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Multiple myeloma (MM) is an incurable plasma cell malignancy with frequent treatment failures
and relapses, suggesting the existence of pathogenic myeloma stem/progenitor populations.
However, the identity of MM stem cells remains elusive. We used a murine model of MM with
transgenic overexpression of the unfolded protein response sensor X-box binding protein 1
(XBP1s) in the B cell compartment to define MM stem cells. We herein report that a post-germinal
center, pre-plasma cell population significantly expands as MM develops. This population has
the following characteristics: (a) cell surface phenotype of B220*CD19*IgM-IgD-CD138-CD80*slgG"
AA4.1'FSC"; (b) high expression levels of Pax5 and Bcl6 with intermediate levels of Blimp1and
XBPTs; (c) increased expression of aldehyde dehydrogenase, Notch1, and c-Kit; and (d) ability to
efficiently reconstitute antibody-producing capacity in B cell-deficient mice in vivo. We thus have
defined a plasma cell progenitor population that resembles myeloma stem cells in mice. These
results provide potentially novel insights into MM stem cell biology and may contribute to the
development of novel stem cell-targeted therapies for the eradication of MM.

Introduction

Multiple myeloma (MM), an incurable blood malignancy that occurs in 20,000 new patients and causes
10,000 deaths yearly in the US alone, is characterized by extensive proliferation of plasma cells (PCs)
in the bone marrow (BM), leading to hematopoietic failure, bone lytic lesions, and kidney damage
(1). Though various treatments for MM have been developed, a high relapse rate in patients has led to
speculation that a myeloma cancer stem cell (CSC) (2—4) induces recurrence of the disease, a concept
established in a number of other cancer types (5-8). Therapeutic resistance has been attributed to a
mechanism known as cell adhesion—-mediated drug resistance that requires complex cellular stroma sig-
naling, which is used by normal stem/progenitor populations and established in many stroma-mediated
diseases (9-12). In many studies of clonal myeloma cells, circulating B cell populations in myeloma
patients express surface monoclonal protein and harbor chromosomal abnormalities similar to PCs
(13-17). Circulating B cells also exhibit extensive somatic hypermutation without intraclonal heteroge-
neity, consistent with a post—germinal center memory B cell population (18-20). Furthermore, these B
cells lack the plasma surface antigen CD138/syndecan-1 and could serially engraft NOD/SCID mice in
transplantation studies (21, 22). In vitro clonogenic assays further established the memory-like CD138~
B cell population as a myelomagenic population (21, 23, 24). Although these studies suggest that a
clonal population in the B cell lineage induces myelomagenesis, the exact phenotype of the MM CSC
population is currently unknown (2).

To secrete high levels of antibodies, MM cells use the unfolded protein response (UPR), a high-
ly conserved protein quality control system allowing cells to resist death induced by proteotoxic
stress in the secretory pathway. UPR is initiated as a result of endoplasmic reticulum (ER) stress
and consists of 3 pathways: activating transcription factor 6 (ATF6) (25), dsRNA-activated protein
kinase-like ER kinase (PERK) (26), and IRE1 (27), resulting in generation of the unconventional
spliced form of X-box binding protein 1 (XBP1s) (28, 29). XBP1s is involved in the differentiation
of B cells into PCs and in the stabilization and secretion of antibodies from PCs (30-32). Ploegh
and colleagues also uncovered a number of unique functions of XBP1s that do not seem to associate
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with UPR, including promoting IgM synthesis and secretion, but are indispensable for degradation
of glycoproteins in primary B cells (33), for BCR signaling, for expression of IRF4 and Blimpl
transcription factors, and for homing of plasmablasts to BM as a result of the regulating response
to CXCL2 (34). Clinically, the expression of XBP1s varies across the stages of myeloma and thus
provides a potential biomarker for diagnosing disease progression from premalignant to monoclonal
gammopathy of undetermined significance (MGUS) to MM (35, 36). Moreover, increased expres-
sion of XBP1s in the BM microenvironment has also been shown to promote myeloma cell growth
(37). A murine model of MM using Tg expression of XBP1s in B cells (XBP1s-Tg) demonstrated
critical roles of XBP1s in myelomagenesis by inducing PC proliferation, lytic lesions in bone, and
increased monoclonal antibody accumulation in the serum and kidney, which promotes kidney dys-
function (38). This model closely resembles the clinical development of MM during the transition
from premalignant MGUS to MM. However, no studies have examined the CSC biology of MM in
this murine model.

