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Blocking IFNAR1 inhibits multiple myeloma-driven
Treg expansion and immunosuppression
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Despite significant advances in the treatment of multiple myeloma (MM), most patients succumb to disease progression.

One of the major immunosuppressive mechanisms that is believed to play a role in myeloma progression is the expansion of
regulatory T cells (Tregs). In this study, we demonstrate that myeloma cells drive Treg expansion and activation by secreting
type 1interferon (IFN). Blocking IFN ¢ and f receptor 1 (IFNAR?1) on Tregs significantly decreases both myeloma-associated
Treg immunosuppressive function and myeloma progression. Using syngeneic transplantable murine myeloma models and
bone marrow (BM) aspirates of MM patients, we found that Tregs were expanded and activated in the BM microenvironment at
early stages of myeloma development. Selective depletion of Tregs led to a complete remission and prolonged survival in mice
injected with myeloma cells. Further analysis of the interaction between myeloma cells and Tregs using gene sequencing and
enrichment analysis uncovered a feedback loop, wherein myeloma-cell-secreted type 11FN induced proliferation and expansion
of Tregs. By using IFNAR1-blocking antibody treatment and IFNAR1-knockout Tregs, we demonstrated a significant decrease in
myeloma-associated Treg proliferation, which was associated with longer survival of myeloma-injected mice. Our results thus
suggest that blocking type 1IFN signaling represents a potential strategy to target immunosuppressive Treg function in MM.

Introduction

Immunotherapy has shown promising results in clinical trials
against both solid (1) and hematological malignancies (2), such
as Hodgkin lymphoma (3). Even though targeting the immune
microenvironment can lead to significant improvements in
response and patient survival, our understanding of its regulatory
mechanisms is incomplete. The role of immunosurveillance in
controlling cancer growth thus remains under active investigation
in many cancer types, including multiple myeloma (MM).

MM is characterized by clonal expansion of malignant plasma
cells in the bone marrow (BM). It is preceded by 2 precursor states,
monoclonal gammopathy of undetermined significance (MGUS)
and smoldering MM (SMM) (4), which represent stages of tumor
progression with no evidence of end-organ damage. Unfortunately,
MM remains an incurable disease despite significant advances in
treatment. Therefore, immunotherapies may offer a promising strat-
egy that could lead to significant responses, especially in patients
with poor-risk cytogenetics who do not benefit from standard-of-
care options or in patients at early stages of disease, like SMM. On
the other hand, MM might not be as immunogenic as other cancers,
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such as melanoma or lung cancer (5, 6). Therefore, a better under-
standing of the immune microenvironment within the BM niche is
critical for the development of novel immune therapies for not just
MM, but other cancers that infiltrate the BM.

Recent success of immune checkpoint inhibitors indicates that
antitumor T cell responses are functionally inhibited by poorly under-
stood immunosuppressive mechanisms (7). One of the major immu-
nosuppressive mechanisms in tumor progression is the expansion of
regulatory immune cells, particularly regulatory T cells (Tregs). Tregs
are a subset of CD4* T lymphocytes characterized by the expression
of transcription factor forkhead box P3 (FOXP3) (8). They play an
important role in the maintenance of self-tolerance and the control of
immune homeostasis; however, they can be coopted by cancer cells
to aid in immune suppression and evasion. Tregs can inhibit tumor-
specific CD8* and CD4" T cell effector functions through cell-cell
contact and/or the production of antiinflammatory cytokines. Addi-
tionally, they can induce effector T cell exhaustion, which is frequent-
ly seen in the tumor microenvironment (9).

In MM, the role of Tregs in regulating tumor progression
remains under active investigation (10, 11). Despite controversy in
previous reports regarding the number and function of Tregs in the
peripheral blood of MM patients (10-13), there is growing evidence
supporting a role for Tregs in MM progression (13, 14). Recent data
have shown a link between Tregs and sustenance of BM plasma
cells, indicating that Treg activity directly affects homeostasis of
the plasma cell population (15), while in vitro experiments have
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Figure 1. Tregs are increased in the BM of
Vk*MYC transplantable mouse model.
(A) BM and PB were harvested from con-
trol (n = 3) and Vk*MYC-injected mice (n =
3) at early (day 14) and late (day 28) time
points for CyTOF analysis. (B) Significant
increase of Treg frequency within CD4*
T-cells in the BM of Vk*MYC-injected
mice compared with control mice from
the early time point. Data validated by
FACS (n = 5). (C) Spanning-tree progres-
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demonstrated that myeloma cells are capable of inducing Treg
activation, predominantly in a contact-dependent manner (16, 17).
Moreover, CD38-expressing Tregs have been suggested as sup-
pressive modulators of antitumor immune responses in MM, while
CD38 targeting has been shown to inhibit immunosuppression in
exvivo cocultures (17). In this context, understanding Treg homeo-
stasis, and specifically how to overcome their suppressive function,
is critical in developing effective immune therapies for myeloma
and other hematological malignancies infiltrating the BM.

In the present study, we demonstrate that myeloma cells are
responsible for Treg expansion and activation via secretion of type
1linterferon (IFN). Using the VK*MYC transplantable mouse mod-
el, we show that Tregs are critical for MM disease progression and
that depletion of Tregs leads to a complete remission. To further
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in Vk*MYC-injected BM. (D) Significant
increase in Treg frequency within CD4* T
cells in the PB of Vk*MYC-injected mice
compared with control mice at the late
time point. (E) Significant decrease in
the ratio of Teffs (CD4*CD44+*CD62L"
and CD8*CD44**CD62L") to Tregs was
observed in BM of Vk*MYC injected
mice at the late time point as compared
with BM of control mice. (F) Significant
increase of CD4*CD25*FOXP3* cells and
CD4+CD25*FOXP3+*CD127-/° Tregs in BM
aspirates of SMM patients (n = 17) com-
pared with healthy donors (n = 11). Data
combined from 3 independent experi-
ments. Cell numbers were normalized to
the cell proportion in healthy BM (normal
BM, NBM). P values determined by
2-tailed t test. Error bars indicate SD.
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validate our findings, we show that blocking IFN «a and B recep-
tor 1 (IFNAR1) signaling significantly decreases myeloma-asso-
ciated Treg proliferation and activation, which is associated with
prolonged survival of myeloma-injected mice. Our results thus
suggest that blocking type 1 IFN signaling represents a potential
immune-therapeutic strategy in MM.

