furthermore, activated platelets released
sGARP, as shown by us and Metelli et al., which in turn
induces Treg in a GARP dependent manner (12, 48).

Tumor Cells
As already mentioned, GARP has been shown to be expressed by
several tumor entities, like malignant melanoma (18),
glioblastoma (16), bone sarcoma (17), breast cancer (76), and
lung cancer (77).

It has been shown that the relation between Foxp3, GARP,
and TGF-b, as thoroughly analyzed in Treg, also plays an
important role in cancer progression. Tumor cells employ a
form of “Treg mimicry”, by utilizing specific immunosuppressive
strategies, similar to Treg, to modulate their surroundings (16,
18, 78, 79). In bone sarcoma, GARP plays a vital role in cancer
cell proliferation and resistance against irradiation and
chemotherapy. Silencing of GARP in these cells led to a
decrease in cell proliferation and an increase in apoptosis (17).
Li et al., were able to show that GARP also plays an important
role in the regulation of TGF-b1 in osteoblast differentiation.
Downregulation of the GARP mRNA/GARP in bone marrow
mesenchymal stem cells (BMSC) attenuated their differentiation
into osteoblasts (80). Furthermore, normal murine mammary
epithelial cells, showed an increased production of TGF-b and
oncogenesis when GARP was overexpressed. Furthermore, the
murine mammary gland tissue cell line, NMuMG, that was
unable to form tumors in vivo, was able to do so once GARP
was overexpressed (30).

In a coculture with CD4+ T cells, glioblastoma cells were able
to suppress the proliferation and IFN-g production of the former.
By using a blocking anti-GARP antibody, the proliferation and
cytokine production of CD4+ T cells could be restored (16).
Malignant melanoma has been shown to release sGARP into its
surroundings, suggesting a further contribution to a GARP-
TGF-b mediated immunosuppressive microenvironment (18).

Zhang et al. showed that in pancreatic cancer, tumor cells
were able to reprogram M1-like macrophages metabolically and
functionally through a GARP-dependent and via a DNA
methylation-mediated mechanism to M2 macrophages with a
pro-tumorigenic phenotype (11).

All these data show that GARP on tumor cells is I) maybe
involved in tumor cell proliferation and II) significantly
modulates immune responses leading to an inhibitory tumor
micromilieu, both facts resulting in massive tumor promotion.
ROLE OF GARP IN DISEASE SETTINGS

The presence of GARP as a soluble factor and as a surface marker
on different cell types influences immune mediated diseases, such
as cancer, allergy, and autoimmunity. The presence of GARP, e.g.
in tumors, leads to a suppression of immune responses, whereas
the loss of GARP, e.g. in autoimmunity, leads to spontaneous
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inflammation. As such, GARP can be used as both, a biomarker
and therapeutic target.

GARP as a Biomarker
Examining sGARP levels in easily accessible specimens, like
serum and plasma from routine blood tests, and correlating
their content to patient diagnoses and clinical outcomes is a
novel approach to evaluate the potential of sGARP as a
diagnostic and prognostic biomarker. This information would
be highly valuable for clinicians as it is not only a more practical,
time efficient, and cost-effective approach than screening for
GARP expressing cells, but it is also a less invasive procedure for
patients. Reliable assessment of the concentration of sGARP in
patient blood could be of high importance as even low levels of
sGARP are capable of greatly enhancing the activation of TGF-b
(50). Therefore, elevated sGARP levels in cancer patients could
have a great impact on the TME, leading to unfavorable
patient outcomes.

Metelli et al., were able to detect high levels of sGARP and
sGARP/LTGF-b1 complexes in the blood plasma of prostate
cancer patients. Increased amounts of sGARP correlated with
increased likelihood of metastasis in these patients (48).

Some studies have indicated that TGF-b, which is regulated
by GARP, plays an important role in DNA repair, and may
protect cells from ionizing radiation. Kim et al., could show that
pretreatment of human epidermoid carcinoma cells with TGF-b
reduced g-radiation induced apoptosis (73). However, to the best
of our knowledge, no known study has examined the possibility
of GARP as a predictive marker for radiation sensitivity in cancer
cells yet.