In this study, we demonstrate an age-dependent increase in B cell lymphopoiesis in the XBP1s-Tg
mouse that correlates with myeloma progression. We also identified a B cell population that increases
with aging and disease progression in the mice and exhibits phenotypes of a stem/progenitor-like pop-
ulation. This population displays surface markers associated with poor survival and enhanced disease
progression in MM patients. More importantly, we demonstrated that this MM stem cell-like population
was able to differentiate into PCs in vitro and converted to antibody-generating cells in vivo in a manner
that is more efficient than PC conversion into antibody-generating cells.

Results

Tg expression of XBPls in B cells promotes lymphoproliferative disease. It was previously reported that
development of B cells in the BM and spleen was not immediately altered by Tg expression of XBP1s
(38). However, detailed analysis of the B cell compartment was not performed. To this end, we char-
acterized the hematopoietic system of Tg mice kinetically. We found an age-dependent increase in
total BM cell number in Tg mice (Figure 1A) although the B cell lineage (B220"CD19*) did not
expand significantly during the studied time frame (Figure 1B). However, at 40 weeks, a significant
increase in BM PCs (B220-CD138") in Tg mice was seen, suggesting that XBP1s overexpression
induces a slow, collective accumulation of PCs (Figure 1C). We also examined for mature BM B cells
(B220*CD19IgM*IgD") and splenic total cells, B cells, and PCs, finding no significant difference in
these populations between WT and Tg mice (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/jci.insight.124698DS1). A complete blood count
(CBC) and differential on the peripheral blood (PB) revealed a higher frequency of lymphocytes with
a corresponding decrease in granulocytes and monocytes in Tg mice compared with WT at 40 weeks
of age (data not shown). Thus XBP1s-Tg mice developed a mild lymphoproliferative disease at the
advanced age, which corresponds with the onset of myeloma as reported (38).

Constitutive expression of XBPls in B cells leads to increased antibody production. To test whether T cell—
dependent responses were altered in XBP1s-Tg mice, we immunized WT and Tg mice with human
serum albumin (HSA) absorbed on alum. There were only slight differences in Ig levels in the sera
of immunized WT and Tg mice even upon primary (3 weeks after) and secondary (12 weeks after)
immunizations. However, a tertiary boost 6 months after the secondary immunization led to signifi-
cantly more serum IgG1 (Figure 1D) and IgM (Figure 1E) in Tg mice than in WT mice. Additionally,
consistent with the development of MM, we found that Tg but not WT mice over 40 weeks of age had
significant deposition of IgG, IgM, and « chain in the glomeruli (Figure 1, F and G).