Results

Increased number of Tregs at early stages of disease progression in the
BM of a transgenic MM transplantable mouse model and BM aspirates
of MM patients. To examine the T cell immune microenvironment
in MM during different stages of disease progression, we injected
C57BL/6 mice with transplantable VK*MYC cells (Vk12598 cells)
(18). The VK*MYC transgenic mouse uniquely models the natural
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Figure 2. Upregulation of immune checkpoint molecules in Tregs in the BM of Vk*MYC-injected mice and SMM patients. (A) BM Tregs of Vk*MYC-injected
mice have significantly higher frequency of immune checkpoint receptor-expressing (PD1, LAG3, and TIM3) Tregs compared with control BM Tregs at the
late time point (n = 3 per group, validated by FACS with n = 5 per group). (B) SPADE was conducted on BM Tregs of control and Vk*MYC-injected mice at the
late time point. The nodes of the tree represent clusters of cells that are similar in marker expression. The color indicates the expression of LAG3. Increase
of LAG3* cells within Tregs was observed in Vk*MYC-injected BM. Heatmaps of immune checkpoint receptor (PD1, LAG3, and TIM3) expression of BM (C)
and PB (D) Tregs at early and late time points. The color indicates the mean expression fold change of each molecule. BM Tregs of Vk*MYC-injected mice
had higher expression of immune checkpoint receptors compared with control BM Tregs, while PB Tregs of Vk*MYC-injected mice did not show increased
expression compared with control PB Tregs throughout disease progression. (F) Increased number of Tregs expressing immune checkpoint receptors in

BM of SMM patients (n = 17) as compared with healthy donors (n = 11). Data combined from 3 independent experiments. NBM, normal bone marrow. (E)
Heatmap of PD1, LAG3, and Tim3 expression on BM CD4* and CD8* T effector cells (Teffs, CD44**CD62L") at late time points. The color indicates the mean
expression fold change of each molecule. BM Teffs of Vk*MYC-injected mice had higher expression of immune checkpoint receptors compared with control
BM Teffs. (G) Heatmap of immune checkpoint molecules and CCR7-chemokine receptor expression of Tregs in BM of MM patients compared with healthy
donors. The color indicates the ratio of mean expression of each molecule. Tregs of MM patients show elevated expression levels of immune checkpoint
molecules. (H) CD4* and CD8* T effector cells in BM of MM patients have higher expression of immune checkpoint molecules compared with healthy
donors. The color indicates the ratio of mean expression of each molecule. P values determined by 2-tailed t test. Error bars indicate SD.
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history of human MM, with progression of disease from early pre-
malignant stages to overt MM (19). To specifically investigate the
changes that occur over time in the immune microenvironment
within the BM, where the tumor actually grows, versus peripheral
blood (PB), we used mass cytometry (cytometry by time of flight
[CYTOF]) (20) to analyze the immune cell profile of VK*MYC-
injected mice, both in the BM and the PB, at 2 time points during
disease progression (days 14 and 28 after Vk*MYC injection) com-
pared to control mice (n = 3 per group, per time point, Figure 1A).
The gating strategy for Tregs is described in Supplemental Figure
1, A and B (supplemental material available online with this article;
https://doi.org/10.1172/JCI88169DS1). CyTOF data were validat-
ed by flow cytometric analyses in independent experimental set-
tings (n =5 per group).

We observed a significant increase in the proportion of Tregs
(CD4*FOXP3*) in the PB and BM of VK*MYC-injected mice,
compared with control mice. Interestingly, the differences were
observed earlier in the BM starting from the early time point (Fig-
ure 1, B and C and Supplemental Figure 1, B-F), but only became
detectable in the PB at the late time point (Figure 1D), indicating
that Treg regulation occurs early within the tumor microenviron-
ment, before these changes are reflected in the PB.

We then analyzed the ratio of effector T cells (Teffs:
CD4'CD44"*CD62L" and CD8'CD44**CD62LY) (21, 22) to Tregs
to assess the suppression of T cell immunity in the BM microen-
vironment. We observed a decrease in the Teff/Treg ratio in the
BM microenvironment and PB at the late time point (Figure 1E
and Supplemental Figure 2A), suggesting the suppression of T cell
immunity at a more advanced stage of disease.

Previous reports have shown an increased frequency of func-
tional FOXP3-expressing T cells in the PB and BM of myeloma
patients (10, 23). Here, we sought to define whether the increase
in Tregs occurs in the BM already at the precursor stage of MM,
i.e., smoldering multiple myeloma (SMM). For this, we analyzed
the distribution of Tregs in BM aspirates of SMM patients (n =
17), and compared it to that of healthy BM donors (n = 11). CyTOF
analyses of the CD138-negative BM fractions demonstrated a sig-
nificant increase of CD3*CD4* T cells (data not shown), activated
CD4*CD25*FOXP3*Tcells,aswellasCD4*CD25"FOXP3*CD1277%
Tregs within the CD45'CD3* compartment in SMM BM com-
pared with healthy controls (Figure 1F and Supplemental Figure
2B). These data from the human samples is in agreement with the
murine transplantation model.

Immune checkpoint receptors are upregulated in Tregs present
within the BM microenvironment of myeloma-injected mice. Inmune
checkpoint receptors, such as programmed cell death 1 (PD1),
lymphocyte activation gene 3 (LAG3), and T cell immunoglobulin
mucin 3 (TIM3), inhibit Teff function in the presence of cognate
ligands (24). Conversely, when these receptors are expressed on
Tregs, the function and/or proliferation of Tregs are enhanced (7).
We measured the number of positive cells, as well as the mean
expression of immune checkpoint receptors (PD1, LAG3, and
TIM3) on Tregs in the BM and PB of Vk*MYC-injected and con-
trol mice by CyTOF. BM Tregs of myeloma-bearing mice showed
significantly higher expression of immune checkpoint receptors,
compared with control BM Tregs (Figure 2, A-C). In contrast, PB
Tregs of Vk*MYC-injected mice did not show increased expression
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of these receptors, compared with control PB Tregs (Figure 2D and
Supplemental Figure 3, A-C), suggesting that tumor site affects
Treg phenotype and enhances its suppressive function. Spanning-
tree progression analysis of density-normalized events (SPADE),
as depicted in Figure 2B, revealed a significant increase in LAG3
expression on BM Tregs expressing PD1 and/or TIM3; LAG3 has
been shown to be a marker of Tregs expanding at the tumor site
(25). Along with the increase in proportion of Tregs expressing
immune checkpoint receptors in BM of myeloma-injected mice,
there is an elevated number of Tregs coexpressing PD1, LAG3, and
TIM3 receptors as compared with healthy mice (Supplemental Fig-
ure 3D). Interestingly, we also observed significantly higher levels
of expression of PD1, LAG3, and TIM3 on Vk*MYC-injected BM
CD4* and CD8' Teffs (CD44*CD62L"), which represent markers
of T cell exhaustion and suppressed effector functions (Figure 2E
and Supplemental Figure 3, E-G). These results were further vali-
dated in a second mouse model of MM, C57BL/KaLwRij, that was
injected with 5TGM1 murine myeloma cells. Similar to the results
of the VKk*MYC-injected mice, we observed a significant increase
in the frequency and activation of Tregs in the BM microenviron-
ment of 5TGM1-injected C57BL/KaLwRij mice, compared with
the control group (Supplemental Figure 4, A-D).