GARP is an enticing potential diagnostic biomarker for cancer
as it is highly upregulated on the surface of both tumor cells and
suppressive immune cells found in the TME (16, 18). Nevertheless,
only a few studies have examined the possibility of GARP as a
diagnostic biomarker in further detail. One study by Jin et al.,
examined the potential of GARP on Treg as a diagnostic
biomarker in both the tumor tissue and peripheral blood of lung
cancer patients. They found that frequencies of GARP expressing
Treg were higher in the tumor tissue of early stage (I-II) versus late
stage (III- IV) patients but not in their peripheral blood (77).
Additionally, we could show that melanoma patients, who do not
respond to immunotherapy, showed a longer overall survival,
when they had a low percentage of GARP+ Treg (81). This was
also the case in hepatocellular carcinoma, as a high frequency of
Foxp3+GARP+ Treg correlated with a more aggressive phenotype
and a TME with enhanced suppressive properties (82).

A study byMetelli et al. showed that high GARP expression in
lung cancer versus healthy adjacent tissue correlated with a
reduced overall survival (30). The same observation was also
described in bone sarcoma (17). Furthermore, it has been shown
that GARP expression is increased in gastric cancer (83). Here,
increased levels of CD4+GARP+ T cells in the tumor vicinity
correlated with poor overall survival. Interestingly, elevated
expression of GARP also correlated with the expression of
CTLA-4 and PD-L1 (83).

Correlation data listed by the Human Protein Atlas, based on
the TCGA data set, show that renal and urothelial cancer patients
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with elevated GARP mRNA levels have a significantly lower
overall survival when compared to patients with lower GARP
mRNA concentrations (proteinatlas.org/ENSG00000137507-
LRRC32). This was not observed though for human lung cancer.

As mentioned before, it has been described that GARP
expression was increased on the platelets of melanoma
patients, but there were no differences between stage I and
stage IV patients (12). One potential limitation of this study
was the composition of the patient cohort, as 15 out of 16
patients responded to immunotherapy, potentially impacting the
GARP expression levels found on platelets. Nevertheless, a
potential use of GARP as a biomarker on platelets should be
analyzed in a larger patient cohort (12). As outlined above, an
increased platelet count in malignant melanoma patients is
associated with poor prognosis. Furthermore, patients, who did
not respond to immunotherapy, had an increased platelet to
lymphocyte ratio as compared to responders to immunotherapy
(12, 81, 84). Elevated platelet counts, increased expression of
GARP on platelets, and shedding of GARP from their surfaces,
combined with the fact that platelets are able to GARP
dependently induce Treg, may be a highly disadvantageous
combination that negatively affects patient survival. However,
future studies must be conducted to evaluate platelet counts and
their GARP levels as potential predictive and prognostic
biomarkers for immunotherapy response and disease
progression in melanoma.

In patients with inflammatory diseases, GARP has begun to
be evaluated as a potential biomarker. For example, in patients
with primary biliary cholangitis, an autoimmune biliary disease,
GARP was found to be upregulated on cholangiocytes and was
also detected on biliary duct cells (85). Herein, GARP expression
was increased in response to biliary salts and released under
cholestatic conditions via apoptosis of cholangiocytes. Atopic
dermatitis patients showed a significantly reduced surface
expression of GARP on Treg (21). Furthermore, patients with
psoriasis, who received systemic therapy, had higher frequencies
of activated GARP+ Treg than patients, who were only treated
with topical therapy (86). Research in mice revealed that there is
an increased expression of GARP on B cells in murine models of
lupus (58). Whether these findings can be translated into the
human setting has to be investigated in future trials.

Taken together, it will be interesting to validate GARP, either
in its soluble or in its cell-associated form, as a predictive and
prognostic biomarker in patients with immune mediated
diseases in future clinical trials and to investigate whether
GARP could be used as an early indicator for therapy response.

GARP as a Therapeutic Target
As described in section 5, Cellular GARP, GARP is expressed by a
variety of cells in the TME and plays a prominent role in
immunosuppression and cancer progression. Drugs that modulate
the expression of GARP may be useful for the treatment of various
disease indications. Enhancing GARP expression, and its
accompanying immunosuppression, may be beneficial for the
treatment of autoimmunity and transplant rejection, whereas
downregulating GARP expression may aid in the improvement of
anti-tumor immune responses (Figure 1D).
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Herein, several strategies are possible. On one hand, increased
and long-lasting expression of GARP on Treg could lead to
GARP+ Treg, which are more potent in inhibiting the
proliferation and function of conventional Teff. This approach
of improving Treg efficiency could be used in the treatment of
autoimmunity and allergic diseases in order to modulate and
downregulate overshooting immune or inflammatory processes.

