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Abstract
We investigate here how APRIL impacts immune regulatory T cells and directly contributes to the immunosuppressive
multiple myeloma (MM) bone marrow (BM) microenvironment. First, APRIL receptor TACI expression is signiﬁcantly
higher in regulatory T cells (Tregs) than conventional T cells (Tcons) from the same patient, conﬁrmed by upregulated Treg
markers, i.e., Foxp3, CTLA-4. APRIL signiﬁcantly stimulates proliferation and survival of Tregs, whereas neutralizing antiAPRIL monoclonal antibodies (mAbs) inhibit these effects. Besides TACI-dependent induction of cell cycle progression and
anti-apoptosis genes, APRIL speciﬁcally augments Foxp3, IL-10, TGFβ1, and PD-L1 in Tregs to further enhance Treginhibited Tcon proliferation. APRIL further increases MM cell-driven Treg (iTreg) via TACI-dependent proliferation
associated with upregulated IL-10, TGFβ1, and CD15s in iTreg, which further inhibits Tcons. Osteoclasts producing APRIL
and PD-L1 signiﬁcantly block Tcon expansion by iTreg generation, which is overcome by combined treatment with antiAPRIL and anti-PD1/PD-L1 mAbs. Finally, APRIL increases IL-10-producing B regulatory cells (Bregs) via TACI on BM
Bregs of MM patients. Taken together, these results deﬁne novel APRIL actions via TACI on Tregs and Bregs to promote
MM cell survival, providing the rationale for targeting APRIL/TACI system to alleviate the immunosuppressive BM milieu
and improve patient outcome in MM.
Key points
APRIL signaling via TACI on Tregs and Breg
contributes to the immunosuppressive MM BM milieu.
●
Besides MM cells, therapeutic anti-APRIL mAbs
may further affect Treg and Breg, thereby
attenuating
myeloma-induced
and
OC-induced
immunosuppression.
●
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Introduction
Multiple myeloma (MM) development and progression is
associated with evolving genetic aberrations and alterations
in the bone marrow (BM) microenvironment, which promote malignant plasma cell (PC) growth while suppressing
host immunity. Indeed, MM is characterized by recurrent
infections due to immune deﬁciency, as well as bone lesions
due to hyperactive osteoclasts (OCs). Moreover, the suppressive immune microenvironment underlies drug resistance and disease relapse. To date, however, the regulatory
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mechanisms of MM-related immune cell dysfunction have
not been fully characterized.
Regulatory T cells (Tregs), traditionally deﬁned as CD4
+CD25+Foxp3+, are essential components of immune
surveillance to maintain immune homeostasis and selftolerance [1]. Tregs are broadly divided by lineage into
thymic-derived naturally occurring Tregs (nTregs) from
CD4+CD8+ T-cells, and peripheral Tregs induced from
naïve CD4+ T cells (iTregs) [2]. The latter are generated
via cell–cell contact and/or cytokine-dependent mechanisms, i.e., TGF-β, IL-10, to prevent cellular and humoral
immune responses [3]. The function of nTregs and iTregs
are quite similar, and it is difﬁcult to distinguish them.
Recently, Tregs have been associated with long-lived PCs
in the BM, further suggesting their role in controlling
homeostasis of PC populations [4].
Increasing evidence indicates that the expansion of Tregs
contributes to impaired anti-tumor immune responses resulting in immune escape and progression of solid and blood
cancers, including MM [5–12]. Tumor cells can positively
interact with Tregs to inhibit tumor-speciﬁc CD8+ and CD4
+ T effector cell function and exhaust effector cells in the
tumor microenvironment [13–16]. In MM patients (Pts), the
proportion of circulating functional Tregs in T cells were
increased, which correlated with disease burden and higher
risk of progression [9–12, 17, 18]. Elevated Treg numbers in
MM Pts can be derived from naïve CD4 T cells by stimulation with tumor cells and tumor bystander cells [12, 19–21].
As shown in ex vivo cocultures, MM cells signiﬁcantly
induce generation of iTreg from Tcons [12, 21, 22]. CD38expressing Tregs (both nTregs and iTregs) have been identiﬁed and characterized as immune modulators in MM Pts
[12, 23, 24]. Importantly, therapeutic CD38 targeting monoclonal antibodies (mAbs) deplete CD38-expressing Tregs and
stimulate T and NK effector cell function [12, 25, 23].
Overexpressed Foxp3 and CTLA4 in BM samples further
supports a local accumulation of immunosuppressive Tregs in
the MM microenvironment [26]. Finally, MM cells directly
drive Tregs via a positive feedback loop in a transplantation
mouse model to promote disease progression and inferior
outcome [27].
A proliferation-inducing ligand (APRIL), a critical PC
growth and survival factor, binds with high afﬁnity to B cell
maturation antigen (BCMA), the most speciﬁc MM antigen
expressed at high levels in malignant PCs of all MM Pts
[28, 29]. Most recently, targeting BCMA by novel immunotherapies has achieved impressive clinical responses in
relapsed and refractory MM [28–32]. Importantly, constitutive in vivo activation of APRIL/BCMA signaling
promotes MM cell progression and induction of immune
inhibitory factors in MM cells [33]. In addition, MM cell
growth is signiﬁcantly reduced in APRIL-deﬁcient SCID
mice, indicating that APRIL by itself can induce in vivo