In line with our murine data, we observed a significantly high-
er proportion of CD4*CD25'FOXP3" Tregs expressing immune
checkpoint molecules in BM aspirates of SMM patients (n = 17)
compared with those in healthy BM (n = 11) (Figure 2F). Interest-
ingly, SMM patients have significantly higher numbers of C-C
chemokine receptor type 7-expressing (CCR7-expressing) cells
in their CD4*CD25*'FOXP3* Treg compartment, which indicates
an upregulation of the migratory phenotype of FOXP3-expressing
cells (Figure 2F). Examination of immune molecules’ coex-
pression on Tregs revealed that mainly the proportion of cells
expressing PD1, TIM3, and CTLA4 was significantly increased
in the SMM group (Supplemental Figure 4E). In addition, analy-
sis of the mean expression fold change of each immune check-
point molecule indicates elevated levels of immune checkpoint
receptors on Tregs in individual SMM patients as compared with
healthy donors (Figure 2G). Further analyses of the CyTOF pro-
files of immune checkpoint molecules present on CD4* Teffs and
CD8* Teffs in the BM of SMM patients, compared with healthy
BM, revealed individual patients with elevated expression of
TIM3, PD1, CTLA-4, and CCRY7, as depicted in the heatmap data
in Figure 2H. In 35.3% of the SMM patients, we observed atleast a
2-fold increase in the levels of CD27 and CCR7 on CD4" Teffs and
TIGIT on CD8* Teffs as compared with the expression of these
molecules in the BM of healthy donors. Together, these results
indicate an upregulated expression of immune checkpoint inhibi-
tors on Tregs within the myeloma BM microenvironment as early
as the SMM stage.

Tregs contribute to VK*MYC progression. A CD38-expressing
subset of Tregs from MM patients has been shown to exhibit
immunosuppressive activity in ex vivo cocultures (17). In order
to determine the significance of Tregs in myeloma progression
in vivo, we used a transgenic inducible knockout (KO) animal
model, depletion of regulatory T cell (DEREG) mice, expressing a
diphtheria toxin (DT) receptor-enhanced green fluorescent pro-
tein (EGFP) fusion protein under the control of the FOXP3 gene
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Figure 3. Treg depletion in DEREG mice leads to extended survival of Vk*MYC-injected mice, while adoptive transfer of Tregs promotes tumor progres-
sion in vivo. (A) Diphtheria toxin (DT) or PBS was injected 3 times (day 5, day 12, and day 19) after Vk*MYC injection into DEREG mice or wild-type mice

(n =7/group). (B) Proportion of Vk*MYC cells (CD138"B220- cells) in the BM of each group at day 20 after Vk*MYC injection. Three mice from each group
were sacrificed at day 20 for analysis of BM Vk*MYC frequency. Significant tumor reduction occurred in the DEREG mice treated with DT compared with
control mice. P values determined by 2-tailed t test with Bonferroni's correction. (C) Kaplan-Meier curve showing significant increase in survival of DEREG
mice treated with DT (DEREG + DT) compared with control groups (DEREG + PBS, wild type + DT) (n = 7/group). P < 0.0001 by log-rank test. (D) For Treg
transfer experiments, 3 x 10° non-Tregs were injected with or without 1 x 10° Tregs i.v. into Rag2-K0 mice followed by Vk*MYC cell injection 5 days after-
wards. (E) Kaplan-Meier curve showing mice injected with Tregs and CD3* non-Tregs (Tregs + CD3* non-Tregs: median survival 21 days) had significantly
shorter survival compared with mice injected only with CD3* non-Tregs (CD3* non-Tregs: median survival 25.5 days) (n = 6/group). P < 0.01 by log-rank test.
(F) FACS analysis of mice BM showing significant increase of BM Tregs in the Tregs + CD3* non-Tregs group compared with CD3* non-Tregs group (n = 3/

group). P value determined by 2-tailed t test. Error bars indicate SD.

locus, that allows the selective depletion of FOXP3* Tregs by DT
injection (26). Survival of DEREG mice injected with VK*MYC
cells, followed by 3 injections of DT, was compared to that of
VK*MYC-injected DEREG mice injected with PBS and that of
VK*MYC-injected wild-type littermates injected with DT (Figure
3A). Effective depletion of BM Tregs in Vk*MYC-injected mice
was observed upon DT injection into DEREG mice (Figure 3B).
A significant tumor reduction was observed in the DT-treated
DEREG mice, compared with control groups, as shown by the
number of CD138"B220 VK*MYC cells obtained from their BMs
(Supplemental Figure 5A). More importantly, there was a signifi-
cant difference in survival, with the control group surviving for a
median of 30 days, while the DT-treated DEREG mice showed no
evidence of myeloma progression for up to 60 days of experimen-
tal setup (P < 0.0001) (Figure 3C). Flow cytometric analysis of
BM cells on day 3 after the last DT treatment in VK*MYC-injected
mice demonstrates a significant decrease in CD138-expressing
plasma cells and an increased Teff/Treg ratio compared with the
control group (Supplemental Figure 5B). Interestingly, CyTOF

analysis of the cellular content of BM cells showed a significant-
ly increased proportion of CD19-expressing B cells and F4/80*
macrophages in mice with Treg depletion compared with control
mice (Supplemental Figure 5C).