Inhibition of miRNA, through the use of so called antagomirs,
might be one possibility to induce elevated and long lasting GARP
expression in Treg (Figures 1A, D). Antagomirs are
oligonucleotides complementary to the mature form of specific
miRNA. They easily penetrate into cells, and they inhibit the
activity of their target miRNA, both in vitro and in vivo (87). Thus,
they could represent a novel class of therapeutic molecules, leading
to a sustained expression of GARP on Treg. Of note, transfer of
miR-142-3p into Treg impaired their suppressive function (88).
Importantly, Krützfeld et al. showed that antagomirs can be
utilized as a systemic treatment and are resistant to degradation
by RNases following injection into an organism (87). This
approach should be further evaluated in future studies. One
example would be to improve the clinical efficacy of human
adoptive Treg transfer by enhancing the suppressive function
and/or stability of Treg in an autoimmune or GvHD setting.
Furthermore, in case of cancer and metabolic disease, the
application of antagomir loaded nanoparticles to target
unfavorable miRNA has already been demonstrated in several
mouse studies (89, 90), supporting the potential of antagomirs to
be used in novel therapeutic approaches.

As demonstrated earlier, sGARP can have a beneficial effect in
the induction of peripheral Treg and can help sustain Treg
differentiation. Additionally, sGARP can inhibit Teff functions
by reducing their proliferation and inflammatory cytokine
production (18, 50). When sGARP was applied in vivo, it was
shown to inhibit overshooting immune responses in a
humanized mouse model of allergy (91) as well as of
transplant rejection and in GvHD (49). This opens up further
strategies in using sGARP as an immunomodulatory agent, such
as in transplantation or autoimmune diseases (Figures 1C, D).

Furthermore, the simultaneous administration of sGARP and
LTGF-b could also be a promising treatment approach
(Figures 1B-D). Herein, GARP could bind LTGF-b and
enhance its activation. Since integrins are necessary for the
final activation step of TGF-b, this would minimize the risk of
putative side effects of exaggerated TGF-b activation. This
approach was already proposed by Fridrich et al. in 2016 (50).
In more detail, they were able to show that even small doses of
sGARP could greatly enhance the activation of LTGF-b. This
could have implications for autoimmune diseases, as a low dose
combination application of sGARP and LTGF-b may mitigate
the potential side effects of high dosages of pre-activated TGF-
b (50).

On the one hand, Treg cellular therapies have been shown to
ameliorate autoimmune diseases, graft rejections, and GvHD
(92, 93). Elevating GARP expression levels on Treg to increase
and prolong their activation status or using sGARP to increase
the number of Treg could contribute to the suppression of
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autoimmune responses by restoring T cell tolerance. On the
other hand, targeting of GARP on activated Treg through the use
of blocking antibodies could enhance anti-tumor immunity.
Several studies have reported that targeting GARP provided
protective immunity against melanoma and colon cancer and
the depletion of GARP on platelets did not lead to changes in
hemostasis and thrombosis (75, 94).

Currently, two therapeutic antibody products are in phase 1
clinical trials: ABBV-151 (NCT03821935) and DS-1055
(NCT04419532). Both antibodies aim for the reactivation of
anti-tumor immunity by specifically inhibiting Treg in malignant
solid tumors. However, they differ in their mechanism of action
by several points.

ABBV-151 is a human IgG4 monoclonal antibody (mAb) that
specifically binds to the GARP/LTGF-b1 complex to inhibit the
release of mature TGF-b1 from LTGF-b1 (Figures 1B, D) (95).
This results in a Treg specific blocking effect on functional TGF-
b1 release. This leads to the inhibition of TGF-b1 signaling in
Treg and Teff, which in turn decreases the suppressive effects by
Treg and restores Teff functions in the TME. In a preclinical
study, a mouse surrogate antibody that targeted the GARP/
LTGF-b1 complex improved anti-tumor effects in a
combination setting with an anti-mouse programmed cell
death protein 1 (PD-1) antibody when compared with the
anti–PD-1 treatment alone. However, the former antibody did
not display anti-tumor activity when administered as a
monotherapy alone in a CT26 tumor mouse model (96). The
anti-tumor combination effects of the anti-GARP-TGF-b1
antibody did not require FcgR-mediated effector functions. In
the current clinical study ABBV-151 is applied in parallel as a
monotherapy and in combination with an anti-PD-1 antibody.

