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CD138 mediates selection of mature plasma cells by regulating

their survival
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e CD138 is required for survival
of ASCs and long-term
humoral immunity.

Antibody secreting cells (ASCs) are critical effector cells and long-lived sentinels for
immune memory. ASCs are highly dependent on exogenous soluble factors such as
interleukin-6 (IL-6) and APRIL, to prevent their cell death. We have found that the
canonical surface marker of ASCs, CD138 (syndecan-1), which is upregulated during
ASC maturation, is required in a cell-intrinsic manner to mount an effective long-term
humoral immune response following immunization. Surface expression of CD138 increased

heparan sulfate levels on ASCs, which are known to bind pro-survival cytokines, leading to increased survival in a cell-intrinsic
manner in vivo. In IL-6 and APRIL-deficient hosts, ASCs underwent extensive apoptosis independently of CD138 expression. We
propose a model in which CD138 expression on fully mature ASCs provides a selective survival advantage over less mature, newly
minted ASCs, by enhancing pro-survival cytokine signaling. (Blood. 2017;129(20):2749-2759)

Introduction

Antibody secreting cells (ASCs) are terminally differentiated B cells
that produce high quantities of antibody, critical for pathogen clearance
and long-lasting prophylaxis against secondary challenge.! ASCs,
comprising both mature plasma cells (PCs) and less mature
plasmablasts, can easily be identified as mononuclear cells with
highest surface expression of CD138, also known as syndecan-1
(sdcl), which is upregulated over a 1000-fold during ASC differ-
entiation.” However, CD138 is also expressed at high levels in
epithelial cells and at lower levels on a variety of cell types, including
endothelial cells and fibroblasts, with a diverse array of functions.>*
Thus, although the function of CD138 has been studied in the context
of many diseases,” understanding the cell-intrinsic function of CD138
on ASCs has proven problematic.

CD138 is amember of the syndecan family of type I transmembrane
proteoglycans, comprised of a core protein, and glycosylated with
chondroitin and heparan sulfate (HS) moieties.” Among its many
functions, CD138 has been implicated in wound healing,® cell
adhesion,’ endocytosis,® and may translocate to the nucleus.” Hundreds
of proteins can bind to CD138, including extracellular matrix com-
ponents, integrins,'® growth factors,' cytokines,'> and chemokines.'?
The ectodomain of CDI138 can also be shed, which can affect its
function and stability.>'*

Interest in CD138 function has focused greatly on its role in cancers,
particularly in vitro models of multiple myeloma and breast cancer. In
myeloma, CD138 has been shown to bind the survival factor APRIL,"
and act as a co-receptor to bind growth factors, such as hepatocyte
growth factor and epidermal growth factor to promote cell survival
and proliferation in the bone marrow (BM). 1617 hcreased serum levels
of shed, soluble CD138 is linked with poorer overall survival in
myeloma.18

Despite a plethora of studies on CD138 in other contexts, and its
high expression on ASCs, its function on normal ASCs generated
during humoral immune responses is unknown, particularly in vivo.
Some have speculated that CD138 might not be required for normal PC
function,' given the lack of an overt pathology in unchallenged sdc1-
deficient mice maintained in pathogen-free conditions.* Nevertheless,
using a cell transfer model, we find a direct cell-intrinsic role for CD138
on ASC survival in vivo, by promoting pro-survival cytokine signaling
that contributes to the selection of more mature ASCs during immune
responses.

Materials and methods
Mice

C57BL/6 CD45.1" (B6.SJL) mice were used as recipients (Charles River).
IL-6 '~ and APRIL ™~ mice were obtained from The Jackson Laboratory.
Sdcl™ ’,20 B1 -Shigh,21 and Blimpl1 -YFP?? mice were generated previously and
bred in-house. For chimeric animals, 2 million donor BM cells were IV injected
into lethally irradiated recipient mice and used 6 weeks later as recipients.
The Institutional Animal Care and Use Committee approved the animal work
conducted in this study.