To further confirm the critical importance of Tregs in regu-
lating tumor progression in MM, we performed a Treg transfer
experiment, in an effort to demonstrate that the adoptive trans-
fer of Tregs will lead to rapid tumor progression in vivo. We
injected sorted C57BL/6 CD3*CD25" non-Tregs, with or without
CD4'CD25" Tregs, into RAG2-KO immune-deficient mice, which
lack a mature T and B cell compartment, followed by Vk*MYC
transplantation, and measured their survival (Figure 3D). In the
short time period of approximately 30 days of survival, we did not
observe weight loss or signs of colitis in these mice. We also did
not observe diarrhea or GI symptoms in these mice. Mice injected
with Tregs and CD3* non-Tregs had significantly shorter survival
compared with mice injected with CD3* non-Tregs only (Figure
3E), indicating that the Treg compartment suppresses antimy-
eloma T cell immunity. Analysis of the BM of moribund mice
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Figure 4. Myeloma cells induce and expand Tregs in vitro. (A) Treg induction assay. CD4*CD25" non-Tregs were cocultured with C57BL/6 B cells or Vk*MYC
cells for 72 hours using transwell or direct coculture. Significant Treg induction was observed in the Vk*MYC coculture group either under transwell or direct
coculture compared with the no-cells or B cells group. Average of experiments performed in triplicate is shown. The experiment was repeated 3 times. (B)
Treg expansion assay. CD4*CD25* Tregs were cocultured with C57BL/6 B cells or Vk*MYC cells for 72 hours using transwell or direct coculture. FOXP3* cells
within the CD4* cells are shown. Significant Treg expansion was observed in the Vk*MYC coculture group either under transwell or direct coculture com-
pared with the no-cells or B cells group. Average of experiments performed in triplicate is shown. The experiment was repeated 3 times. (C) Significant Treg
induction was observed in coculture of MM1S and OPM2 myeloma cells with human PB cells. Human CD4*CD25" cells were cocultured with MM1S or OPM2
myeloma cells for 72 hours using transwell coculture. MM1S and OPM2 coculture groups were compared to the no-cells or CD19-expressing B cells group. Treg
cells were assessed as CD4*CD25*FOXP3* cells. Data from independent experiments performed in triplicate of 3 different PB donors is shown. *P < 0.05; **P

< 0.01 by 2-tailed t test with Bonferroni’s correction. Error bars indicate SD.

showed significant increase of Tregs in the group injected with
CD4*CD25" Tregs (Figure 3F and Supplemental Figure 5D), con-
firming that transferred Tregs proliferated in the recipient’s BM
tumor microenvironment.

In parallel, to further validate our results, we specifically deplet-
ed Tregs in VK*MYC-injected mice using an anti-CD25 antibody
(250 pg of anti-murine CD25 mAb on day 4 before [day -4] and day
10 after VK*MYC cell injection, n = 6); isotype antibody treatment
was used in the control group (1 = 6), as described in previous stud-
ies (27). Compared with isotype-treated mice, the anti-CD25-treat-
ed group demonstrated significantly longer survival (Supplemental
Figure 6, A and B), further confirming the critical role of Tregs in
myeloma progression. Together, our data provide direct in vivo evi-
dence of Tregs supporting MM disease progression.

Human and murine myeloma cells induce and expand Tregs
in a contact-dependent and -independent manner. To elucidate
mechanisms involved in Treg induction and expansion in MM,
we performed Treg induction and expansion assays by cocultur-
ing VK*MYC cells with CD4*CD25" non-Tregs or CD4'CD25*
Tregs, respectively, using direct coculture assays. Both assays
showed significant increase in CD4*CD25'FOXP3* Tregs when
cocultured with VK*MYC cells, compared with B cells or no-cell
controls (Figure 4, A and B). Similar results were obtained when
a transwell coculture assay separating VK*MYC cells from T cells
was performed, indicating that it is a soluble factor produced from
VK*MYC cells that leads to the induction and expansion of Tregs
(Figure 4, A and B and Supplemental Figure 7A).

We further explored a contact-independent Treg induction
mechanism in human samples. For this, we cocultured human
CD4*CD25" PB cells with MM1S and OPM2 myeloma cell lines
without cell-cell interactions. Consistent with our murine data, we
observed a significant induction of CD4*CD25*FOXP3* cells by
coculture of CD4*CD25 PB cells with myeloma cells, compared
with CD19-expressing B cells or no-cell controls (Figure 4C).
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Together, these data show that murine and human myeloma
cells induce and promote expansion of Tregs in a cell-cell contact-
dependent and -independent manner, leading to the increased
presence of Tregs in the tumor microenvironment.

Myeloma cells regulate Tregs in the BM microenvironment by
secretion of type 1 IFNs. To further characterize mechanisms that
lead to the activation of myeloma-associated Tregs, we performed
RNA sequencing (RNA-seq) of flow-sorted BM EGFP-expressing
Tregs from Vk*MYC-injected DEREG mice and control DEREG
mice. We observed a significant difference in mRNA expres-
sion between Tregs derived from the BM microenvironment of
myeloma-injected mice and those derived from control mice, as
depicted in the heatmap in Figure 5A. The top genes that were sig-
nificantly up- or downregulated in Tregs from Vk*MYC-injected
mice, compared with control, are shown in Supplemental Table 1.
Consistent with our CyTOF data at the protein level, expression
of checkpoint-related molecules, including PDCD1 (PD1), LAG3,
and HAVCR?2 (TIM3), was significantly upregulated in Vk*MYC-
associated Tregs, compared with control Tregs (Figure 5B). Addi-
tionally, other checkpoint-related molecules, such as TNFRSF4
(OX40) (28) and TNFRSF18 (GITR) (29), were also found to be
highly expressed in Vk*MYC-associated Tregs (Figure 5B).

Tregs use multiple effector molecules, such as IL-10, TGF-B,
EBI3, FGL2, GZMB, and PRF1], to suppress the immune effector
cells (30-32). In our study, Vk*MYC-associated Tregs showed a
significantly higher expression of EBI3, FGL2, and GZMB (Figure
5C), indicating that these molecules may play a role in the suppres-
sive activity of myeloma-associated Tregs.

