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Production of active TGF-b is regulated at a post-
translational level and implies release of the mature
cytokine dimer from the inactive, latent TGF-b pre-
cursor. There are several cell-type specific mechanisms
of TGF-b activation. We identified a new mechanism
operating on the surface of human regulatory T cells
and involving membrane protein GARP, which binds
latent TGF-b1. The paracrine activity of regulatory
T cell–derived TGF-b1 contributes to immunosup-
pression and can be inhibited with anti-GARP Abs.
Whether other immune cell types use surface GARP
to activate latent TGF-b1 was not known. We show
in this study that stimulated, human B lymphocytes
produce active TGF-b1 from surface GARP/latent
TGF-b1 complexes with isotype switching to IgA
production. The Journal of Immunology, 2017, 199:
391–396.

T
ransforming growth factor–b1 is a potent immuno-
suppressive cytokine. Mice with a germline deletion
of the Tgfb1 gene or a T cell–specific deletion of

the Tfgbr1 or Tgfbr2 genes die early in life from severe
multiorgan inflammation due to the uncontrolled activity of
T lymphocytes (1–3). The production of TGF-b1 is a tightly
regulated process, which occurs mostly at a posttranslational
level. Most human and mouse cells express the Tgfb1 gene
and produce the TGF-b1 precursor, prepro-TGF-b1. After
signal peptide removal and homodimerization, the resulting
pro-TGF-b1 is cleaved by furin to generate two dimeric
fragments. The Cter dimer, or mature TGF-b1, remains
noncovalently associated to the Nter dimer, or latency asso-
ciated peptide (LAP), forming a complex called latent TGF-b1.
Latent TGF-b1 is inactive because LAP prevents binding of

mature TGF-b1 to its receptor. TGF-b1 bioactivity requires
the release of mature TGF-b1 from LAP, a process referred
to as TGF-b1 activation. Many cells, including most immune
cells, secrete latent TGF-b1. However, TGF-b1 activation
only occurs in a few cell types, via mechanisms that are cell-
type specific. The best-described mechanisms implicate RGD-
binding integrins, such as integrins aVb1 in fibroblasts (4),
aVb6 in epithelial cells (5), and aVb8 in dendritic cells, glial
cell, or fibroblasts (6–8).
We and others recently demonstrated that in contrast to

most other cells and in response to TCR stimulation, human
regulatory T cells (Tregs) produce latent TGF-b1 in associ-
ation with a transmembrane protein called GARP (9, 10).
This association implies disulfide linkage between two cys-
teines in one GARP monomer and one cysteine in each
monomer of the LAP homodimer (11, 12). This results in
the display of GARP/latent TGF-b1 complexes on TCR-
stimulated Tregs. We also showed that the activation of la-
tent TGF-b1 by stimulated Tregs is GARP dependent, and
that this active TGF-b1 exerts paracrine immunosuppres-
sive actions at a short distance, when Treg to T effector cell
contacts are allowed (13, 14). We derived mAbs against
GARP/latent TGF-b1 complexes that block active TGF-b1
production by human Tregs. These blocking anti-GARP
mAbs inhibited the immunosuppressive activity of human
Tregs in vivo, in a xenogeneic graft-versus-host-disease in-
duced by transfer of human PBMCs into immunodeficient
mice (14).
Blocking anti-GARP mAbs is currently explored as a novel

immunotherapeutic approach to inhibit Treg function and
increase immune responses in the context of cancer or chronic
infections. In contrast to Abs directed against TGF-b1 itself,
anti-GARP mAbs are expected to prevent TGF-b1 activation
by Tregs, but not by cells that activate TGF-b1 independently
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from GARP. This may prove important as TGF-b1 exerts
many actions outside the immune system, such as tumor-
suppressive effects on preneoplastic epithelial cells (15).
GARP is present on nonTreg cells. It was initially dis-

covered in mouse and human megakaryocytes and platelets
(16, 17), and was later shown to be expressed on mouse liver
sinusoid endothelial cells (18), mouse and human hepatic
stellate cells (19), and mouse and human mesenchymal
stromal cells (20). Whether other, nonTreg immune cells
also express GARP, and whether any nonTreg cell expressing
GARP produces active TGF-b1 in a GARP-dependent
manner, has not been completely elucidated to date.
Addressing this may help predict potential undesired effects
of therapeutic anti-GARP mAbs used to inhibit Treg im-
munosuppression, and improve our understanding of the
mechanisms leading to TGF-b1 activation in various cell
types.
We therefore sought to determine whether other, nonTreg

human immune cells release active TGF-b1 from GARP/
latent TGF-b1 complexes on their surface. We found that
stimulated, but not resting B cells, express GARP/latent TGF-b1
complexes and produce active TGF-b1 in a GARP-dependent
manner, which increases isotype switching to IgA.