Cell preparation and immunization

For cell transfer experiments, recipient mice were immunized intraperitoneally
(IP) with ovalbumin (OVA) (50 wg) precipitated in Alum (Thermo Scientific)
to generate OVA-specific T cells. After 2 to 4 weeks, mice received IV
adoptive transfer of 2 X 10 naive B cells that were purified by CD43 depletion
(Miltenyi Biotec). The following day, mice were boosted with 50 pg/mouse
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of nitrophenyl (NP)-conjugated OVA (NP-OVA) (NP[16]; Biosearch Tech-
nologies) by subcutaneous injections distributed into the footpads, handpads,
and base of the tail to target draining lymph nodes (LNs). IP injection of
NP-OVA emulsified in alum for spleen immunization. For NP-specific
antibody measurements, mice were injected subcutaneously into the footpads,
handpads, and base of the tail with NP-OVA directly emulsified in alum.
For examination of ASCs in BM on day 28, mice were immunized with
NP-keyhole limpet hemocyanin (KLH) emulsified in alum. For in vitro
assays, purified naive B cells were cultured at 37°C in RPMI media with
10% fetal calf serum, penicillin-streptomycin-L-glutamine, 3-mercaptoethanol
(0.05 mM), and lipopolysaccharide (LPS) (20 pg/mL; Sigma). Human
blood samples were obtained from de-identified healthy donors.

Antibodies and flow cytometry

Antibodies for human and mouse staining were obtained from eBioscience,
BioLegend, or BD Biosciences, and were titrated for saturating concentrations
and used with fragment constant blocking antibody. For human staining, CD138
(clone B-A38) from Bio-Rad Laboratories was used. For Ki67 and Foxp3
staining, Foxp3 Staining Kit was used (eBioscience). For caspase 3, B-cell
lymphoma 2 (Bcl-2), and mantle cell leukemia 1 (Mcl-1) staining, a cytofix/
cytoperm kit (BD) was used. Annexin V kit (eBioscience) was used as directed.
For phosphorylated STAT 3 (pSTATS3) protein staining, cells were serum starved
in RPMI (30 minutes), incubated with mouse IL-6 or IL-21 (10 ng/mL,
20 minutes; BioLegend), fixed in 2% paraformaldehyde, permeabilized with
ice-cold methanol, washed, and antibody stained. For HS quantification, 10E4
antibody (Amsbio) was conjugated to Alexa 647 in-house and used to stain
cells, with or without heparinase III (2U; Sigma) pretreatment. For cell division
assay, B cells were labeled with CellTrace Violet. Fluorescent counting beads
(Spherotech) were routinely used. Flow cytometric analysis was carried out using
a BD LSR II or FACSCalibur (BD Biosciences).

Enzyme-linked immunosorbent assay (ELISA)

Immunoglobulin M (IgM)- and IgG-specific antibodies against NP were
detected, and NP-bovine serum albumin (BSA) (either NP16 or NP3) was titrated
and used as a capture antigen at 2 pg/mL. Serial dilutions of serum samples were
plated at 1:1000 starting concentration. Purified NP-specific antibody, 9T13, was
used to quantify antibody levels. IgG- or IgM-horseradish peroxidase (Jackson
ImmunoResearch Laboratories) was used with tetramethylbenzidine substrate
(Calbiochem) for detection.

Enzyme-linked immunospot (ELISPOT) assay

Plates (MAHAS4510; Millipore) were coated with NP(23)-KLH (20 wg/mL;
Biosearch Technologies) and incubated overnight at 4°C. Plates were
washed with phosphate-buffered saline and blocked overnight with
phosphate-buffered saline and 1% BSA. Cells (diluted from 500 000 per
well) were plated and incubated overnight at 37°C, and washed and
detected with anti—IgG-horseradish peroxidase with tetramethylbenzi-
dine (Mabtech, Inc.).

Two-photon microscopy

For imaging experiments, mice were prepared as previously described.?> To
analyze apoptosis in vivo, XYZT movies were manually analyzed for
the acute appearance of cell blebbing and debris by a trained observer, who
was blind to the conditions. Apoptotic events were normalized vs time
and measurements pooled between several movies from 3 independent
experiments per condition.