MM progression [34]. Myeloma-supporting OCs produce
APRIL [35–38] and PD-L1 [39] in the BM, and OCs further
block autologous T cell proliferation via immune
checkpoint molecules including PD-L1 [39]. However, it is
not yet known whether Tregs mediate OC-induced immunosuppression and whether APRIL regulates these
processes.
APRIL also binds to transmembrane activator and calcium modulator, and also to cyclophilin ligand interactor
(TACI) [40], which is expressed at lower levels and reduced
frequency in patient MM cells when compared with BCMA
[35, 41]. Unlike BCMA that is only important in long-lived
and malignant PCs but not in normal B cells, TACI can
negatively or positively regulate B cell responses [42–46].
Results from TACI and APRIL knockout mice indicate
their roles in serum IgA production [42, 47–49], and TACI
requires heparan sulfate proteoglycans (i.e., CD138) for
APRIL-induced IgA production [44, 50]. At present, it is
unclear whether APRIL directly acts on immune regulatory
T-linage and B-linage cells through TACI to downregulate
effector T cells in MM.
In this study, we examined whether APRIL promotes
immunosuppression in MM. We demonstrated that APRIL
signaling via TACI signiﬁcantly upregulates proliferation,
survival, and immune inhibitory function of both Tregs and
Bregs. Furthermore, targeting APRIL, alone and together
with PD1/PD-L1 blockade, decreases OC-induced immune
suppression in the MM BM microenvironment. These studies provide the framework for targeting APRIL to overcome immunosuppression, enhance MM cell cytotoxicity,
and improve patient outcome.

Materials and methods
Flow cytometric analysis and cell sorting
Immunoﬂuorescence analysis was performed using BD
FACSCanto™ II and BD LSRFortessa™ ﬂow cytometer.
Data were analyzed using FlowJo Version 8.6.6 (TreeStar
Inc.) and FACSDiva Version 5.0 acquisition/analysis software (BD Biosciences). Anti-CD3 (APC/Cy7, SK7), antiCD8 (FITC, SK1), anti-CD8 (APC/Cy7, SK1), anti-FOXP3
(Alexa Fluor 647, 259D/C7), anti-CD15s (FITC, CSLEX1),
and anti-CD4 (FITC, RPA-T4) were obtained from BD
Biosciences. Anti-CD4 (Brilliant Violet 421, RPA-T4),
anti-CD25 (PE, M-A251), anti-TACI (PE,1A1), anti-TACI
(PE/Cy7, 1A1), anti-CD38 (PE/Cy7, HB-7), anti-IL-10
(FITC, JES3-9D7), anti-IL-10 (PE/Cy7, JES3-9D7), and
anti-TGFβ1 (PE, TW4-6H10) were obtained from BioLegend (San Diego, CA). The LIVE/DEAD Fixable Aqua
Dead Cell Stain Kit (Invitrogen) was used to identify viable
cells.
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Tcon suppression assay
Tcons were stained by CellTrace CFSE or Violet Cell Proliferation Kit (Invitrogen), and Tregs were stained by CellTrace Violet (CTV) Cell Proliferation Kit (Invitrogen). Tcons
(50,000 cells/well) were cultured alone or with autologous
Tregs in 96-well plates at various ratios in the presence of
APRIL-containing media or clones of antagonistic antiAPRIL mAbs. Tcons were then stimulated with anti-CD3/
CD28 beads (Miltenyi Biotec) according to the manufacturer’s
recommendation. Proliferation (CFSE-diluted or CTV-diluted
fractions) of indicated cells was measured by FACS analysis.

The generation of iTregs in ex vivo cocultures
MM cells, pretreated with mitomycin C (Sigma) to prevent
their proliferation, were washed twice and then cocultured
with CD3 T cells or Tcons (CD4+CD25−) in 96-well culture
plates [12]. T cells or Tcons alone were used as controls.
Recombinant human APRIL (200 ng/ml, unless speciﬁed)
and/or antagonistic anti-APRIL mAbs (A1, clone 01A
[33, 50]; A2, clone Aprily-1, Invitrogen) were added into
cocultures for 4 days or 7 days. Culture media was replenished on day 4. The cells were collected for FACS analysis to
determine the frequency and phenotype of iTregs.