DS-1055a is an anti-GARP afucosylated human IgG1 mAb, that
aims for the efficient depletion of GARP+ Treg via antibody-
dependent cellular cytotoxicity (Figures 1A, D) (97). This prevents
Treg-mediated suppression of immune effector cells and thereby
results in the reactivation of anti-tumor activities in the TME. In
preclinical settings, DS-1055a treatment resulted in the depletion of
GARP+ Treg and increased Teff functions in vitro and exerted anti-
tumor effects in HT-29 tumor bearing humanized mice. In addition,
combined treatment of DS-1055a with an anti-PD-1 antibody
yielded a combination effect since the proliferation of Teff
increased in comparison to treatment with either agent alone.

GARP targeting antibodies can be described as a kind of Treg
specific treatment approach. In immune cells of the TME, GARP
expression is almost completely limited to activated Treg. Unlike
other targeted Treg associated proteins, this specificity in GARP
expression on activated Treg is considered to be critical for the
recovery of intrinsic anti-tumor activities without affecting
effector immune functions. It is important to await the results
of the aforementioned phase 1 clinical trials to determine
whether the inhibition of Treg function or the removal of Treg
themselves from the TME can lead to the revival and activation
of Teff from their immunosuppressive dormant state, and thus
result in tumor eradication.

Since, at least in preclinical models, the effects of combined
treatment with an anti-PD-1 antibody have been confirmed.
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There is a rationale that GARP targeting antibodies have the
potential to improve insufficient immune responses and decrease
resistance to immune checkpoint inhibitors (ICI), like PD-1,
programmed cell death protein ligand 1 (PD-L1), and CTLA-4,
in clinical settings. In addition, the fact that GARP is expressed
only by activated— not resting Treg, suggests that the actions of
these antibodies should mainly occur in the highly
immunosuppressive TME and should hopefully not lead to an
increase in immune-related adverse events when used in
combination with ICI.

In this regard, it has been shown that antibodymediated blockade
or deletion of GARP did not alter innate or adaptive immune
responses (98). Therefore, antibody therapies targeting GARP
represent promising approaches in order to restore anti-tumor
immunity without severely impairing other immunological defenses.
DISCUSSION

GARP presents as a promising target molecule in different disease
settings. Of note, it is tightly associated to TGF-b and its functions.
TGF-b is a pleiotropic cytokine and as such, a key mediator of
many, often opposing biological processes. In cancer, TGF-b is a
double-edged sword. It exerts potent cytostatic and pro-apoptotic
activities in early stages of disease, but it can also paradoxically
favor EMT and metastasis at later stages of malignant
transformation, thus shifting from tumor inhibition to tumor
promotion during the progression of cancer. In addition, it
modulates the proliferation and function of different immune
cells necessary for building a potent anti-tumor immune response,
making it a difficult target for anti-cancer therapies. Therefore, due
to this lack of specificity (in targeted function and cell type)
resulting from the pleiotropic nature of TGF-b, combined with
insufficient therapeutic efficacy, therapies directly targeting TGF-b
have not entered the clinic for routine applications yet. In addition,
clinical trials, which target TGF-b signaling, must be considered in
combination with other therapies, including immune checkpoint
blockade, chemotherapy, and radiotherapy.

One novel approach to address a particular function of TGF-b, is
through the blockade of TGF-b1 activation byGARP expressing Treg
using an anti-GARP:LTGF-b1 mAb. This would specifically prevent
the release of TGF-b1 that is in complex with GARP. Whereas
blocking of GARP:LTGF-b1 would decrease immunosuppression via
Treg, another novel approach targets GARP itself.