Statistical analysis

Mean value and standard error of the mean (SEM) were calculated. Unpaired,
two-tailed Student ¢ tests were used to calculate significance between the

2 groups.
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Results

Deficient antigen-specific antibody response in mice lacking
CD138 expression

The surface expression of CD138 is a hallmark of ASC maturation?;
however, there are no definitive studies characterizing whatrole CD138
plays in normal ASC development in vivo. Therefore, we compared
antibody production in sdc1-deficient mice (sdc1 ") and wild-type
(WT) control mice following immunization with NP-OV A precipitated
in alum. The IgG response was significantly reduced in sdcl '~ mice
at all measured time points with a greater than threefold reduction
by day 60 following immunization (Figure 1A). On day 7 after
immunization, serum levels of anti-NP IgM in mice were weak and
completely extinguished by day 28 or later (Figure 1B). At these
low levels, we were not able to detect significantly reduced serum
levels of IgM in WT compared with sdc1 ~/~ mice, but there was a
slight trend similar to that of IgG.

Next, we quantified the number of NP-specific [gG ASCsin the LNs
of mice using ELISPOT on day 8 following immunization. We found
fewer NP-specific IgG* ASCs in the LNs of sdc1 '~ mice compared
with WT controls (Figure 1D), consistent with the ELISA data. Because
CD138 is a critical surface marker for ASC identification and is not
expressed in sdc1 ™'~ mice, we bred sdc1 '~ mice with Blimp1-YFP
reporter allele, which expresses YFP in ASCs>* and allows analysis of
ASCs by flow cytometry. Analysis of YFP™ NP-specific ASCs on day
8 after immunization showed decreased ASCs in sdcl /~ compared
with WT mice, both in IgG* and IgM™ ASC subsets (Figure 1E),
confirming the ELISPOT and ELISA measurements. Numbers of
IgM* ASCs were extremely low confirming our ELISA data, however,
we see a similar proportion of IgG to IgM in the sdc1 ™/~ mice
(Figure 1E). To assess the long-term effects of sdcl deficiency on
ASCs, we examined NP-specific ASCs in the BM by ELISPOT on
day 60 following immunization and found fewer cells in sdcl1 ™/~
mice compared with WT mice (Figure 1F). We conclude that
CD138 is required for long-term humoral immunity.

Because ASCs can arise from extrafollicular responses or germinal
centers (GCs), we assessed if changes in humoral responses were as a
result of poor B- or T-cell responses. However, we found no difference
in the frequency of TFH cells, TFR cells, and GC B cells in sdc1 ™~
mice compared with WT controls on day 7 after immunization
(Figure 1G-I). In addition, affinity maturation was not altered in sdc1 ™/~
mice compared with WT mice (Figure 1C). Thus, the defect in the IgG
antibody response after immunization of sdc1~’~ mice was not caused
by a weaker GC reaction, consistent with the initiation of CD138
expression only at the plasmablast cell stage following GC exit.***