CFSE-dilution-based proliferation assay
Tcons or Tregs were pre-stained by CellTrace CFSE or
Violet (CTV) Cell Proliferation Kit (Invitrogen), and then
plated in the presence or absence of anti-CD3/CD28 beads
(Miltenyi Biotec) with or without APRIL and/or antiAPRIL mAbs. After 4 days or 7 days, cells were collected
and analyzed by FACS analysis.

Statistical analysis
Experiments were done in triplicate and repeated >2 times.
A representative experiment (mean ± SD) was selected for
ﬁgures, except when otherwise indicated. Comparisons
between two groups were performed with Student’s t-test.
All statistical analyses were performed with GraphPad
software (Prism Version 7.03, San Diego, CA, USA). A pvalue ≤ 0.05 was considered statistically signiﬁcant.

Results
Regulatory T cells (Tregs) express signiﬁcantly
higher TACI than paired conventional T (Tcon)
To deﬁne a potential immune regulation of APRIL on
T cells which lack BCMA expression, TACI protein levels,

as mean ﬂuorescence intensities (MFIs), was ﬁrst assessed
using ﬂow cytometry analysis, on the cell membrane of T
cell subsets harvested from MM Pts (n = 47). Patient samples included 1 MGUS, 2 SMM, and 8 newly diagnosed
MM Pts who were untreated. There were 24 Pts who
received Lenalidomide bortezomib dex induction, two Pts
in response to posttransplant, and 10 Pts with relapsed/
refractory MM. Among T cells freshly isolated from peripheral blood (PB) or bone marrow (BM) aspirates of MM
Pts (n = 47), CD4+ (and CD8+) CD25high T cells have
>3–5-fold higher TACI expression than CD4+ (and CD8+)
CD25low T cells (Supplemental Fig. S1A, S1B left panel).
Signiﬁcantly higher TACI were also observed on CD4+
(and CD8+) CD25low T cells than CD4+ (and CD8+)
CD25− conventional T (Tcon). TACI is hardly detected on
Tcons since MFIs for TACI and isotype control are almost
superimposed. In contrast to Tcons (CD4+CD25−), regulatory T cells (Treg, CD4+CD25+Foxp3+) express the
highest TACI levels (Fig. 1a). CD8 Tregs, CD8+CD25
+Foxp3+ cells, which are functionally suppressive [51]
and increased in MM patients [22], also express higher
levels of TACI than CD8+CD25− Tcons (Supplemental
Fig. S1B right panel). Next, suppressive cytokine IL-10 was
simultaneously measured with TACI and Foxp3 within
CD4+CD25+Foxp3+Tregs. Highest IL-10 levels were
found in CD4+CD25+Foxp3high subsets which express
highest TACI (Supplemental Fig. S1C). Furthermore, TACI
levels are highest on IL-10+Foxp3+ T cell subsets, despite
their low frequencies (<2%) within CD4+ T cells (Supplemental Fig. S1D upper panel). In contrast to IL-10Foxp3− cells which occupy ~95% CD4 T cells and lack
TACI expression, IL-10-Foxp3+ and IL-10+Foxp3+ subsets, which account for <2–4% CD4+ T cells, have 6–8fold higher TACI expression (Supplemental Fig. S1D lower
panel).
TACI protein levels are signiﬁcantly elevated on Tregs
when compared with autologous Tcons in both PB and BM
compartments from the same MM patient (n = 9, p < 0.02)
(Fig. 1b). More than 4–40-fold and 3–15-fold increase in
TACI MFIs were seen in Tregs vs. paired Tcons. Signiﬁcantly, TACI transcripts are higher in Tregs vs. matched
Tcons from normal donors (n = 2, p < 0.01, Supplemental
Fig. S1E) and MM patients (n = 9, Fig. 1c, Supplemental
Fig. S1F, p < 0.0001). More than 4–12-fold and >17–52fold higher levels of TACI transcripts were detected in
Tregs than Tcons from normal donors and MM patients,
respectively. Elevated levels of Foxp3 (>7–16 fold) and
CTLA4 (>3–9-fold) were conﬁrmed in Tregs vs. paired
Tcons. TACI levels are signiﬁcantly correlated with CTLA4 (r = 0.9715, p < 0.0001). Additional negative immune
regulators including TGFβ (p < 0.0001) and IL-10 (p <
0.0003) are signiﬁcantly increased in Treg vs. paired Tcon
of MM patients (Fig. 1c, Supplemental Fig. S1F). Thus,
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Fig. 1 Regulatory T cells (Tregs) express signiﬁcantly higher TACI
than conventional T cells (Tcons) freshly isolated from the same
patient. a Using ﬂow cytometry analysis, median ﬂuorescence intensity (MFI) of TACI was determined in indicated subsets of CD4+
T cells of PB and BM compartments from MM patients (n = 47).
TACI protein levels are highest on regulatory T subset (Treg, CD4
+CD25+Foxp3+, black) followed by CD4+CD25+Foxp3− subset
(gray). TACI MFIs in conventional T cells (Tcon, CD4+CD25−,