Materials and Methods
Ethics statement

Experiments with human cells were approved by our institution’s ethics
committee.

Cell purification

PBMCs were isolated from the blood of hemochromatosis donors. CD19+

B cells were purified from PBMCs using magnetic beads (Miltenyi Biotec),
and CD20+CD272 and CD20+CD27+ B cells were sorted by FACS.

Reagents used for in vitro stimulation of B cells

B cells were stimulated with the indicated combinations of anti-human
IgM F(ab9)2 fragment (25 mg/ml; Jackson ImmunoResearch), anti-human
IgM/IgG F(ab9)2 fragment (25 mg/ml; eBioscience), megaCD40L (150
ng/ml; Enzo Life Sciences), CpG ODN2006 (2,5 mg/ml; InvivoGen), IL-21
(10 ng/ml; eBioscience), IL-2 (120 UI/ml; Proleukin), and IL-4 (4 ng/ml).
Additional reagents were added as indicated in the figure legends: rTGF-b1
(R&D Systems), blocking anti-TGF-b1,2,3 mAb (1D11; R&D Systems),
anti-TNP Ab (B8401H5.M, mIgG1), anti-GARP mAbs [MHG-8 (mIgG1),
LHG-10, LHG-11, and LHG-14 (hIgG1) (14)].

Flow cytometry

Cells were labeled according to standard protocols. Viability dye (Molecular
Probes) was used to exclude dead cells. Data were analyzed using FlowJo
(TreeStar). Primary mAbs against GARP were described in (14). Other Abs
were from R&D Systems (anti-LAP), BD Biosciences (anti-CD3, CD56,
CD86, IgG), BioLegend (anti-CD4, CD14, CD20, CD27, IgD), and
Southern Biotec (anti-IgA).

RT-PCR analysis

Quantitative RT-PCR was performed on cDNA using a Takyon for Probe
Assay kit (Eurogentec) on an ABI StepOnePlus system (Applied Biosystems).
Primers and probes for EF-1 and GARP are described in (10). Primers for
IaCm are described in (21).

FIGURE 1. Human B cells express surface GARP/latent TGF-b1 complexes

after in vitro stimulation. (A) Human PBMCs were labeled with anti-GARP

(mAb MHG-6) or isotype control Abs and analyzed by flow cytometry. Dot

plots are gated on live cells. (B) CD19+ B cells were stimulated or not with

anti-IgM/IgG Abs, IL-2, IL-21, sCD40L, and CpG for 24 h. Bar graphs

indicate mean GARP mRNA copy numbers normalized to 105 EF-1 mRNA

copies (technical duplicates + SD) as determined by quantitative RT-PCR.

(C) CD19+ B cells stimulated as in (B) were labeled with Abs against free

GARP (mAb MHG-5), total GARP (mAb MHG-6), GARP/TGF-b1 com-

plexes (mAb MHG-8), or LAP, then analyzed by flow cytometry. Histograms

are gated on live cells. (D) CD20+CD272 and CD20+CD27+ B cells were

stimulated or not as in (B) during the indicated number of days, labeled with

Abs against total GARP (mAb MHG-6) and analyzed by flow cytometry.

Med. FI: median fluorescence intensity. (E) CD20+CD272 B cells were ex-

posed during 24 h to the indicated stimuli, then labeled with Abs against total

GARP (mAb MHG-6) and analyzed by flow cytometry. Histograms are gated

on live cells.
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Small interfering RNA electroporation

SilencerSelect small interfering RNAs (siGARP#2: s5577, siGARP#3: s5575,
siScramble: 4390846) from Thermo Fischer Scientific were electroporated
using a 4D-Nucleofector instrument (Lonza).

Western blot analysis

Cell lysates were submitted to SDS-PAGE under reducing conditions.
Blots were incubated with primary Abs against SMAD2 phosphorylation
(pSMAD2) (#3108; Cell Signaling Technology), GARP (Plato-1; Enzo
Life Sciences), or b-actin (Sigma), then secondary HRP-coupled Abs, and
revealed with an ECL substrate (Thermo Fisher Scientific) on a Fusion
Solo 4S system (Vilber). Quantifications were performed with Bio1D
(Vilber).

TGF-b1 ELISA

Supernatants from CD19+ B cells stimulated in X-VIVO-10 serum-free
medium (Lonza) were used nonacidified or after acid-treatment to quantify
TGF-b1 with the TGF-b1 Duoset ELISA (R&D Systems).