This might delete important inhibitory cellular components
of the TME, such as Treg and tumor cells. It can be argued that
targeting and blocking GARP is a more promising upstream
target, as GARP itself exerts a suppressive function on other cells
as described above. Furthermore, cell surface complexation and
soluble GARP have been shown to enhance TGF-b activation
(50). Therefore, targeting GARP could lead to a simultaneous
inhibition of TGF-b activation and function as well as the
inhibition of the suppressive functions of GARP and sGARP.
Whether an anti-GARP:TGF-b1 mAb is superior to using an
anti-GARP mAb for blocking immune suppression in the TME
will have to be analyzed in future studies. Both approaches have
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the potential to boost intrinsic anti-tumor activities and to show
encouraging results in mouse models; however, a clinical
validation is still awaited. Nevertheless, one challenge for the
use of this therapeutic target could be the need for sufficient
amounts of GARP on the surface of the mentioned cell types
above. In addition, non-Treg side effects have to be taken into
account, when using an anti-GARP antibody, as GARP is also
expressed e.g. on activated platelets in peripheral blood (12).
However, a GARP knockdown in platelets did not show any
negative effects on hemostasis (75), and it also promoted anti-
tumor immunity by inhibiting of TGF-b signaling in different
cancer entities (94). Additionally, these findings point out a
possible novel therapeutic approach in cancer based on the
combination of GARP inhibition with platelet modulating
agents, such as ticagrelor and aspirin (99).

It was shown by several groups (38) that GARP deficiency in
Treg led to increased susceptibility to inflammatory diseases
through the induction of immune dysregulation. Thus, GARP is
somehow required to maintain immune homeostasis. It will be
very interesting to investigate in more detail if and to what
extend GARP alone contributes as an important molecule to
Treg generation, stability, and function or whether GARP effects
are solely modulated via regulation of TGF-b bioavailability.

In this context, the link between GARP and Foxp3 remains
elusive. On the one hand, several publications support the idea
that GARP and Foxp3 expression is independent of one and
other (8, 36, 37, 46). On the other hand, it has been described that
Treg specific transcription of LRRC32 is Foxp3 mediated,
resulting from the synergistic interaction of Foxp3 with NFAT
(5). Additionally, it has been suggested that there is a mutual
dependency of Foxp3 and GARP expression, which influence
Treg suppressive function. Future studies must be conducted to
better understand the interdependence of GARP and Foxp3
expression in different cell types.

In most studies, GARP has been described as a surface
molecule involved in the processing and maturation of TGF-b.
Nevertheless, there are some reports showing cytoplasmatic and
nuclear GARP expression as well (16). However, the function of
this intracellular GARP and the significance of its intracellular
localization need to be further characterized in future studies.
These studies will help to clarify if GARP does have the same
function on Treg, on platelets, and in cancer cells in means of the
above-described functions, including suppressive capacity,
proliferation, and therapy resistance.

Besides being a relevant therapeutic target, the use of GARP
as a prognostic and predictive biomarker should be transferred
into clinical routine. Quantification of GARP on peripheral
blood cells, in serum, and on tumor tissue could potentially be
used to reflect the immunosuppressive burden present in tumor
patients. Up until now, there has been only little correlation
between GARP expression and clinical tumor stages of patients.
To gain more insight and to define a potential application of
GARP as a biomarker, future studies should quantify GARP
levels on blood cells, in serum, and on tumor tissues. Ideally, this
should be performed with the use of multiplex approaches (100)
in order to investigate in more detail the distribution and
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complex spatial interactions of GARP+ cells in the TME. These
results can then be correlated back to clinical data.

Most data up until now has been generated from in vitro and
in vivo (in mice) experimental models. There is an urgent need to
translate and validate these results in the human system through
clinical trials, as the findings of GARP (i.e. regulation) seem to be
similar — but not identical to the murine setting.
CONCLUSION

GARP is a highly promising target molecule in diverse disease
settings, and it is expressed by different cells and tissues that exert
immunomodulatory functions. As such, it could serve as a
relevant new biomarker in patients with immune related
diseases, such as cancer and autoimmunity.

In addition, targeting of membrane GARP as well as the use of
soluble GARP are attractive therapeutic approaches for the
treatment of a wide variety of malignant, autoimmune, and
inflammatory diseases. Of note, one cannot consider the
contribution of GARP to the immunosuppressive function of
Treg in the absence of its key partner: LTGF-b. Nevertheless,
novel approaches are needed as LTGF-b is produced and
Frontiers in Immunology | www.frontiersin.org 11
expressed ubiquitously, whereas cellular GARP expression is
much more restricted.
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