white) are as similar as isotype control Ab. b TACI MFIs are shown
for Treg vs. paired Tcon from additional 9 MM patients. c Tregs were
separated from Tcons from 9 MM patients followed by RNA extraction to quantitate TACI transcripts by qRT-PCR. Foxp3, CTLA4, and
TGFβ serve as control genes to identify Tregs. Expression levels were
normalized by internal control GAPDH then shown are relative
expression levels in Tregs vs. Tcons. *p < 0.05; **p < 0.01; ***p <
0.001; and ****p < 0.0001

protein and transcript of TACI are expressed at signiﬁcantly
increased levels in Tregs vs. Tcons from the same
individual.

monoclonal antibodies (mAbs) abrogated APRIL-induced
proliferation and survival of Tregs. An anti-TACI blocking
mAb only signiﬁcantly neutralized APRIL-induced effects
on Tregs but not Tcons (Fig. 2c and Supplemental
Fig. S2B).
Using quantitative qRT-PCR, key growth and survival
genes were next assayed in Tregs compared with Tcons
puriﬁed from the same individual (n > 3) and cultured in
low dose IL-2 culture media, with or without APRIL. Following 6 h incubation, APRIL signiﬁcantly induced
expression of cell cycle progression genes CCND1 and
CCND2, as well as anti-apoptotic genes BCL2 and
BCL2L1/BCLxL, in Tregs but not Tcons (Supplemental
Fig. S2D). Addition of APRIL every other day further
sustained upregulation of these target genes in Tregs vs.
Tcons (data not shown). Neutralizing anti-APRIL mAbs
completely blocked APRIL-induced expression of
these target genes (Fig. 2d), conﬁrming speciﬁc TACI

APRIL signiﬁcantly supports viability and blocks
apoptosis of Tregs, dependent on TACI-mediated
induction of key growth and survival genes
To determine whether TACI expression is functional on
Tregs, APRIL was added to freshly puriﬁed Tregs vs.
autologous Tcons, cultured in media containing low IL-2
(5 ng/ml) without CD3/CD28 beads. APRIL, in a timedependent manner, promoted viability of Tregs vs. Tcons
from the same individual (MM patient in Fig. 2a, normal
donors in Supplemental Fig. S2). Furthermore, APRIL
signiﬁcantly inhibited caspase 3/7 and caspase 8 activity in
Tregs vs. Tcons, indicating that APRIL blocks apoptosis in
Tregs (Fig. 2b). Conversely, antagonistic anti-APRIL
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Fig. 2 APRIL signals via TACI to signiﬁcantly increase viability and
inhibit apoptosis in Treg vs. paired Tcon. Puriﬁed Treg and Tcon cells
from the same patient were incubated with recombinant human APRIL
in media containing low dose IL-2 (5 ng/ml) with or without neutralizing anti-APRIL mAb (A1, clone 01A) followed by luminescence
CellTiter-Glo (CTG) (left) and [3H] thymidine incorporation (right)
assays (a), as well as CTG-based caspase activity assay (b). Similar

results were obtained from additional three samples. c Puriﬁed Tregs
and paired Tcons (n = 2) were incubated with APRIL for 6 h and 1 day
in the presence or absence of blocking anti-APRIL mAbs (A1, A2).
Expression levels of indicated genes were then determined using qRTPCR normalized by internal controls GAPDH. cnt, control media.
*p < 0.02; **p < 0.005; ***p < 0.001; and ****p < 0.0001

dependency in Tregs vs. autologous Tcons in response to
APRIL stimulation. Furthermore, these results conﬁrmed
that freshly isolated Tcons (CD4+CD25−) barely express
TACI (Fig. 1).

higher mRNA expression of Foxp3, IL-10, and TGFβ were
seen in Treg vs. Tcon, respectively (Fig. 3, Supplemental
Fig. S3). Importantly, APRIL further enhanced Foxp3 and
IL-10 at 6 h, followed by a time-dependent induction of PDL1 and TGFβ1, only in Tregs. PD-L1 and TGFβ1 were
further upregulated until d3. In contrast, APRIL did not
induce expression of these immune inhibitory cytokines and
the checkpoint genes in paired Tcons. In the presence of
antagonistic anti-APRIL mAbs, APRIL-triggered increased
expression of Foxp3, IL-10, TGFβ1, and PD-L1 are completely blocked at 6 h and sustained to 1 day after treatments
(Fig. 3). Thus, APRIL selectively augments critical immune
suppressive cytokine and checkpoint genes in Tregs, but not
Tcon. These data further indicate that TACI expression