Results and Discussion
GARP/latent TGF-b1 complexes are expressed on the surface of human
B cells after stimulation in vitro

Protein GARP is not detected on the surface of unstimulated
human PBMCs [(9) and Fig. 1A]. Human PBMCs comprise
1–2% Tregs and GARP was shown to appear on the surface
of Tregs after stimulation of their TCR, e.g., in vitro with
anti-CD3/anti-CD28 Abs (9, 10). We examined whether
in vitro stimulation induced GARP expression on other
subsets of human PBMCs. No GARP protein was detected on
CD8+ cells stimulated with anti-CD3/CD28 Abs, on NK
cells stimulated with IL-2 and IL-12, or on monocytes
stimulated with LPS or CpG (Supplemental Fig. 1A). How-
ever, for purified B lymphocytes, GARP mRNA levels in-
creased 5-fold, and surface GARP protein appeared after
in vitro stimulation with a mixture containing anti-IgM/IgG
Abs, soluble CD40L (sCD40L), IL-2, IL-21, and CpG (Fig.
1B, 1C). Stimulated but not unstimulated B cells were stained
by mAbs that recognize free GARP, GARP/latent TGF-b1
complexes, both, or LAP (Fig. 1C, Supplemental Fig. 1B).
This indicates that free GARP and GARP/latent TGF-b1
complexes appear on the surface of human B cells after
stimulation in vitro, and thus that GARP binds and pre-
sents latent TGF-b1 on these cells. To determine whether
GARP appears on stimulated naive, memory B cells or both,
we isolated CD20+CD272 (enriched in naive) and CD20+

CD27+ (enriched in memory) B cells from human PBMCs
(Supplemental Fig. 1C) and stimulated them in vitro with the
mixture described above. As shown in Fig. 1D, GARP
appeared on the surface of the vast majority of both types of
cells 1 d after stimulation, remained high until day 3 then
decreased to return to resting levels on day 7.
We then examined which stimuli induced GARP expression

on naive B cells and used CD86 as an activation marker
(Fig. 1E, Supplemental Fig. 1D). The most efficient stimulus
was the anti-IgM Abs that stimulate the cells through the
BCR. Triggering of CD40 with sCD40L, or of TLR9 with
CpG also induced surface GARP, albeit to a lesser extent.
Stimulation with IL2, IL-4, or IL-21 alone was not sufficient
to induce surface CD86 and did not induce surface GARP
either. As expected, maximal GARP expression was induced
by stimulation with a combination of anti-IgM, sCD40L,
CpG, and cytokines.

From the above, we concluded that surface GARP and
GARP/latent TGF-b1 complexes are transiently induced by
stimulation on naive and memory human B cells.

Stimulated B cells produce active TGF-b1 in a
GARP-dependent manner

To date, stimulated Tregs were the only immune cells known
to produce active TGF-b1 from GARP/latent TGF-b1
complexes (14, 22). Active TGF-b1 produced by Tregs is not
detected as a soluble form in Treg supernatants. It is only
released close to the Treg surface, where it exerts autocrine
and paracrine actions that induce phosphorylation of SMAD2
and SMAD3 transcription factors in responding cells (13).
Stimulated B cells express high levels of TGFB1, but no
TGFB2 or TGFB3 mRNAs (Fig. 2A). They secrete latent
TGF-b1 but no detectable active TGF-b1 (Fig. 2B). Thus, as
in Tregs, active TGF-b1 is not released as a soluble form by