A post—germinal center, pre—plasma B cell population increases with myeloma disease progression. Given
the clinical inability to eradicate MM, multiple studies have suggested that a clonal population derived
from the B cell lineage survives therapy and drives disease relapse (13, 14, 19, 24). This population
most likely arises from post—germinal center, class-switched B cells that are CD19*B220* IgM IgD .
Furthermore, IgM IgD~ B cells have been shown to express CD80 (39, 40), particularly on transitional
pre-plasmablasts in the BM (41). Finally, as a pre-PC, the PC progenitors likely would not express PC
surface antigen CD138/syndecan-1. We thus reasoned that the multiple myeloma plasma progenitors
(MMPPs) in mice reside within the cellular compartment with the cell surface phenotype of B220*C-
D19*IgMIgD-CD138-CD80*.
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We found that the MMPP population was significantly increased in Tg mice by 40 and 60 weeks of
age, whereas the stabilizing trend in WT mice suggests possible homeostasis of memory B cell and PC
populations over time in nonpathological settings (Figure 2, A and B). However, elevated total numbers
and flow scatter heterogeneity prompted us to further characterize this population using surface IgG
(sIg), which identifies memory-like B cells, and AA4.1, which identifies early B/pro-B cells. Flow cytom-
etry allowed us to segregate MMPP cells into 2 unique populations, AA4.1*sIgG~ and AA4.1sIgG* (Fig-
ure 2C). At 40 and 60 weeks the MMPP AA4.1" population in the Tg mice was significantly increased,
while the memory-like MMPP IgG* population was only slightly increased (Figure 2, D and E). Because
immature, developing B cells are smaller in size, whereas mature BM B cells and post—germinal center B
cells are larger, we used FSC to segregate the low- and high-scatter cell populations of the AA4.1*sIgG~
population. Both the FSC* and FSC" fractions of the B220*CD19* IgM IgD-CD138 CD80*sIgG AA4.1*
population were significantly increased in Tg mice compared with WT mice (Figure 2, F and G). Chevri-
er et al. recently detected AA4.1/CD93 expression on BM B cells that was downregulated in the spleen
until the development of pre-PC and PC phenotypes (42). Overall, these results suggested that the Tg
overexpression of XBP1s in the B cell lineage promoted survival or proliferation of both early B cells
and a post—-germinal center, pre-PC population that might contain MM CSCs. We named the B220*C-
D19 IgM IgDCD138-CD80*sIgG " AA4.1*FSC" population the plasma cell progenitor cells (PCPCs)
and the B220*CD19*IgM IgD-CD138 CD80*sIgG AA4.1*FSC® population the B cell progenitor cells
(BCPCs) because the latter phenotypically resembles an early developing B cell. Uniquely, we did not
detect these populations accumulating in the spleens of either the WT or Tg mice, confirming these phe-
notypes defined a BM population (Supplemental Figure 2).

We next performed a transcription factor analysis on the BCPCs, PCPCs, and PCs to better char-
acterize each population (Figure 3). We used Tg mice for this analysis because of expansion of the
B cell compartment, though importantly, all the studied populations were present in normal mice.
Among them, Pax5 is an important factor for maintaining B cell phenotypes and distinguishes the B
cell lineage from the PC population by inhibiting PC formation (43). Bcl6 is expressed in post—germi-
nal center cells, such as memory B cells, and has been shown to induce self-renewal in B cells (44).
Blimpl is required for PC generation and induces activation of endogenous XBP1s, which maintains
PC function (30, 32, 45). Naive B cells (B220*CD19*IgM*CD138"AA4.1*), BCPCs, and PCPCs had
significantly higher expression of Pax5 while the PC population expressed minimal Pax5 (Figure 3A).
Expression of Bcl6 was negligible in BCPCs (0.2%), with minimal expression in naive B cells (1%),
and we found more significant expression in both PCPCs and PCs (Figure 3B). We detected high levels
of Blimpl in the PCs, little expression in the BCPCs and naive B cells, and intermediate levels in the
PCPCs when compared with the BCPCs, suggesting that this population may undergo transition from
a B cell to a PC phenotype (Figure 3C). However, XBP1s expression was significantly lower among all
populations compared with the PCs (Figure 3D).

Because the MM CSC is thought to require niche or stromal interactions for survival and evasion
of therapy, we next analyzed the expression of molecules involved in cell adhesion and interaction
with the BM microenvironment, including CD49d (04 integrin) (9, 10, 12, 46, 47). We found that
both PCPCs and PCs expressed a high level of CD49d (Figure 3E). We also found that PCPCs had
increased expression of CD126 (IL-6Ra) and CD130 (gp130/IL-6Rp) (Figure 3, F and G), both of
which are regulated by the BM niche and have been implicated in MM pathogenesis (48, 49). No
detectable expression of CD126 or CD130 in the BCPCs was observed, while PCs had increased
expression of CD130 only. Naive B cells expressed high levels of CD126 and CD130, which is con-
sistent with a population targeted for maturation and mobilization to the spleen and lymph nodes
for antigen exposure.