APRIL signaling through TACI signiﬁcantly induces
immune suppressive genes in Tregs, thereby
enhancing inhibitory effects of Tregs on autologous
Tcons
We next asked whether APRIL modulates immunoregulatory function of Tregs by examining changes in the
expression of key suppressive molecules in Tregs following
APRIL stimulation. More than 11-fold, 4-fold, and 5-fold
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APRIL enhances Treg-mediated inhibition of Tcon
proliferation
We next tested the effect of APRIL on Treg-mediated
inhibition of Tcon proliferation. APRIL was added to
cocultures of puriﬁed Tcons pre-labeled with CFSE and
stimulated with CD3/CD28 microbeads at various ratios of
autologous Tregs to Tcons. Using ﬂow cytometric analysis
to determine % CFSE-diluted Tcon representing fractions of
the proliferative Tcons, the addition of Treg to Tcon (1:1)
completely blocked proliferation of Tcons (Fig. 4a). With
lower ratios of Tregs to Tcons, the inhibition by Treg of
Tcon proliferation was proportionally reduced. In the
cocultures of Treg to Tcon (1:16), Tregs did not inhibit
proliferative Tcons (Fig. 4, Supplemental Fig. S4). Importantly, APRIL potentiated Treg inhibition of Tcon growth,
in a dose-dependent (Fig. 4b, Supplemental Fig. S4A) and

1d

0
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1d

time-dependent (Fig. 4c, Supplemental Fig. S4B) manner.
Conversely, antagonistic anti-APRIL mAbs overcame
APRIL-enhanced Treg suppression of Tcon proliferation.
These results further conﬁrm that APRIL action on Tregs
further enhances their suppression of paired Tcons.

Generation of functional Tregs (iTregs) induced by
MM cells is further augmented by APRIL dependent
on increased iTreg proliferation
We next addressed whether APRIL further increased MMinduced iTreg from CD3 T cells in ex vivo co-cultures,
mimicking increased Tregs during disease progression.
Following 3 days of cocultures, MM cells (i.e., U266,
RPMI8226, JJN3) signiﬁcantly induced the % iTreg (CD25
+Foxp3+) to >10-fold within CD4+ T subset (Supplemental Fig. S5A). The percentages of iTregs continued to
rise at d7 (Fig. 5a). Fractions of CD8 iTreg (CD8+CD25
+Foxp3+) were also signiﬁcantly increased (Supplemental
Fig. S5B-D). APRIL further augmented generation of iTreg
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Fig. 5 APRIL further enhances proliferative and suppressive MMinduced iTregs in ex vivo cocultures. a Mitomycin C-pre-treated U266
or RPMI8226 MM cells were washed and cocultured with T cells for
3 days in the presence or absence of APRIL. Neutralizing anti-APRIL
mAbs (A1 or A2) were also added as indicated. Percentages of CD4
+CD25+Foxp3+iTreg gated in CD4 T cells were determined by ﬂow
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(CTV) and cocultured with U266 MM cells in APRIL-containing
media. Shown are the dot plots of a representative experiment. c MM
cell-induced iTreg were puriﬁed from the cocultures and subjected to
CFSE-dilution assays to determine fractions of autologous Tcon proliferation under indicated conditions. *p < 0.05; **p < 0.01; ***p <
0.001; and ****p < 0.0001
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of anti-APRIL mAbs (A1, 10 µg/ml). Generation of iTreg was determined by gating CD25+Foxp3+ in CD4+ T cells. b CD3 T cells were
cultured with supernatants (S) from 3-week OC cultures from the same
donors for 7 days under indicated conditions. Percentages of CD25
+Foxp3+iTreg in CD4+ T cells were determined. c CD3 T cells, pre-

stained with CFSE, were co-cultured with OCs from the same donor
under indicated conditions for 7 days followed by ﬂow cytometric
analysis to determine fractions of proliferative Tcons. When noted,
antagonistic anti-APRIL mAbs A1 or A2 (50 µg/ml) or anti(α)-PD-L1
or anti(α)-PD1 mAbs (10 µg/ml) were added. *p < 0.05; **p < 0.01;
***p < 0.001, and ****p < 0.0001. Shown here are data from one
representative experiment with triplicates for each condition. Similar
results were obtained using two additional samples