Chemokine receptors play a significant role in Treg migra-
tion and homing. We analyzed the expression of CXCR3, CCR®,
and CCR7, which are all well-known mediators of Treg migra-
tion to inflammatory sites (33-37). CXCR3 was found to be sig-
nificantly overexpressed in Vk*MYC-associated Tregs, compared
with control (Figure 5D), suggesting an important role for CXCR3
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Figure 5. Differences in gene expression between myeloma-associated and control Tregs in the BM microenvironment. (A) mRNA expression profiling by
RNA sequencing of total RNA isolated from control (n = 3) and Vk*MYC-injected (n = 3) BM Tregs. A heatmap was generated after supervised hierarchical
cluster analysis. Differential mMRNA expression is shown in red (upregulation) versus blue (downregulation) intensity (control versus Vk*MYC, 2-fold change,
P < 0.05). (B) Differences in checkpoint-related gene expression levels of Tregs isolated from Vk*MYC-injected and control mice. A number of checkpoint-
related molecules were significantly upregulated in Tregs from Vk*MYC-injected mice compared with control Tregs. The gene expression fold change in Tregs
from Vk*MYC-injected mice compared with those from control Tregs is shown. (C) Differences in Treg effector gene expression levels between Vk*MYC and
control Tregs. The gene expression fold change of Tregs from Vk*MYC-injected mice compared with control Tregs is shown. (D) Differences in chemokine
receptor gene expression levels between Tregs from Vk*MYC-injected mice and control Tregs. *P < 0.05; **P < 0.01 by 2-tailed t test. Error bars indicate SD.

in Treg migration to the myeloma microenvironment. Interest-
ingly though, CCRY7 levels were significantly downregulated in
Vk*MYC-associated Tregs, compared with control, indicating dif-
ferences in the regulation of Treg migration in the tumor setting.
To determine pathways that regulate Treg activation and
expansion in the MM tumor microenvironment, we performed
gene set enrichment analysis (GSEA) for the genes that were
found to be significantly upregulated in Vk*MYC-associated
Tregs, compared with control. Interestingly, GSEA showed enrich-
ment of type 1 IFN-related genes in Vk*MYC-associated Tregs
(Figure 6A). According to the GSEA, several differentially regu-
lated proteins contributed to the enrichment score for the IFN-o/p
signaling pathway. These include the type 1 IFN-induced proteins
playing a critical role in cellular innate antiviral responses, such as
IFN-stimulated 15-kDa protein (ISG-15), Mx1, Mx2, IFIT1, IFIT3,
OAS2, and OAS3. Additionally, key transcriptional regulators of
type I IFN-dependent immune responses, such as IFN regulatory
factors 7 and 9 (IRF7 and IRF9) contributed to the enrichment
profile. Signal transducer and activator of transcription 1 (STAT1)
and STAT2 were enriched in the gene list as well. These results

indicate that the type 1 IFN pathway is activated in the BM Tregs
of Vk*MYC-injected mice and may constitute a novel pathway of
Treg regulation in the MM immune microenvironment.

We then sought to examine whether myeloma cells secrete
type 1 IFNs, potentially leading to Treg activation. We observed
a significant increase of IFN-B in the supernatants of VK*MYC
cells in culture, compared with the supernatant of control B cells
obtained from C57BL/6 mice (Figure 6B), while IFN-o was below
the detection level in both cell types (data not shown). Collec-
tively, these results suggest that myeloma-cell-secreted type 1 INF
could be a mediator of Treg activation in MM.

INFA1 expression is associated with poor outcome in MM patients.
We then investigated whether CD138-expressing plasma cells
from MM patients showed significant changes in pathways or the
expression levels of genes related to type 1 IFN signaling. GSEA
of 2 gene expression data sets generated from CD138-enriched
plasma cells, one from 73 newly diagnosed MM patients and
one from 147 cases of MGUS, SMM, MM, and relapsed myeloma
(GSE6477), showed significant enrichment for type 1 IFN signal-
ing compared with 15 healthy donors (Figure 6C). Notably, upreg-
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Figure 7. Blocking IFNAR1 suppresses Treg expan-
sion and myeloma progression. (A) Representative
FACS analysis of Ki-67 expression of Tregs expanded
under coculture with Vk*MYC cells and IFNAR1
antibody (IFNAR1 Ab) or isotype control (isotype Ab).
(B) Significant decrease of Ki-67 expression in Tregs
cocultured with Vk*MYC and IFNAR1 Ab compared
with those with isotype Ab. Average of experiments
performed in triplicate is shown. The experiment
was repeated 3 times. (C) Representative FACS
analysis of Treg expansion assay with IFNAR1Ab or
isotype Ab coculture. Proportion of FOXP3* cells in
the CD4* cells is shown. (D) Significant decrease of
Treg proliferation by cells cocultured with Vk*MYC
and IFNAR1Ab compared with isotype Ab. Average
of experiments performed in triplicate is shown. The
experiment was repeated 3 times. (E) Non-Tregs (3

x 10°) were injected with or without 1x 10° C57BL/6
Tregs or IFNAR1-KO Tregs i.v. into Rag2-KO mice fol-
lowed by Vk*MYC cell injection 5 days afterwards. (F)
Kaplan-Meier curve showing survival of mice injected
with C57BL/6 Tregs and CD3* non-Tregs (WT Tregs +
CD3* non-Tregs) compared with mice injected with
IFNAR1-KO Tregs and CD3* non-Tregs (IFNAR1-KO
Tregs + CD3* non-Tregs) and only with CD3* non-Tregs
(n = 6/group). (G) Significant decrease of BM Tregs in
the IFNAR1-KO group (IFNAR1-KO Tregs + CD3* non-
Tregs) compared with wild-type group (n = 3/group)

by FACS. (H) Representative FACS analysis of BM
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pared with mice transferred with wild-type Tregs. (I)
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BM Tregs obtained from mice injected with IFNAR1-
KO Tregs and wild-type Tregs. Significant decrease of
LAG3 was observed in BM Tregs obtained from mice
injected with IFNAR1-KO mice (n = 3/group). P value
determined by 2-tailed t test. Error bars indicate SD.
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ulated expression of IFNA2, one of the INF-a homologous genes
(38), and IRF3 (39) contributed to core enrichment score in this
data set. Further analysis showed significantly increased levels of
IRF3 and other members of the IFN regulatory factors, including
IRF4, IRF5, and IRF9 (Figure 6D). Similarly, there was an increase
in the expression of IFNA1 and IFNA2 isoforms, and another key
component of the IFN induction pathway, MAVS protein (40, 41),
in MM samples, compared with healthy controls. Interestingly,
lower expression of TLR2 and TLR8 was also observed in MM
patients, pointing to concurrent deregulation of TLR signaling in
malignant plasma cells (Figure 6D).