We next examined these populations in an antigen-specific system after HSA immunization (Fig-
ure 3H), using B220*CD19*IgM IgD sIgG* memory B cells as a positive control. Mice were immu-
nized with HSA as shown in Figure 1, D and E, and BM cells were examined for each population
for cell surface binding to HSA. Indeed, HSA-specific memory B cells captured high levels of HSA-
FITC. The PC population exhibited high total but little surface binding to HSA, indicating down-
regulated slg, as expected. The PCPCs had a significant increase in surface binding to HSA-FITC
while no HSA surface reactivity was seen with BCPCs. Naive B cells did not express either surface
or intracellular HSA, which is consistent with a naive population absent of prior antigen exposure.
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Figure 1. Hematopoietic and Ig analysis of the XBP1s-Tg mouse during aging. (A) Total BM nucleated cell count in WT and Tg mice at indicated
ages (n = 8). WT (black line) versus Tg (red line). (B) Total BM B cell count (n = 8). WT versus Tg. (C) Total BM PC (B220-CD138*) count defined

by flow cytometry (n = 8). WT versus Tg. (D and E) WT (black line) or Tg (red line) mice were boosted (tertiary, 52 weeks old) with HSA, and the
serum HSA-specific IgG1 (D) and IgM (E) were examined (n = 8). One-way ANOVA was used to calculate significance. *P < 0.05. (F) Immunofluo-
rescence for glomerular deposition of IgG, IgM, « chains, and A chains in the kidneys of WT and Tg mice. (G) Immune complex deposition index of
Ig in kidneys of WT and Tg mice.n=3.In A, C, and G, *P < 0.05 was calculated using Student’s t test and error bars denote + SEM.

This experiment definitely demonstrated that the PCPC population expresses B cell receptor and may
represent an intermediate population residing in the lineage between memory B cells and PCs.

Morphological characterization of each population revealed a unique appearance of the PCPC (Fig-
ure 3I). Although BCPCs were smaller and had a large nucleus/cytoplasm ratio, the PCs were larger cells
with large basophilic cytoplasm with pale zones that would indicate the abundance of the Golgi appara-
tus and ER organelles required for antibody secretion. The PCPCs were intermediate in size between the
BCPCs and PCs and had increasingly larger cytoplasmic regions with developing pale zones, resembling
a B cell transitioning to a PC phenotype.
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Figure 2. A post-germinal center B cell increases in Tg mice with age. (A) Representative flow diagram depicting the PC stem/progenitor population phe-
notype in the BM of WT and Tg mice (n = 6). (B) Total number of MMPP cells in the BM of WT and Tg mice over advancing ages (n = 6). (C) Representative
flow plot using AA4.1, slg, and forward scatter (FSC) to identify B cell populations in the BM (n = 6). (D) Total number of AA4.1* MMPP cells (n = 6) in WT
versus Tg mice. (E) Total number of surface IgG* MMPP cells (n = 6) in WT versus Tg mice. (F) Total number of AA4.1*FSC® PCPCs (n = 6). (G) Total number
of AA41*FSCM PCPCs (n z= 6). In all panels, Student’s t test was used to calculate *P < 0.05, and error bars denote + SEM.
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Figure 3. The PCPC population demonstrates
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cells (yellow line), BCPCs (green line), PCPCs (red
line), and PCs (blue line) were examined for total
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PCPCs exhibit stem/progenitor-like phenotypes. Recent reports have demonstrated high expression of
aldehyde dehydrogenase (ALDH) in primitive hematopoietic stem cells (50). In addition, ALDH is
upregulated in CSCs isolated from breast, liver, brain, pancreatic, and hematopoietic cancers (51-54).
Additional studies have suggested that MM CSCs might exhibit ALDH activity (24, 55, 56). Using the
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ALDH enzymatic inhibitor DEAB to validate our staining protocol, we found that the PCPC population
expressed significantly higher levels of ALDH compared with BCPCs (Figure 4, A and B). In contrast,
the PC population expressed negligible levels of ALDH. The significantly higher levels of ALDH in Tg
cells compared with WT suggest a possible role for XBP1s in driving the PCPC phenotype (Figure 4C).