within both CD4+ and CD8 T cells at d3 and continued to
d7 in ex vivo cocultures of MM cells with T cells (Fig. 5a,
Supplemental Fig. S5). Conversely, anti-APRIL mAbs
speciﬁcally blocked APRIL-enhanced iTreg induced by
MM cells.
To further deﬁne the mechanism of APRIL-enhanced
MM-induced iTreg, Tcon cells (CD4+CD25−) were prelabeled with CellTrace Violet (CTV) prior to cocultures
with U266 MM cells, with or without APRIL. By quantifying the % CTV− T cells, MM cells were demonstrated to
signiﬁcantly stimulate the proliferative iTreg cell fraction
(Fig. 5b, Supplemental Fig. S6A). The % CTV-Foxp3
+CD4+CD25+ was increased from 0% to 7.24 ± 0.27%
(n = 3, p < 0.0001) following 7 days cocultures. A representative dot plot (Fig. 5b) showed an increase from 0% to

6.71% and from 0.33% to 5.38% in percentages of proliferative iTreg and resting iTreg (CTV+Foxp3+CD4
+CD25+), respectively. Importantly, APRIL further upregulated % proliferative iTreg from 6.71% to 13.4%
(Fig. 5b). Three repeated experiments show that APRIL
further increased proliferative iTreg from 7.24 ± 0.27% to
11.28 + 1.1 (n = 3, p < 0.02) (Supplemental Fig. S6A). A
slight increase in the resting iTreg fraction following
APRIL treatment did not reach statistical signiﬁcance when
compared with untreated groups. In contrast, the proliferative Tcon (CTV−Foxp3−CD4+) fraction remained
unchanged or slightly decreased (Supplemental Fig. S6B).
Furthermore, TACI MFIs remain highest on iTreg, and
APRIL did not further increase TACI on iTreg in ex vivo
cocultures (data not shown).
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a

(Supplemental Fig. S6D). TGFβ secretion was signiﬁcantly
increased by APRIL in ex vivo cocultures (Supplemental
Fig. S6E). These data strongly suggest that IL-10, TGFβ,
and CD15s regulate APRIL-enhanced immune suppressive
capabilities of MM cell-induced iTreg.

Tregs contribute to Osteoclast (OC)-induced immune
suppression on Tcons

b
**

*

Fig. 7 MM BM-derived regulatory B cells express TACI to speciﬁcally mediate APRIL-induced IL-10 production. BM mononuclear
cells from MM patients were incubated with APRIL in the presence of
anti-APRIL mAb for 7 days. Shown in a are dot plots of a representative experiment. b Percentages of IL-10+Bregs (CD19
+CD24highCD38high) was determined using ﬂow cytometry analysis
from four samples. *p < 0.02; **p < 0.01; ***p < 0.0005; and ****p <
0.0001

APRIL triggers immune suppressive effects in MM
cell-induced iTreg in IL-10-dependent and IL-10independent mechanisms
To conﬁrm that APRIL enhanced iTreg function, we next
puriﬁed iTreg from ex vivo cocultures and assessed iTreg
inhibition on the proliferation of Tcons. At high ratio of
iTreg to Tcon, iTregs, signiﬁcantly blocked the growth of
autologous Tcons (data not shown), consistent with previous reports [12, 21]. While cultures at lower iTreg to Tcon
ratios (1:16) did not change growth of Tcon, APRIL still
promoted blockade of iTreg on Tcon proliferation (p <
0.005, Fig. 5c). Conversely, neutralizing anti-APRIL mAbs
overcome APRIL-enhanced suppressive effects of iTreg on
Tcon.
We further showed that percentages of IL10+ and TGFβ
+iTreg within CD4 T cells were signiﬁcantly increased
when compared with control T cells in the absence of MM
cells (p < 0.0001, Supplemental Fig. S6C). APRIL further
augmented the % IL10+TGFβ+iTreg (p < 0.05). CD15s
(sialyl Lewis x), another highly speciﬁc marker of activated
and most suppressive effector Treg [52], was also signiﬁcantly increased in iTregs. Fractions of IL10+ and
CD15s+CD8+iTreg were similarly increased by APRIL

We next asked whether OCs induce iTreg to block Tcons.
We further conﬁrmed whether APRIL and PD-L1, which
are produced by OCs [33, 39], regulate OC suppression on
Tcons. OCs signiﬁcantly induced generation of CD4 and
CD8 iTreg from T cells following 7 days cocultures
(Fig. 6a, Supplemental Fig. S7A). Antagonistic anti-APRIL
mAb partially reduced OC-induced iTregs. OC culture
supernatants further upregulated MM cell-induced CD4+
and CD8+iTreg cells, which was signiﬁcantly blocked in
the presence of anti-APRIL mAbs (Fig. 6b, Supplemental
Fig. S7B). OCs inhibited expansion of Tcons whereas antiAPRIL, or anti-PD1, or anti-PD-L1 mAbs partially reverted
OC-inhibited Tcon proliferation (Fig. 6c, Supplemental
Fig. S7C). Furthermore, combined treatments of antiAPRIL with either anti-PD1 or anti-PD-L1 further overcame OC suppression on Tcons. These results indicate that
OC-downregulated Tcon number is mediated by increased
Tregs and soluble factors including APRIL and PD-L1.