CD138 promotes ASC accumulation and maturation

Because sdc1 ™/~ mice lack CD138 in all cell types, including endo-
thelial cells, HSCs, and lymphocyte precursors, it is difficult to as-
sess if the defect in ASC accumulation is cell autonomous. Therefore,
we developed an antigen-specific model to track the cell intrinsic role of
CD138 in CD138 sufficient hosts. To track antigen-specific ASCs in
vivo, we bred WT and sdel1 ™'~ mice expressing the Blimp-1-YFP*
allele, which is expressed in both WT and sdc1-deficient ASCs equally
well, together with the B1-8"&" heavy chain Ig allele, which produces
a high-affinity NP-specific B-cell receptor (when matched with \ light
chain).>* Purified naive B cells from these donor mice were co-
transferred into WT recipients (as in Figure 2A), which allowed us to
compare responses in the same host and assess any cell-intrinsic defects
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Figure 1. The post-GC humoral immune response is compromised in the absence of CD138 expression. (A-C) Mice lacking CD138 expression (sdc1 ~/~) or WT mice
were immunized subcutaneously with NP(16)-OVA precipitated in alum and bled on the indicated days. (A) NP-specific levels of total |gG were measured by ELISA.
Quantification represents pug/mL IgG. Dotted line highlighted by # represents the mean NP-specific IgG response of unimmunized naive mice. (B) NP-specific levels of total
IgM were measured by ELISA. Quantification represents O.D. Dotted line highlighted by # represents the mean NP-specific IgM response of unimmunized naive mice. (C)
ELISA was used to examine affinity maturation by measuring the ratio from the binding of low-affinity IgG to NP(15) and higher-affinity IgG binding to NP(3). (D)
A representative ELISPOT image of draining LN cells from WT or sdc1 ™'~ mice 8 days after immunization. Graph shows quantification (mean + SEM) of NP-specific IgG ASCs per
10° LN cells. (E) Graph depicts the total number of IgM™ or IgG™ antigen-specific (NP*YFP™) ASCs in the LN of immunized WT and sdc1™/~ mice (left). Stacked bar
graph shows the percentage of IgM* or IgG* antigen-specific (NP™) YFP* ASCs on day 8 following immunization of WT and sdc1~/~ mice (right). (F) ELISPOT analysis of
BM cells from WT and sdc1~/~ mice 60 days after immunization. Graph represents mean (= SEM) of the number of NP-specific ASCs per 10° BM cells. (G-H) CD4+B220~
PD-1*CXCR5*Foxp3~ TFH cells and CD4"B220 PD-1"CXCR5"Foxp3* TFR cells were examined by flow cytometry on day 7 following immunization of WT or sdc1™/~
mice. Gating strategy and representative dot plots of TFH and TFR cells are shown. (G). Graphs show the percentage of TFH or TFR cells in the LN of non-immunized
(naive) and immunized mice. () B220"GL7*Fas™ GC B cells were measured by flow cytometry on day 7 following immunization. Graph represents the percentage of GC
B cells in either naive or immunized WT or sdc1~/~ mice. *P < .05; **P < .01; ***P < .001. ns, not significant; O.D., optical density; TFH, T follicular helper; TFR, T follicular
regulatory.
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Figure 2. CD138 expression promotes ASC accumulation and maturation. (A) Diagrammatic representation of the cell transfer and immunization protocol. CD45.1/2
WT cells and CD45.2 sdc1™~/~ cells were injected at a ratio of 50:50. (B) Gating strategy and representative dot plots of B220*GL7"Fas™ GC B cells from WT (blue;
co-stained for CD45.1 and CD45.2) and sdc1™/~ (red; CD45.2") cells 7 days after secondary immunization. Graph represents the percentage of GC B cells generated on
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during ASC differentiation. On day 7 post-boost with NP-OVA, we
measured the peak production of NP-specific (YFP') ASCs. A
stringent gating strategy combining congenic markers (CD45.17"
CD45.2™") and CD138 expression was used to identify WT and sdc1-
deficient ASCs derived from the transferred B cells (Figure 2C). Both
WT and sdcl "~ B cells expanded and differentiated into GC B cells
(Fas"GL7") to a similar extent after immunization (Figure 2B),
consistent with direct immunization of WT and sdc1 ™~ mice (Figure 11).
Notably, we found that both the total numbers and frequency (normalized
to subset size) of WT NP-specific YFP* ASCs in the draining LN
were threefold higher than sdc1 ™'~ ASCs (Figure 2C-D). To confirm
these results, we used a primary immunization approach of NP-OVA
emulsified in alum and examined YFP* ASC generation on day 8
obtaining similar results (data not shown). To compare if these effects
were organ specific, we used IP direct immunization of NP-OVA in alum
and found ASCs generated in the spleen were also derived predominantly
from WT B cells (Figure 2E). Consistent with the LN and spleen data on
day 7, we observed significantly more WT ASCs in the BM 28 days
following primary immunization (Figure 2F).

Blimp-1 levels increase during PC differentiation, with the most
fully mature cells expressing the highest levels.>> Similarly, Blimp-1-
YFP reporter expression starts at the plasmablast stage and increases
with PC differentiation,”> as does the Blimp-l1—green fluorescent
protein reporter.”® We found that sdc1-deficient ASCs had lower YFP
levels compared with WT ASCs both in vivo and in situ (Figure 2G-H).
Within the YFP'™" range of ASCs, we observed no difference in the
numbers of WT vs sdcl ™/~ ASCs, but in the YFphigh gate, ASCs were
predominately WT derived (Figure 2G). Therefore, the failure to detect
equivalent numbers of YFP"€" sdc1 ™/~ ASCs suggests a failure during
late maturation or defects in survival pathways found exclusively in
fully mature ASCs.