A B

C

FIGURE 2. Human B cells produce active TGF-b1 in a GARP-dependent

manner. (A) Levels of TGFB1, 2 and 3 mRNA were measured in CD19+

B cells stimulated for 24 h with the mixture used in Fig. 1B. Bar graphs indi-

cate mRNA copy numbers normalized to 105 EF-1 mRNA copies (means of

duplicates + SD) as determined by quantitative RT-PCR. (B) Total and active

TGF-b1 were measured by ELISA in the supernatants of B cells stimulated

with the mixture used in Fig. 1B during 4 d in serum-free medium. Means of

duplicates + SD. Detection limit: 16 pg/ml. nd, not detected. (C) CD19+

B cells were stimulated as in (A). The indicated Abs (10 mg/ml) were added

on day 0 and 3 of the cultures, and rTGF-b1 (0.1 ng/ml) on day 3. Cells col-

lected on day 4 were analyzed by Western blot, and luminescence signals were

quantified using Bio1D software. Reduction in pSMAD2/b-actin ratios in

cells treated with anti-TGF-b or the blocking anti-GARP MHG-8 Ab (both

mIgG1s) are shown relative to the cells stimulated in the presence of a mIgG1

isotype control. Reduction in cells treated with the blocking anti-GARP

LHG-10 Ab is shown relative to cells treated with the nonblocking anti-

GARP LHG-11 (both hIgG1s). Data are representative of three independent

experiments.
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these cells. To examine whether B cells produce active TGF-
b1 from GARP/TGF-b1 complexes close to their surface, we
measured pSMAD2 by Western blot in CD19+ B cells stim-
ulated with the mixture used above, in the presence of vari-
ous anti-GARP mAbs (Fig. 2C). No pSMAD2 was detected
in unstimulated B cells. Stimulation induced GARP expres-
sion, as expected, and induced pSMAD2. It was blocked by
a neutralizing anti-TGF-b Ab, indicating that stimulated
B cells produce active TGF-b1. pSMAD2 was also reduced in
the presence of blocking, but not nonblocking anti-GARP
Abs. We conclude that stimulated B cells release active
TGF-b1 from GARP/latent TGF-b1 complexes close to their
cell surface.

Active TGF-b1 produced from GARP/latent TGF-b1 complexes by
naive B cells does not reduce B cell proliferation

TGF-b1 inhibits the proliferation of many cells types, in-
cluding T and B lymphocytes (23). To determine if the
production of active TGF-b1 by human B cells inhibits their
proliferation, we stimulated freshly isolated naive B cells in
vitro and added blocking anti-TGF-b or anti-GARP mAbs.
Surprisingly, we could not detect significant changes in B cell
proliferation (Supplemental Fig. 2A, 2B). We then tested the
sensitivity of B cells to recombinant active TGF-b1 (rTGF-b1,
0.1 ng/ml) on day 0, 1, 2, or 3 of a 4-d culture. rTGF-b1
inhibited B cell proliferation when added on day 0 or 1, but it
had no effect when added at later time points (Supplemental
Fig. 2A, 2B). Resistance to the cytostatic effect of TGF-b1
acquired at later time points could not be overcome by higher
concentrations of rTGF-b1 (Supplemental Fig. 2C). The
absence of effect of anti-TGF-b and anti-GARP on B cell
proliferation could result from active TGF-b1 being released
by B cells at a time point when they have become resistant to
the anti-proliferative effect of the cytokine. In support of this
hypothesis, pSMAD2, which is indicative of autocrine TGF-b
activity, was induced to high levels only 2–4 d after stimu-
lation of B cells in vitro (Supplemental Fig. 2D). This indi-
cates that the autocrine activity of TGF-b1 released from
GARP/latent TGF-b1 complexes by B cells does not reduce
their proliferation.

Active TGF-b1 produced from GARP/latent TGF-b1 complexes by
naive B cells induces isotype switching to IgA production

A nonredundant function of TGF-b1 signaling in B cells is to
induce isotype switching to IgA (24–27). The cell type that
produces the active TGF-b1 required for the IgA switch is not
known. We thus tested whether active TGF-b1 produced by
stimulated B cells themselves could induce IgA switching.
Noncoding IgA1 germline transcripts (IgA1 GLT) are re-

quired for the gene recombination events leading to IgA1
production (28). Next, recombination events generate circular
molecules of excised DNA, which are transcribed into so-
called switch circle transcripts, or IaCm transcripts in the case
of IgA switching. IgA1 GLT and IaCm transcripts are induced
early during the maturation process in the B cells that will
eventually switch to IgA1 production, resulting in both IgA1
surface expression and secretion.