We next examined whether the PCPCs expressed Notchl and c-Kit, both of which are important
receptors for maintaining stem/progenitor cell populations at the BM niche and are expressed in myelo-
ma clonal cell populations (55). The PCPCs exhibited a marked increase in Notchl and c-Kit expression
compared with the BCPCs or PCs (Figure 4, D and E, and Table 1), consistent with the stem-like qualities
of this population. To determine whether the PCPC population represents a stem-like/progenitor popula-
tion, we used a classical BrdU assay to determine the proliferative/cell cycle capacity of the populations
(Supplemental Figure 3). Although total BrdU was unchanged in the BM and spleens of WT and Tg mice
over 14 days (Supplemental Figure 3A), as was seen in total B cells (B220*CD19*) (Supplemental Figure
3B), the PCPCs did exhibit higher levels of BrdU at day 14 compared with naive B cells or the BCPCs but
similar in expression of a more static population in PCs (Supplemental Figure 3C). This further suggests
that the PCPC population is actively cycling and thus may represent a progenitor-like population.

PCPC population differentiates into PCs. We next performed an experiment to compare the ability of naive
B cells, PCPCs, and PCs to give rise to antibodies in vivo. Naive B cells (B220*CD19" IgM*CD138 " AA4.1°),
PCPCs, and PCs were sorted using the gating strategy described (Figure 5A), with purity confirmed after
sorting for each population (Figure 5B). Very little cross-contamination of various subpopulations was
seen. Sorted cells were adoptively transferred into B cell-deficient B6.129S2-Ighm™!%"/J (WMT) mice,
where the only possible source of antibody in the recipient mice was either transferred cells or their deriv-
atives. The mice were kept in specific pathogen-free conditions without immunizations. As expected, we
did not detect any total IgM or IgG in the sera of naive B cell-transplanted mice over 6 months (4-month
data are shown). However, significant levels of IgG1 and IgM antibodies were detected in the PCPC-trans-
planted group. Strikingly, adoptive transfer of the terminal differentiated PC population did not reconstitute
Ig-producing capacity in the B cell-deficient mice as much as PCPCs did (Figure 5C). Because the PCPC
is clearly not a memory B cell (sIgG*) or PC (B220-CD138"), this study strongly suggests that it is indeed
part of a precursor population that is capable of efficiently generating antibody-producing PCs. Finally,
we sorted BCPCs, PCPCs, memory B cells, and PCs from XBP1-Tg mice and cultured them in vitro in
a PC maintenance condition for 7 days, without antigen stimulation. PCs retained high-scatter properties
with expression of CD138" after 7 days. The memory B cells and the PCPC population began to blast to a
size similar to that of the PCs with subsequent upregulation of CD138 expression. The BCPC population
did not acquire a PC phenotype. When examining total PCs generated in culture, we found a significant
increase in PC generation among the PCPCs compared with the memory B cells (Figure 5D). The PCs
in this in vitro culture were blasting in size as expected from a PC differentiation culture (Supplemental
Figure 4). Our data from both in vivo and in vitro experiment therefore suggested strongly that PCPCs are
precursors of PCs (Figure 6).

Discussion

Despite the advancements in both diagnosis and treatment of MM, it remains incurable, with relapse
being the major cause of morbidity and mortality. The concept of an MM CSC has been hypothesized
based on the clonal origin of the recurrent disease and progression similar to other clonal tumors (57, 58).
However, the inability to identify the progenitor-like population driving MM progression has presented a
challenge. In this study, we aimed to identify an MM progenitor—like population by using a murine model
of MM that demonstrated transitional and progressive MM disease with similar characteristics to human
diseases. We defined the mouse PCPC as B220*CD19*IgM IgD-CD138 CD80*sIgG"AA4.1*FSC" (sum-
marized in Figure 6). To our knowledge, this is the first study identifying a progenitor population of
myeloma cells with the ability to drive antibody production in vivo in a syngeneic system.