We next sought to determine the prognostic role of genes
regulating type 1 IFN in MM, and therefore analyzed the survival
probability of these genes in a large data set of newly diagnosed
MM patients (n = 542, GSE2658). Median modus was used for
cutoff determination, P values were corrected for multiple test-
ing, and R2 visualization platform (http://r2.amc.nl) was used for
calculation. We found a significant decrease in the overall survival
of patients with high levels of IFNA1 (Figure 6E), supporting the
results of our murine experiments and indicating that type 1 IFN is
indeed an essential player in MM progression. Interestingly, lower
levels of endosomal TLR8 (42) were also associated with poor out-

jci.org  Volume128 Number6 June 2018

2495


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/6
http://r2.amc.nl

2496

RESEARCH ARTICLE

come in MM patients (Figure 6F), further suggesting a high impact
for deregulated type 1 IFN pathways on MM progression.

Blocking IFNARI suppressesinhibitory function of Tregs and inhib-
its myeloma progression. In order to validate the effect of myeloma-
cell-secreted type 1 IFN on Treg function, we cocultured Vk*MYC
cells with sorted Tregs and treated them with either anti-IFNAR1
antibody, which blocks ligand-induced intracellular signaling and
induction of type I IFN-induced biologic responses (43), or isotype
control. Treg proliferation, analyzed by Ki-67 expression, was sig-
nificantly decreased in the IFNARI1-treated group, compared with
control. Thisled toadecrease in Treg expansionin IFNAR1-treated
cells, compared with control (Figure 7A-D). This study was also
performed with 5TGM1 MM cells, which were capable of inducing
expansion of C57BL/KaLwRij Tregs in a transwell coculture assay
(Supplemental Figure 7B). Once more, IFNAR1-blocking antibody
treatment led to decreased Treg proliferation and expansion,
compared with treatment with isotype control (Supplemental
Figure 7C). Collectively, our data demonstrate that myeloma-cell-
secreted type 1 IFN induces proliferation and expansion of Tregs
when present in the myeloma microenvironment.

Lastly, we sought to validate in vivo the significance of IFNAR1
as a critical regulator of Treg function and expansion in MM. For
this, we performed a T cell transfer experiment using IFNAR1-KO
Tregs; we injected sorted wild-type (C57BL/6) CD3*CD25™ non-
Tregs, wild-type Tregs, or IFNAR1-KO Tregs into RAG2-KO mice,
followed by Vk*MYC transplantation, and then analyzed tumor
growth and survival (Figure 7E). Mice injected with IFNAR1-KO
Tregs lacked the effect of wild-type Tregs in enhancing progres-
sion of MM, with survival rates similar to those of mice that had
been injected with non-Tregs (CD3* only) (Figure 7F). Namely,
Tregs lacking IFNARI failed to suppress MM-directed T cell
immunity, and that failure was further reflected in their reduced
proliferation and expansion in vivo. While an increase in the num-
ber of Tregs was observed in mice that received wild-type Tregs,
in accordance with the results of our previous experiments, the
expansion was abrogated in the IFNARI-KO mice, confirming
that MM cells induce Treg expansion through type 1IFN signaling
(Figure 7G). As expected, the BM Tregs of mice transferred with
IFNARI-KO Tregs had lower expression of IFNARI, compared
with mice transferred with wild-type Tregs (Figure 7H). Moreover,
when comparing BM Tregs between mice injected with wild-type
Tregs and those injected with IFNAR1-KO Tregs, we observed a
significant decrease in the expression of LAG3 in the latter group
(Figure 71), indicating that type 1 IFN signaling is also partly
responsible for checkpoint molecule expression on Tregs in the
tumor microenvironment. Thus, our data demonstrate that block-
ing IFNARI1 reduces myeloma-mediated Treg immunosuppres-
sion, leading to better survival rates of myeloma-injected animals.

Discussion

Increased presence of Tregs in the tumor microenvironment of
cancer patients has been associated with both improved (44, 45)
and poor prognosis (46, 47). A few studies described an increase in
the number of Tregs in the PB of patients with MM, compared with
healthy donors (10, 12, 13, 48), indicating a potential role for Tregs
in MM in particular. However, the mechanisms of Treg expansion in
MM, as well as the role of Tregs in MM progression, have not been
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fully elucidated (49). Understanding those mechanisms is critical,
as it could be key in developing new immune therapies in MM. In
the present study, we identified a feedback loop between myeloma
cells and Tregs, wherein type 1 IFN secreted from MM cells induces
immunosuppression caused by Tregs, thus promoting MM progres-
sion. Interrupting this loop by blocking IFNARI signaling relieves
immunosuppression and prevents/delays tumor progression.

First, we confirmed that Tregs increase in number and expand
in the BM with disease progression, a phenomenon that was detect-
able in the BM at an earlier time point, compared with the PB,
indicating that myeloma-promoting Treg deregulation first occurs
in the context of the tumor microenvironment. In addition, we
showed that myeloma-associated BM Tregs highly express immune
checkpoint receptor molecules, like PD1, LAG3, and TIM3. Again,
in contrast to Teffs, where these molecules are markers of exhaus-
tion, in Tregs, they signify enhanced immunosuppressive function
(7). Thus, our data indicate that Tregs in the myeloma microenvi-
ronment are activated not only in terms of quantity, but also quality.

Next, we sought to determine the importance of Tregs in
myeloma progression. Our in vivo Treg depletion and Treg trans-
fer experiments demonstrated a strong impact of Tregs on the pro-
gression of MM, as continuous Treg depletion in vivo led to tumor
remission and prolonged survival of Vk*MYC-injected mice. These
results are consistent with other tumor models where enhance-
ment of antitumor immune responses occurs with depletion of
Tregs by targeting highly expressed surface receptors (17, 50-52).

Interestingly, we found that the cellular content of the BM
after Treg depletion reflects an environment hostile for tumor
growth, with a significant increase in the Teff/Treg ratio as well as
B cells and macrophages, indicating that these cells could be criti-
cal for the reconstitution of the immune microenvironment and
the prevention of tumor progression in MM.