ASCs lacking CD138 are more prone to apoptosis

We next assessed whether defects in differentiation, proliferation, or
survival pathways could account for the lack of YFP™&" sdc1~/~ ASCs.
To assess ASC differentiation, we generated in vitro B-cell blasts from
mixed cultures of WT and sdc1 ™~ naive B cells using LPS, and ob-
served no difference in proliferation rate (Figure 3A) or plasmablast
differentiation (YFP generation) on day 3 (Figure 3B-C). However, by
day 6 of culture, as plasmablasts began to die, we observed a reduced
percentage of YFP™" cells in the sdc1 ™~ population compared with
WT cells suggesting a potential survival defect (Figure 3C). Although
we did not observe significant differences in apoptosis between total
WTandsdel ™~ plasmablasts in vitro cultures (data not shown), we did
find that among WT plasmablasts, apoptosis was occurring exclusively
within the immature CD138 ™ subset, both by Annexin V* and cleaved
caspase 3+ measurements (Figure 3D). Furthermore, we examined
human ASCs from peripheral blood of healthy donors and identified
CDI138" and CD138~ subpopulations within the CD19'°¥CD20"
CD38"e" compartment. Similar to murine ASCs, the CD138™ fraction
was less prone to apoptosis (Figure 3E).

CD138 MEDIATES ASC SURVIVAL 2753

Next, we assessed ASC survival and proliferation in vivo.
Consistent with the in vitro data, sdcl ~’~ ASCs proliferation was
similar to WT ASCs, based on Ki-67 labeling (Figure 3K). However,
sdc1 '~ ASCs were more apoptotic compared with WT ASCs, both by
Annexin V (Figure 3F) and cleaved caspase 3 staining (data not shown),
but we found no survival difference in the YFP-negative, non-ASC
populations of transferred cells, suggesting the defect was ASC specific
(Figure 3F). On day 7, within the YFP™ ASC WT population, there are
both CD138" and CD138™ subsets reflecting mature and immature
ASCs populations, respectively.”> We found that the WT CD138"
fraction was approximately sixfold more apoptotic than the CD138*
fraction (Figure 3G).

To assess apoptosis in situ, we used our transfer model as before, but
only transferred either WT or sdc1 '~ donor B cells into recipient mice,
and assessed apoptosis directly using time-lapse intravital two-photon
imaging in the medullary cords of the popliteal LN on day 7 after
immunization. Using this approach, we observed and scored an in-
creased frequency of apoptotic events (based on membrane blebbing
leading to cell rupture) in sdc1 '~ ASCs as compared with WT ASCs
(Figure 3H; supplemental Movie 1, available on the Blood Web site),
which correlated with our ex vivo results.

Next, we assessed if changes to pro-survival factors known to be
involved in ASC survival were altered in CD138-deficient ASCs. We
compared WT and sdc1-deficient ASCs generated in vivo following
immunization for expression of Bcl-2 and Mcl-1,%® both implicated in
PC survival. We found greater expression of the pro-survival proteins
Bcl-2 and Mcl-1 in WT ASCs compared with sdc1-deficient ASCs
(Figure 3I-J). Within the WT ASC population that is composed of both
mature (CD138") and immature (CD138 ) ASCs, Bcl-2 and Mcl-1
were preferentially expressed in the CD138™ fraction (Figure 3I-J).
Collectively, these data show that surface expression of CD138 on
ASCs does not impact early ASC differentiation or proliferation, but
rather promotes or correlates with cell survival of mature CD138"
ASCs.

ASCs lacking CD138 have reduced levels of IL-6 signaling

Although CD138 is largely incapable of signaling alone, it has been
shown to function as a co-receptor in nonhematopoietic cells®® and can
bind cytokines via its HS chains, including APRIL, that promotes ASC
survival in the BM.*° Similarly, IL-6, an important factor in both ASC
maturation and survival, has been shown to bind to HS?!' and CD138.32
Sdc1 ™~ mice have also been reported to have higher IL-6 serum
levels.>* Therefore, we investigated if the defect in sdcl '~ ASC
survival was related to pro-survival cytokine signaling.