APRIL affects function of BM-derived MM Bregs via
TACI
Since Bregs can regulate Treg immunobiology and that
BM-derived Bregs (CD19+CD24highCD38high) closely
interact with MM cells in the BM microenvironment to
mitigate responses to monoclonal antibody treatment (i.e.,
elotuzumab) treatment [53], we ﬁnally examined TACI
expression in Bregs from MM patients. Bregs, when compared with naïve B cells (CD19+CD24low/-CD38low),
showed a signiﬁcantly elevated TACI levels (p < 0.02,
Supplemental Fig. S8A). BCMA is undetectable in Breg,
naïve B, and memory B (CD19+CD24highCD38low/-) cells
(data not shown). Following treatment with lipopolysaccharides (LPS) which signiﬁcantly induces IL-10 production from Breg [53], TACI levels are signiﬁcantly
increased in Bregs (p < 0.02) but not in naïve and or in
memory B cells.
BM mononuclear cells from MM patients were further
incubated with APRIL in the presence or absence of inhibiting anti-APRIL mAb, followed by ﬂow cytometry analysis to quantitate % Breg in B cells and % IL-10 production
in Bregs. APRIL signiﬁcantly upregulated % Breg in B
cells (Fig. 7a) from 14.59 ± 1.36% to 25.2 ± 0.69%
(p = 0.0004, n = 4, Supplemental Fig. S8B). Importantly,
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APRIL further increased functional Bregs, as IL-10 production in Bregs was signiﬁcantly enhanced from 15.02 ±
0.88% to 29.22 ± 3.33% (p < 0.007, Fig. 7b). Conversely,
an anti-APRIL mAb abolished APRIL-induced increases in
Breg number and IL-10 production.

Discussion
We here identify novel function of APRIL signaling via
TACI in Tregs and Bregs of MM patients to inhibit effector
T cells, thereby promoting an immunosuppressive BM
microenvironment. APRIL, abundantly secreted from MMpromoting OCs, signiﬁcantly upregulates pro-survival and
proliferative, as well as suppressive, capabilities of Tregs
dependent on TACI. APRIL selectively enhances MM celldriven and OC-driven iTregs to potentiate their inhibitory
effects on Tcons by upregulating immune suppressive
molecules including Foxp3, IL-10, TGFβ, PD-L1, and
CD15s. Conversely, blocking the APRIL-TACI axis using
antagonistic anti-APRIL mAbs, alone and with PD1/PD-L1
checkpoint inhibitors, downregulates these immune regulatory cells, thereby alleviating the suppressive BM
microenvironment.
First, Tregs (CD4+/CD8+CD25+FOXP3+) were
shown to have signiﬁcantly elevated TACI when compared
with matched Tcons (CD4+/CD8+CD25−) freshly harvested from the same individuals. Increased TACI protein
and mRNA in Tregs vs. paired Tcons is further conﬁrmed
by signiﬁcantly increased expression of genes critical for
Treg identity and function, such as Foxp3, CTLA-4, TGFβ,
and IL-10. Importantly, TACI levels are highly correlated
with CTLA-4 (r = 0.9715, p < 0.0001), indicating that
TACI may directly regulate the immune suppressive function of Tregs. We found that TACI expression is also signiﬁcantly higher on IL-10+Foxp3–CD4+ T cells when
compared with IL-10−Foxp3−CD4+ T cells (Supplemental Fig. S1C). This small sub-population of T cells (IL10+Foxp3−) can inhibit the proliferative Tcons (CD4
+CD25−) in an IL-10-independent manner and with
similar efﬁciency as CD4+CD25+Foxp3+Tregs [54].
Although TACI is also induced in activated Tcon cells,
TACI levels are signiﬁcantly higher on immunosuppressive
Tregs than activated Tcons. Importantly, we here delineate
an APRIL-dependent mechanism of Treg immunobiology,
which will provide the framework for novel cancer
immunotherapies.
APRIL signiﬁcantly stimulates proliferation and survival
of Tregs via TACI-dependent induction of genes including
CCND1/2, BCL2, and BCL2L1/BCLxL. Importantly,
APRIL-increased growth and survival in Tregs vs. Tcons
were inhibited by neutralizing anti-APRIL and anti-TACI
mAbs. APRIL further protects Tregs by inhibiting caspase