XBP1s is upregulated in myeloma cells and is involved in the maintenance of PCs (35, 37). Tg over-
expression of XBP1s in B cells induced a lymphoproliferative disease and myeloma with increased serum
Ig, kidney Ig depositions, and bone lytic lesions, mimicking the clinical observation in MM patients (38,
59). The significant finding in this study was the accumulation of post-germinal center B cell and PC
populations that increased with disease progression, consistent with studies that have established the
impact of XBP1s expression in MM pathogenesis (35, 60, 61).
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Table 1. Summary of molecular markers to identify the plasma cell progenitor cells

Transcriptional network MM signaling Stemness signaling
PC Cell surface receptor Antigen receptor Intracellular Niche
Pax5 Blimp1 Xbp1 CD49d CD126 CD130 Cell surface Total ALDH Notch1  c-Kit
BCBC +++ - + ++ - - - - + - +
PCPC P ++ ++ 4+ ++ ++ + ++ ++ 4+ ara.
PC 4+ ++++ ++++ + 4+ - A - o dedh
Mem B +4++ +44+

- indicates no expression of protein. + indicates minimal expression above isotype control. ++ indicates 2-fold expression over +. +++ indicates 3-fold
expression over +. ++++ indicates 4-fold expression over +.
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The late-B cell and the pre-PC population is traditionally assumed to contain the elusive MM stem
cell population (21). The stem cell-like characteristics of ALDH activity along with longer retention
of BrdU and the ability to reconstitute antibody production in B cell-deficient mice also suggest the
PCPCs we defined in this study are capable of long-term maintenance in vivo (54, 55, 62). Recent
evidence has supported that the BM microenvironment protects MM by inducing oncogene activity,
upregulating adhesion properties or decreasing the cell cycle, thus promoting survival and self-renewal
(63, 64). Additionally, the loss of immunosurveillance mechanisms has been proposed to contribute
to the persistence of CSCs (65, 66). The various stem cell-like qualities and transcriptional profile we
have uncovered support the PCPC as a potential MM CSC in the XBP1s-Tg model. Indeed, a link
between Bcl6 and the subsequent survival of CSCs is becoming more established (67, 68). Bcl6 tran-
scriptional signaling pathways have also been implicated in lymphomagenesis (69, 70). Further, our
study is consistent with a study suggesting that XBP1s-negative pre-plasmablast B cells are responsible
for mediating clinical therapeutic resistance (71).

Importantly, we have demonstrated that the PCPC population can be differentiated into PCs in
vitro and antibody-producing cells in vivo, a finding that is critical to establishing this population as a
PC precursor. Though in vitro differentiation occurred, it is unclear if these PCs were rapidly secret-
ing antibodies. Unfortunately, in vitro culturing of PCs has not been well documented, and most
studies of in vitro PC differentiation use human cells cocultured with stromal cell lines for additional
growth factor and cytokine support (72—74). Future studies may identify specific factors of PC differ-
entiation and maintenance in vitro that allow them to develop into PCs from germinal center B cells
to memory B cells or plasmablasts. Nevertheless, the adoptive transfer of PCPCs into mice lacking
B cells and the subsequent generation of antibodies definitively showed the progenitor status of the
PCPCs. The ability to detect secreted antibody in mice after transferring only 5 X 10* total cells sug-
gests proliferation of the PCPC and plasmablast populations that may contribute to progression and
maintenance of MM, although we were not able to track these cells in the animal because of the low
number of cells being transferred. Nonetheless, the ability of PCPCs to reconstitute antibody pools
in B cell-deficient mice was impressive compared with studies of B cells in which adoptive transfer
typically used 10- to 100-fold greater numbers of B cells (75-77).