To assess if IL-6 signaling in ASCs is dependent on CD138
expression, we examined levels of pSTAT3, which is a transcription
factor that functions downstream of IL-6 receptor activation.*® Using
our co-transfer model system as before (Figure 2A), we measured
PSTAT3 levels on ex vivo NP-specific (YFP™) ASCs on day 7
following immunization. Steady-state levels of pSTAT3 in ASCs
were undetectable ex vivo (data not shown). Therefore, we stimulated

Figure 2 (continued) day 7 following immunization. (C) Gating strategy showing the detection by flow cytometry of NP-specific YFP™ ASCs on day 7 following immunization.
WT (blue) ASCs co-stain for CD45.1 and CD45.2, whereas ASCs lacking CD138 expression (red) stain for CD45.2 only. CD138 expression was used to delineate WT gating.
(D-E) Percentage (left) and frequency (right) of WT and CD138-deficient ASCs in the LN (D) and spleen (E) of host mice on day 7 after immunization. Results are expressed
relative to total transferred B cells. Mice were immunized with NP-OVA either by a subcutaneous route in the case of LN data or by IP immunization for spleen data. (F)
Percentage and frequency of WT and CD138-deficient ASCs in the BM of host mice 28 days after primary immunization with NP-KLH emulsified in alum. (G) ASC maturation
is characterized by increased YFP expression. Maturation was measured by examining the mean fluorescence intensity (MFI) of YFP expression in sdc1-deficient ASCs
relative to WT ASCs (sdc1~/:WT). (H) YFP* ASCs from WT or CD138-deficient ASCs in the medulla of surgically exposed LNs were examined by two photon microscopy on
day 7 following immunization. YFP intensity of individual cells was measured and the mean was calculated. Graph represents the mean (= SEM) of YFP intensity from
3 independent experiments. *P < .05; **P < .01; ***P < .001. ns, not significant; SSC, side scatter.
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Figure 3. In vitro and in vivo ASC survival is dependent on CD138 expression. (A-D) Purified B cells from WT and sdc1-deficient mice (sdc1 /") were cocultured in vitro
with LPS for 3 days and ASC generation (YFP*) was examined. (A) Purified B cells from WT and sdc1™'~ mice were pre-labeled with celltrace violet, and analyzed for cell
division up to day 6 of culture. Resting B cells cultured in the absence of LPS were used as a control. (B) Flow cytometry gating strategy depicting a contour plot of YFP* ASCs
generated following culture. WT (blue) ASCs were distinguished from CD138-deficient ASCs (red) by the expression of CD45.1 using flow cytometry. (C) The percentage of
YFP* ASCs generated by in vitro culture is demonstrated on day 3 and day 6 and expressed as a percentage of total cells. (D) YFP™ ASCs derived from WT B cells were
examined for apoptosis on day 3 after culture with LPS. Mature CD138"YFP" ASCs were distinguished from immature CD138~ ASCs by flow cytometry, and apoptosis was
examined using Annexin V or activated caspase 3 staining. (E) Human PBMCs were examined by flow cytometry. Gating on CD19°*CD20~CD38"%" cells revealed CD138™
and CD138" fractions that were examined for Annexin V staining. Representative contour plots are demonstrated. (F-K) YFP" ASCs were generated in vivo following co-
transfer of purified naive B cells from WT and sdc1 ™/~ mice and immunization with NP-OVA (protocol depicted in Figure 2A). (F) Cells from the dLN of immunized mice were
stained for Annexin V to examine apoptosis and analyzed by flow cytometry. The percentage of apoptosis in YFP* ASCs or YFP~ transferred cells is depicted (WT [blue];
sdc1~/~ [red]). (G) Within the WT ASC compartment, mature CD138"YFP* ASCs were distinguished from immature CD138~ ASCs by flow cytometry. A representative dot
plot is shown (left). The graph represents the percentage of cell apoptosis within the CD138" and CD138~ subsets in dLN of immunized mice (right). (H) Intravital two-photon
microscopy was performed on the surgically exposed popliteal LNs of immunized mice. Myeloid cells (blue), ASCs (green), naive B cells (red), and collagen (purple) could be
distinguished from one another. A representative image of an apoptotic event is depicted. Apoptotic events were recorded and quantified in a blinded manner (left). Graph
represents the number of apoptotic events observed per hour (right). (I-J) Cells from the dLN of immunized mice were stained for Bcl-2 (1) or Mcl-1 (J), and analyzed by flow
cytometry. Graph depicts MFI in YFP™ ASCs from either WT (blue) or sdc1 ™ ~-derived (red) cells. Within the WT ASC compartment, mature CD138"YFP™ ASCs (open
circles) were distinguished from immature CD138~ ASCs (closed circles) by flow cytometry, and graph depicts MFI. FMO controls included. (K) dLN cells were stained with
ki67 to examine proliferation by flow cytometry. WT YFP* (red) and CD138-deficient YFP* (blue) ASCs are depicted in a representative histogram. *P < .05; **P < .01;
***P < .001. dLN, draining lymph nodes; FMO, fluorescence minus one; ns, not significant; PBMCs, peripheral blood mononuclear cells.
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cells ex vivo with rIL-6 and found that sdc1 '~ ASCs produced less
PSTAT3 than WT ASCs (Figure 4A). Interestingly, within the YFP™*
WT population, ~80% of the CD138" fraction were pSTAT3™
compared with ~40% of the CD138 " fraction (Figure 4B), indicating
that CD138 was promoting IL-6 signaling. A similar STAT3 phos-
phorylation pattern was observed in peripheral human CD19*°*CD20~
CD38"e" ASCs with the CD138™ fraction being preferentially phos-
phorylated (Figure 4C).