FIGURE 3. Blocking active TGF-b1 production in B cells with anti-

GARP blocking Abs decreases IgA class switch. (A) CD20+CD272 B cells

were stimulated or not with anti-IgM, sCD40L, IL-2, IL-21, and CpG for

4 d in the presence of the indicated Abs. IgA1 GLT were quantified by

quantitative RT-PCR. rTGF-b1 (0.1 ng/ml) added on day 2 was used as

positive control. Bar graphs indicate mean IgA1 GLT per 105 EF-1 copies

(technical duplicates + SD). (B and C) Naive B lymphocytes were stim-

ulated as above during 7 d, then labeled with anti-IgA, IgG, and IgD and

analyzed by flow cytometry. IgD stainings on stimulated and non-

stimulated cells are shown in Supplemental Fig. 2G. rTGF-b1 (0.1 ng/

ml) added 3 d after stimulation was used as a positive control. Repre-

sentative contour plots are gated on live cells (B) and bar graphs indicate

the mean percentages of six technical replicates 6 SD (C). Selected pairs

were compared using one-way ANOVA followed by a Bonferroni multiple

comparison test. Data are representative of at least three independent ex-

periments. ****p , 0.0001.
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We measured IgA1 GLT transcripts 4 d after in vitro stim-
ulation of human naive B cells (Fig. 3A). IgA1 GLT were in-
creased ∼1.8-fold in stimulated versus nonstimulated B cells.
This increase was abrogated in the presence of blocking anti-
TGF-b or anti-GARP mAbs, but not of a nonblocking anti-
GARP mAb. As expected, rTGF-b1, taken in this study as
a positive control, increased IgA1 GLT to very high levels.
Two small interfering RNAs, that efficiently reduced GARP
mRNA and protein levels also reduced IgA1 GLT to a similar
extent as blocking anti-GARP Abs (Supplemental Fig. 2E).
IaCm transcripts were also induced by stimulation of human
naive B cells, and this induction was abrogated in the presence
of anti-TGF-b or anti-GARP Abs (Supplemental Fig. 2F).
Finally, we measured the proportions of cells expressing sur-
face IgA or IgG before or 7 d after in vitro stimulation of
naive B cells in the presence of anti-TGF-b or anti-GARP
Abs (Fig. 3B, 3C, Supplemental Fig. 2G). As expected, more
than 95% naive B cells expressed IgD but none or very few
(,2%) expressed surface IgA or IgG before stimulation.
Seven days after stimulation in the presence of a negative
control Ab, 616% B cells expressed surface IgA, 630%
B cells expressed surface IgG, and all IgA+ or IgG+ B cells had
lost IgD expression. Mean proportions of IgA+ B cells were
significantly reduced to 66 and 610% in the presence of a
blocking anti-TGF-b1 or a blocking anti-GARP Ab, respec-
tively, but were not reduced in the presence of a nonblocking
anti-GARP Ab. Proportions of IgG+ B cells, in contrast, were
not reduced in the presence of anti-TGF-b or anti-GARP
Abs. Altogether, these data demonstrate that active TGF-b1
released from GARP/latent TGF-b1 complexes on the surface
of BCR-stimulated naive B cells acts in an autocrine fashion
to induce isotype switching to IgA production, but does not
affect isotype switching to IgG.

Conclusions
IgA is the most abundantly produced Ab isotype in the body,
and plays important roles in mucosal immunity. TGF-b
signaling induces IgA isotype switching, as mice with a B cell–
specific deletion of the Tgfbr2 gene display profoundly im-
paired IgA production (25). However, the cellular source of
TGF-b inducing IgA switching in vivo has not been clearly
identified. We show in this study that, after in vitro stimu-
lation, human B cells release active TGF-b1 from surface
GARP/TGF-b complexes, which increases IgA class switch-
ing. Whether in vivo B cell–derived TGF-b1 is the exclusive
source of TGF-b1 for IgA switching cannot be inferred from
our experiments. Of note, it was recently reported that IgA
production in murine Peyer’s patches requires interaction of
B cells with subepithelial dendritic cells expressing integrin
aVb8, which activates latent TGF-b produced by an unde-
fined cellular source (29). Garp/latent TGF-b1 complexes on
the surface of murine B cells themselves could represent a
source of latent TGF-b1, available for activation in trans by
integrin aVb8 on the surface of dendritic cells. However, our
data indicate that in humans at least, dendritic cells are not
always required for activation of TGF-b1 presented on the
surface of B cells, and that purified B cells alone can activate
TGF-b1 without the intervention of another cell type. Mere
expression of GARP/latent TGF-b1 complexes on the surface
of B cells is probably not sufficient for TGF-b1 activation, as
we previously demonstrated that lentiviral-mediated expres-

sion of GARP in nonTreg T cells was not sufficient to acti-
vate the cytokine (10). Release of active TGF-b1 from
GARP/latent TGF-b1 complexes thus probably implicates an
additional surface protein, which could be an RGD-binding
integrin.
In addition to providing insight into the regulation of IgA

isotype switching in human B cells, our data also indicate that
the use of blocking anti-GARP mAbs to inhibit immuno-
suppression byTregs in patients suffering from cancer or chronic
infections may impair IgA class switch, and hence defense
against infections at mucosal sites. Of note, however, most
patients with a selective IgA deficiency, representing the most
common primary immunodeficiency with a prevalence ranging
from 1:200 to 1:3000 in the general Western world pop-
ulation, are asymptomatic (30). This suggests that transient
inhibition of IgA class switch may represent an acceptable side
effect of immunotherapies with anti-GARP mAbs.
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