This study supports the role of stem/progenitor cell signaling in MM and the role of XBP1s in devel-
opment and maintenance of MM. Although some aspects of the PCPC phenotype have been demonstrated
in other studies, the lack of more specific markers on these populations prevents efficient targeting of these
cells (15, 21). Additionally, these studies used human cells, requiring xenogenic transplantation and poten-
tially limiting the ability to determine “stemness” of a clonal population in generating and progressing
myeloma in vivo (22). Murine models of myeloma allow for studies of myeloma progenitor cells in vivo
with an intact host immune system. Using the XBP1s-Tg model, we have previously reported that genetic
deletion of gp96, a critical ER chaperone mediating the UPR in PCs, can attenuate MM, demonstrating
the usefulness of a syngeneic model where genetic manipulation can be done to alter specific pathways and
study disease progression (59). Though one caveat of the XBP1s-Tg model is the length of time required to
accumulate the PCPC population in mice, the ability to transition through all stages of MM as it is observed
clinically provides us a unique capability to study accrual of potential stem/progenitor populations of MM.
Newer or more improved murine models of myeloma need to be developed that accelerate studies of the
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stem-like population to induce MM tumorigenesis (78). Recent adoptive transfer models have also shown
promise in generating repeatable syngeneic transplantation results that promote MM (79, 80). Additionally,
the phenotype identified for the PCPC population needs to be translated into the human setting and phe-
notyped in patients specifically with relapsing/refractory myeloma, which may exhibit larger numbers of
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this population. Future experiments involving genetic profiling or proteomics may introduce a novel marker
that might specifically identify the PCPC/myeloma progenitor to other B cells or plasma cells, thus provid-
ing a means for specific targeting through pharmacological or immunotherapeutic approaches.

Taken together, we have identified a potentially novel progenitor population in a murine model of
MM that is phenotypically and transcriptionally different from naive B cells, memory B cells, and PCs
but has the robust ability to differentiate into PCs in vitro and in vivo. Although limited to murine studies
and a mostly cellular approach, our study has provided an important step forward in identifying and
validating the “stem” cell population in MM, which may lead to the potential development of novel stem
cell-targeted therapies for the eradication of MM.

Methods
Mice. XBP1s-Tg mice were obtained from Ronald DePinho (MD Anderson Cancer Center, Houston,
Texas, USA). Blood was collected by tail bleed, and differential counts of the CBC were performed on an
abc blood counter (scil Vet). B6.129S2-Ighm™!%"/J (WuMT) mice were obtained from The Jackson Labora-
tory (catalog 002288). Mice were bred and maintained in a specific pathogen-free facility, in accordance
with the established guidelines and a protocol approved by the Medical University of South Carolina
Institutional Animal Care and Use Committee.

Reagents. Antibodies used for flow cytometry were obtained from eBioscience, BD Biosciences,
and BioLegend (Supplemental Table 1). All other chemicals were obtained from Sigma-Aldrich and
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Thermo Fisher Scientific. IGF-1, IL-6, IL-11, and IL-21 were purchased from PeproTech. IFN-o was
provided by Beichu Guo (Medical University of South Carolina, Charleston, South Carolina, USA).

Immunization and ELISA. We immunized 12-week-old mice with 100 pg HSA coabsorbed on 2 mg
alum per mouse, with primary and secondary boosts at 3 and 16 weeks, respectively. Tertiary immuniza-
tion was performed 6 months after the secondary one using 100 ng HSA/mouse coabsorbed with alum.
PB was drawn by tail bleed. An ELISA plate was coated with 10 ug/ml HSA, and a 1:5,000 dilution of
sera was used (81). Ig levels were determined using a kit from SouthernBiotech.

Immunofluorescence and immune complex deposition. We fixed 5-um-thick cryosections of kidneys with
cold acetone for 10 minutes and then blocked them with normal rabbit serum for 2 hours at room tem-
perature. After washing, the sections were stained with goat anti-mouse IgG, IgM, «, and A antibodies
(SouthernBiotech) for 30 minutes, followed by staining with FITC-conjugated anti—goat IgG (Abcam) for
30 minutes at room temperature. Images of sections were taken under a fluorescent microscope (x200)
(Zeiss) and analyzed by AxioVision 4.4 software (Carl Zeiss Microlmaging). The percentage of glomeru-
lus involvement was determined after examining at least 60 nonoverlapping glomeruli per kidney section,
as described previously (82, 83). The immune complex (IC) deposition was quantitatively graded based
on an intensity scale from 1+ to 3+. The IC deposition index was determined by multiplying the percent-
age of involvement with the average glomerular IC deposition grade.