IL-6 signaling was dependent on the IL-6 receptor because in vitro
blockade of CD126 or gp130 (CD130) subunits®* ablated phosphor-
ylation of STAT3, equally in both WT and sdc1 "~ ASCs (not shown).
Furthermore, surface expression of CD126 and CDI130 were
comparable in WT and sdc1 ™/~ ASCs generated in vivo (Figure 4D),
ruling out changes in expression as a possible mechanism for altered
pSTATS3.

To rule out any global changes in the STAT3 pathway that could
correlate with ASC maturation, we tested IL-21 signaling in ASCs.
IL-21 is known to activate the STAT3 pathway in B cells,* but unlike
IL-6, it is not thought to bind to HS.'? IL-4 and IL-13 have also recently
been shown not to bind to CD138.3¢ Therefore, we treated ASCs ex
vivo with recombinant IL-21 and found that pSTAT3 expression was
independent of CD138 expression (Figure 4E).

Based on these results and previous reports, we tested if CD138
functions by binding cytokines or enhancing receptor sensitivity.
Using in vitro generated plasmablasts to measure pSTAT3 activa-
tion following IL-6 administration, we found that CD138 enhanced

efficiency of IL-6 signaling, but only at subsaturating cytokine levels
(Figure 4F). Although HS is expressed on various surface proteins,
we tested if CD138 expression altered total HS levels on mature
ASCs, thereby promoting preferential binding of pro-survival cytokines
compared with immature ASCs lacking CD138 expression. We
quantified HS chains on both WT and sdcl-deficient YFP™ ASCs
generated in vivo and observed that total HS chains on sdc1-deficient
ASCs were more than twofold decreased compared with WT CD138™
ASCs (Figure 4G). Indeed, HS chain levels were comparable between
the CD138-negative fraction of WT ASCs and sdc1-deficient ASCs,
further supporting our contention that CD138 represents the dominant
source of HS sidechains on mature ASCs. Treatment of cells with
heparinase III that enzymatically removes the HS chains ablated anti-
HS staining (Figure 4G). Thus, the reduction in IL-6-mediated STAT3
phosphorylation in sdcl-deficient ASCs compared with WT ASCs,
as well as in the CD138™ fraction of WT ASCs compared with
the CD138 " fraction is consistent with a reduced expression of HS
sidechains in ASCs lacking CD138.