3/7 and 8 activities, as well as inducing anti-apoptotic
molecules. Most importantly, APRIL augments the production of immune inhibitory factors in Tregs including
Foxp3, IL-10, TGFβ, and PD-L1. In contrast, these essential
Treg-related genes are expressed only at low levels in Tcons
puriﬁed from the same individual, and their expression is
unaffected by APRIL. As expected, Tregs abrogate the
proliferation of autologous Tcons stimulated with CD3/
CD28 beads in a Treg to Tcon ratio-dependent manner.
APRIL, in a dose- dependent and time-dependent fashion,
promotes suppression of Tcons by Tregs even at low
Treg to Tcon ratios, but does not signiﬁcantly affect
Tcon growth. Conversely, antagonistic anti-APRIL mAbs
block APRIL-enhanced immune suppression induced by
Tregs.
Since iTregs resulting from MM cell-induced conversion
from Tcons in ex vivo cocultures are as highly suppressive
as nTreg [12, 21, 22, 27], we demonstrated that APRIL
selectively enhances iTreg-mediated inhibition of Tcon
proliferation. TACI levels are signiﬁcantly higher in iTregs
than Tcons in cocultures with MM cells. Signiﬁcantly, in
the presence of MM cells, APRIL preferentially upregulates
proliferation of iTreg (CD4+CD25+Foxp3+) subsets, but
not remaining Tcon (CD25−Foxp3−) (Fig. 5b, Supplemental Fig. S6A-B). It is likely that elevated TACI protein
on iTregs permits APRIL-induced downstream targets to
further promote expansion of immunosuppressive iTregs.
Importantly, IL-10-dependent and IL-10-independent (i.e.,
TGFβ1, CD15s) mechanisms occur in puriﬁed iTregs which
block proliferation of Tcon from the same individual, an
effect which is further potentiated by APRIL. These results
conﬁrm the importance of APRIL signaling via TACI in
enhancing the immune suppressive capabilities of Tregs
(both iTregs and nTregs) on matched Tcons.
We here for the ﬁrst time demonstrate that APRIL
induces Foxp3 in Tregs via TACI. Foxp3, a master transcriptional factor critical for the development, function, and
lineage commitment of Tregs, has been widely used as a
Treg-speciﬁc marker. Our results strongly indicate that
APRIL-mediated active immune suppression is dependent
on TACI expression. Neutralizing anti-TACI reagents
inhibited these APRIL-induced targets (data not shown).
APRIL further increases TGFβ and PD-L1 at later time
points, following IL-10 and Foxp3 upregulation in Tregs.
Thus, APRIL, via TACI, preferentially induces multiple
immune inhibitors and checkpoint molecules in Tregs to
further sustain a local suppressive tumor milieu. APRIL
also upregulates IL-10+Bregs derived from MM BM via
TACI, not BCMA. Since Bregs can facilitate the conversion
of T cells to Tregs and inhibit effector T cells via both IL10-dependent and IL-10-independent mechanisms [55, 56],
our results indicate that Bregs further upregulate APRILinduced Tregs in the MM BM milieu, at least in part,
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mediated by IL-10. Importantly, neutralizing anti-APRIL
mAbs abrogate APRIL-induced increased Breg numbers
and IL-10 production.
Our studies show that OCs, a key source of APRIL and
PD-L1 in the MM BM, stimulate iTregs to suppress Tcon
proliferation, establishing Treg as a crucial cellular factor
mediating OC-inhibited immune suppression, as has been
shown recently [39]. These results, coupled with immune
suppressive molecules induced in MM cells by APRIL [33],
identify positive feedback loops between malignant PCs,
Tregs, and Bregs to further exacerbate immune evasion and
MM progression. Our results further conﬁrm an immunosuppressive role of APRIL in tumor progression and drug
resistance in multiple human cancers and related animal
models [33, 34, 49, 57, 58].
In summary, our current results provide new insights into
Treg immunobiology, which may be highly relevant for
improved treatment strategies. Importantly, our current
results support targeting APRIL/TACI axis using antiAPRIL, alone and in combination with PD1/PD-L1 blockade, to further modulate Tregs and Bregs, ameliorate
immunosuppression, restore immune surveillance, and
improve patient outcome in MM. They also support strategies to further build on clinical trials to improve
the clinical efﬁcacy of BCMA-based CAR T cells in MM
[29, 30, 32, 59] including utilizing APRIL-based CAR
T cells for dual antigen targeting of both BCMA and TACI
in MM [60].
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