Flow cytometry protocols. Transcription factors were stained using BD Transcription Factor Analysis
Kit according to the manufacturer’s protocol (BD Biosciences).

For identification of HSA-specific B cells, HSA was conjugated to FITC using FluoroTag FITC Con-
jugation Kit (Sigma-Aldrich). HSA-specific B cells were detected by staining with HSA-FITC. Cells with
intracellular HSA-specific antibody were identified by first staining the cell surface markers, followed by fix-
ation and permeabilization with BD Transcription Factor Analysis Kit, then by staining with HSA-FITC.

Cell sorting. After staining BM cells with various antibodies, BCPC (B220*CD19*IgM IgD CD138"
CD80*AA4.1*sIgG FSCP), PCPC (B220*CD19*IgM IgD-CD138 CD80*AA4.1*sIgG FSC"), and PC
(B220-CD138") populations were sorted using a MoFlow Astrios (Beckman Coulter) or a BD FACSAria
ITu cytometer. The purity of the desired populations was routinely confirmed after sorting.

All flow procedures followed manufacturer’s protocols and recommendations. Cell acquisition was per-
formed on an LSR Fortessa (Becton Dickinson) followed by analysis using FlowJo software (Tree Star Inc.).

Cytospin and morphology stain. Cells were spun onto microscope slides using a Cytospin (Cytospin 4,
Thermo Fisher Scientific) and fixed and stained with Fisher HealthCare Protocol Hema 3 (Thermo Fisher
Scientific) following the manufacturer’s protocol. Images were taken with a Zeiss AX 10 microscope (Zeiss).

PC in vitro culture. After FACS, memory B cells, PCs, BCPCs, and PCPCs were placed into IMDM
supplemented with Glutamax and 10% FBS (Invitrogen). Cultures were supplemented with CD Hybrid-
oma (11 pl/ml, Invitrogen), 1X Lipid Mixture 1 (200X, Sigma-Aldrich), and 1x MEM Amino Acids
solution (50x, Sigma-Aldrich). All cells were plated and cultured in PC maintenance conditions as
described (74), including IL-6 (50 ng/ml), IL-21 (50 ng/ml) and IFN-a (500 U/ml), without antigen
stimulation. After 7 days, cells were analyzed for the presence of CD138*FSC" PCs.

ALDH enzymatic assay. Cells were cultured and stained for ALDH with Aldefluor following the man-
ufacturer’s protocol (Stem Cell Technologies).

Adoptive transfer. BM cells from 5 XBP1s-Tg mice were collected in a sterile manner and pooled. Naive
B cell (B220*CD19*IgM*CD138 AA4.1°), PCPC (B220"CD19*IgM/IgD CD138-CD80*AA4.1*FSCh),
and PC (B220-CD138") populations were sorted using a BD Aria ITu cytometer. We transferred 5 x 10*
cells from each population into pMT mice via tail vein injection (n = 4/group). Serum was collected from
mice via tail bleed at monthly intervals, and the concentrations of Ig were measured by ELISA.

Statistics. Error bars depict + SEM. Either an unpaired 2-tailed Student’s ¢ test or 1-way ANOVA
with Tukey’s multiple-comparisons test was used for statistical analysis. Each applied statistical test is
indicated in figure legends. P values less than 0.05 were considered statistically significant. All statistical
testing was done on GraphPad Prism 6. Values are expressed as mean + SEM unless stated otherwise.

Study approval. All animal experiments adhered to laws and regulations of the US Department of
Agriculture and were performed according to guidelines from the NIH (Guide for the Care and Use of
Laboratory Animals, National Academies Press, 2011). Experiments were approved by the Institutional
Animal Care and Use Committee of the Medical University of South Carolina.
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