To further explore mechanisms by which myeloma-associated
Tregs are activated, we then conducted RNA-seq, comparing BM
Tregs of VK*MYC-injected mice to BM Tregs of control mice. In
addition to checkpoint-related genes and Treg effector genes
being significantly upregulated, the type 1 IFN pathway was found
to be highly enriched in the gene signature of myeloma-associated
Tregs. Validating these results, expression data from MM patients
also demonstrated upregulation of well-known genes regulating
type 1 IFN induction pathways, such as IRF3, IRF4, IRF5, IRF9,
and MAVS protein in malignant plasma cells; these genes were
associated with worse prognosis in the survival of MM patients,
underscoring the impact of IFNA1 on survival outcome.

Type 1 IFNs are known players in a variety of diseases, such as
viral infection, inflammatory bowel disease, systemic lupus erythe-
matosus, and type I diabetes (53), but their role in myeloma remains
poorly characterized. Recently, it was shown that type 1 IFN signal-
ingis essential for maintenance of FOXP3 expression, as well as Treg
suppressive function under inflammatory conditions (54), while
IFNAR signaling was shown to promote Treg development and
function under stress conditions (55). In the cancer setting, IFNAR-
mediated signaling was found to be necessary for tumor-infiltrating
Treg activation and production of IL-10, as well as suppression of T
helper 17 cells, in the tumor microenvironment of colon adenocarci-
noma (56). In our system, we demonstrated that type 1 IFN is critical
for Treg function using in vitro and in vivo models.
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Based on this, we thus hypothesized that suppression of the
type 1 IFN pathway could inhibit myeloma-mediated Treg expan-
sion and hinder tumor progression. Indeed, anti-IFNAR1 antibody
led to the suppression of the proliferation of myeloma-associated
Tregs in an in vitro coculture assay, as well as extending the surviv-
al of myeloma-injected mice in a T cell transfer experiment with
IFNAR1-KO Tregs.

In conclusion, we have unprecedented findings demonstrat-
ing that Treg function and homeostasis is regulated by type 1
IFN secreted from myeloma cells in the BM microenvironment,
effectively evoking a feedback loop between Tregs and myeloma
cells that promotes disease progression and leads to inferior out-
come. Prolonged survival in MM mouse models was achieved by
Treg depletion and by blocking IFNARI signaling and suppressing
myeloma-mediated Treg induction and proliferation. To the best
of our knowledge, this is the first report indicating that type 1 IFN
signaling is a potentially novel therapeutic target for regulating
Treg-mediated immunosuppression in MM.

Methods

Cells. The 5TGML1 cell line was a gift from David G. Roodman (Indi-
ana University, Indianapolis, Indiana, USA). The VK*MYC-derived
transplantable Vk12598 cell line (18) was provided by Marta Chesi
and P. Leif Bergsagel and was maintained and expanded by in vivo
retransplantation in Rag2-KO mice, similar to previous reports (5, 57).
For in vitro experiments, these cell lines were cultured in RPMI-1640
containing 10% FBS (Sigma-Aldrich), 2 mM L-glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin (GIBCO). Human MM1S cells
were purchased from ATCC. The human OPM2 myeloma cell line was
purchased from DMSZ.

PB cells or BM samples from patient/healthy donor aspirates were
collected at the Dana-Farber Cancer Institute. The CD138-negative BM
cell fraction was isolated using MACS technology (Miltenyi Biotec).

Mice. C57BL/6, DEREG, Rag2-KO, and IFNAR1-KO mice, allunder
the C57BL/6 background, were purchased from Jackson Laboratories.
C57BL/KaLwRij mice were purchased from Harlan Laboratories.

Vk12598 cells (2 x 10°) were injected intravenously (i.v.) into each
mouse for T cell analysis or survival studies. 5TGM1 cells (3 x 10°) were
injected iv. into C57BL/KaLwRij mice for T cell analysis. BM cells
and PB from mice were harvested for CyTOF analysis by BM aspira-
tion from the femur and by submandibular bleeding, respectively. For
other experiments, BM cells were obtained through flushing of femurs
with 1x PBS, as previously described (58).

Treg depletion study. Treg depletion was performed during Vk*MYC
progression on DEREG mice by injecting intraperitoneally 10 ng/g/
mouse of DT on day 5, 12, and 19 after Vk*MYC injection. For control
groups, the same amount of DT or PBS was injected into C57BL/6 or
DEREG mice, respectively. Depletion of Tregs using anti-CD25 anti-
body was performed as described in previous reports (250 ug of anti-
murine CD25 mAbD) (27). Isotype antibody and anti-CD25 antibody
treatment was performed on day -4 and day 10 after tumor injection.

T cell transfer study. Tregs were obtained from spleens of C57BL/6
or IFNAR1-KO mice by flow-sorting CD4*CD25" cells using a FAC-
SAria II flow cytometry system (BD Biosciences). Similarly, CD3" non-
Tregs were obtained from C57BL/6 splenocytes by sorting CD3*CD25"
cells. Tregs (1 x 10°) and non-Tregs (3 x 10°) were injected i.v. into
Rag2-KO mice, followed by Vk12598 cell injection 5 days afterwards.
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Analysis of cells by CyTOF. Sample staining and data analy-
sis were performed as reported previously (57). Briefly, cells were
first stained with MaxPar Intercalator-Rh (Fluidigm Sciences Inc.)
for determination of viable cells. After blocking with mouse Fc
Receptor Blocking Reagent (Miltenyi Biotec), cell surface marker
antibodies were added and stained. Following staining, cells were
washed with MaxPar Cell staining buffer (Fluidigm Sciences Inc.)
and fixed /permeabilized with Fix/Perm buffer (PBS with 1.6% para-
formaldehyde and 0.3% saponin). Cells were then washed with cell
staining buffer containing 0.3% saponin, followed by intracellular
antibody staining. For mass cytometric analysis, cells were stained
with MaxPar Ir DNA intercalator (Fluidigm Sciences Inc.) overnight
at 4°C. Cells were then washed with cell staining buffer and then
finally with MaxPar water (Fluidigm Sciences Inc.) alone. Cells
were acquired on a CyTOF2 mass cytometer (Fluidigm Sciences
Inc.). The acquired data were analyzed in Cytobank (https://www.
cytobank.org/). The gating strategy for Tregs is described in Supple-
mental Figure 1A.

The CD138-negative populations of SMM patients or healthy
donors’ BM cells were thawed, washed, and barcoded using the Cell-
ID 20-Plex Pd Barcoding Kit (Fluidigm Sciences Inc.). After barcod-
ing, cells were incubated with human surface marker antibodies as
a single multiplexed sample (TIGIT-143Nd, CD152 [CTLA4]-152Sm,
PD1-175Lu, TIM3-153Eu [Maxpar], and Maxpar Human T-Cell Phe-
notyping Panel Kit, 16 Marker). The cells were fixed with 4% para-
formaldehyde, permeabilized with ice-cold methanol, and incubated
with antibodies against intracellular proteins (FOXP3 [clone PCH101],
custom conjugation with 165Ho by Harvard Medical Area CyTOF
Antibody Resource and Core, Boston, Massachusetts, USA). Then the
cells were washed, resuspended at 1 x 10° cells/ml, and acquired on a
CyTOF Helios mass cytometer (Fluidigm Sciences Inc.). Downstream
analysis of the individual component samples was performed after
running the debarcoding application. Human T cell populations were
gated according to the Maxpar Human T Cell Phenotyping Panel Kit.

Flow cytometric analysis. Anti-mouse antibodies against CD3
(clone 17A2), CD4 (clone GK1.5), CD8 (clone 53-5.8), PD1 (clone
29F.1A12) (Biolegend); CD25 (clone PC61.5), LAG3 (clone C9B7W),
TIM3 (clone 8B.2C12), B220 (clone RA3-6B2), FOXP3 (clone FJK-
16s), Ki-67 (clone SolA15) (eBioscience); CD138 (clone 281-2) (BD Bio-
sciences); and anti-human antibodies against CD4 (RPA-T4), FOXP3
(PCH101) (eBioscience); and CD25 (BC96, Biolegend) were used for
the FACS analyses. Cells were surface stained, fixed/permeabilized,
and stained intracellularly using the FOXP3/Transcription Factor
Staining Buffer Set (eBioscience) according to the manufacturer’s pro-
tocol. The data were acquired using a FACSCanto II flow cytometer
(BD Biosciences) and were analyzed in Cytobank.

RNA-seq analysis. Total RNA was isolated from flow-sorted
CD4"'FOXP3-EGFP* cells acquired from the BM of Vk*MYC-injected
and control mice using an RNeasy Micro kit (QIAGEN). Whole RNA was
subjected to library preparation using a NEBNext Ultra RNA Library prep
for Illumina kit (New England Biolabs). Quality control of the libraries
was evaluated by Bioanalyzer analysis with High Sensitivity chips (Agi-
lent Technologies). Sequencing was performed on a HiSeq 2000 (Illu-
mina) by 2 x 50 bp paired-end reads at the Biopolymers Facility of Har-
vard Medical School. We used Picard and STAR to process and align the
RNA-seq reads with a mouse reference genome (mm10) and to compute
a series of quality-control metrics. RNA-seq transcript abundances were
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estimated using RSEM (59). Genes with low expression (RSEM expected
counts) were filtered out and differential gene expression between dif-
ferent samples was determined using DESeq2 (60). Differential expres-
sion was selected based on fold changes greater than 2.0 and a P-value
threshold of 0.05. Sequencing data were deposited in the NCBI’s Gene
Expression Omnibus database (GEO GSE109533). GSEA was used to
identify significantly enriched pathways (61), with false discovery rate
(FDR) less than 0.25 and P less than 0.05. Gene sets were downloaded
from the Broad Institute’s MSigDB (http://www.broadinstitute.org/
gsea/index jsp). The human data were deposited in the NCBI’'s GEO
database (GSE6477 and GSE2658).

ELISA. Murine myeloma cell lines (Vk12598 cells and 5TGM1
cells) and (C57BL/6 or C57BL/KaLwRij) B cells were seeded into
12-well plates at a concentration of 2 x 10° cells/ml and cultured for 24
hours. Murine IFN-o and IFN-B levels in the cell culture supernatants
were detected using VeriKine-HS Mouse IFN ELISA Kits (PBL Assay
Science) according to the manufacturer’s protocol.

Treg induction and expansion assay. CD4*CD25 non-Tregs (induc-
tion assay) at 2 x 10° or CD4*CD25* Tregs (expansion assay), isolated
from C57BL/6 or C57BL/KaLwRij splenocytes were cocultured with 1
x10° MM1S or OPM2 cells in the presence of recombinant murine IL-2
(1,000 IU/ml; R&D Systems), anti-CD3 antibody (5 pg/ml; eBiosci-
ence, clone 145-2C11), and anti-CD28 antibody (5 pg/ml; eBioscience,
clone 37.51) for 72 hours. TGF-B (10 ng/ml; R&D Systems) was added
for the induction assay. Anti-IFNAR1 antibody (Biolegend) or isotype
control antibody were added to the appropriate wells at 100 pug/ml.

Human CD4*CD25™ non-Tregs or CD19-expressing B cells were
obtained from fresh PB cells using CD4*CD25* Regulatory T Cell Isola-
tion Kit or CD19 Microbeads (Miltenyi Biotec). Briefly, red blood cells
were lysed (RBC lysis buffer, Biolegend), washed, and isolated accord-
ing to the manufacturer’s instructions. The CD4*CD25™ non-Tregs (2 x
10%) were cocultured with 1 x 10> MM1S or OPM2 cells in the presence
of recombinant human IL-2 (1,000 IU/ml; R&D Systems) and Treg Sup-
pression Inspector beads (Miltenyi Biotec) at a 1:1 bead /cell ratio. Tran-
swell permeable inserts with a pore size of 0.4 pm were used to prevent
cell-cell interactions (Corning).

The Journal of Clinical Investigation

Statistics. One-way ANOVA was used when 3 or more indepen-
dent groups were compared. The unpaired Student’s ¢ test was used
to compare 2 independent groups with Bonferroni’s correction for
multiple comparisons. For survival data, Kaplan-Meier curves were
plotted and compared using a log-rank test. All tests were 2-tailed. A P
value less than 0.05 was considered statistically significant. Analysis
was performed with GraphPad Prism software.

Study approval. All mice were treated, monitored, and sacrificed
in accordance with an approved protocol of the Dana-Farber Cancer
Institute Animal Care and Use Commiittee.

Human studies were approved by the Dana-Farber Cancer Insti-
tute Institutional Review Board. Written informed consent was
obtained from all patients and healthy volunteers in accordance with
the Declaration of Helsinki protocol.
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