IL-6 and APRIL promote ASC survival and accumulation in a
CD138-dependent manner

To test if CD138 was required for IL-6 signaling in vivo, we compared
WT and sdcl™’~ ASCs generated as before (Figure 2A) in
IL-6-deficient vs WT recipients. Indeed, in IL-6 /™ recipients, the
production of YFP" ASCs was similar between WT and sdel ™/~
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Figure 4. CD138 expression on ASCs promotes IL-6 signaling. (A-B,D) Mice were co-injected with purified transgenic B cells from WT and sdc1 ™/~ mice, immunized, and

examined for YFP™ ASCs on day 7. (A) dLN cells were briefly serum starved, incubated in the presence of recombinant IL-6 (rIL-6) for 20 minutes and analyzed for
intracellular pSTAT3 by flow cytometry. Graph represents mean (+ SEM) of YFP*pSTAT3" cells. (B) Within the WT ASC compartment, mature CD138" YFP* ASCs were
distinguished from immature CD138~ YFP" ASCs by flow cytometry, and stained for pSTAT3 following ex vivo stimulation by rlL-6. Representative flow cytometry dot plots
depict prior to (media) and after (+rIL6) rlL-6 stimulation (left). Graph represents mean (= SEM) of the percentage of YFP"pSTAT3" cells from each subset (right). (C)
Human PBMCs were examined by flow cytometry. Graph represents mean (+ SEM) of the percentage of CD19°"CD38"'9" ASCs positive for pSTAT3 from within the CD138™
or CD138" subsets following ex vivo stimulation by human rIL-6. (D) The dLN from immunized host mice were examined by flow cytometry. YFP* ASCs derived from either
WT or sdc1-deficient B cells were examined for IL-6a receptor (CD126; left) or IL-68 (CD130; right) receptor expression. Graphs show mean of MFI from either WT (blue) or sdc1 ™~
(red) cells. (E) dLN cells from immunized mice were briefly serum starved, incubated in the presence of rIL-6 or rIL-21 (10 ng/mL) for 20 minutes, and analyzed for
intracellular pSTAT3 by flow cytometry. Graphs show mean (+ SEM) of the percentage of YFP™ cells stained for pSTAT3. (F) Purified B cells from WT and CD138-
deficient mice (sdc1~/~) were cocultured with LPS to generate ASCs in vitro. On day 3, cells were incubated in media in the presence (fresh) or absence (serum starved)
of fetal calf serum, and stimulated with rIL-6 (either 1, 5, or 10 ng/mL). pSTATS levels were examined by flow cytometry. Graph depicts mean (+ SEM) of the percentage
of YFP"pSTAT3" cells. (G) In vivo generated YFP* ASCs were stained with 10E4 antibody to detect HS. Heparinase Ili-treated cells that lack HS surface expression
is used as a control. Graph represents the MFI of 10E4 expression on various subsets relative to heparinase IlI-treated cells. *P < .05; **P < .01; ***P < .001. ns, not
significant; PBMCs, peripheral blood mononuclear cells.

populations, in contrast to WT recipients (Figure SA). This was due
to increased apoptosis of CD138" WT ASCs in IL-6-deficient
recipients not seen in WT recipients (Figure 5B). Similar results were
obtained in APRIL-deficient hosts (Figure 5A-B), suggesting that
both HS-binding cytokines contribute to ASC survival in the LN.
Intravital imaging revealed significant increases in ASC apoptosis in
IL-6 hosts, which were occurring at similar frequencies in WT and
sdc1 ™/~ subsets (Figure 5C; supplemental Movie 2).

Many populations of cells can produce IL-6 and APRIL in the LN,
however, it is unclear which population is functionally required to
promote ASC survival. To assess if host-derived cytokines supporting
ASC survival were produced by stromal or hematopoietic lineages, we
lethally irradiated WT hosts and reconstituted with WT, IL-6""~ or
APRIL™'~ BM. We found that although WT BM could promote

CD138" ASC survival, both IL-6 '~ and APRIL ™'~ BM could not,
suggesting these pro-survival cytokines were produced by radiation-
sensitive cells in the LN (Figure 5A). Further dissection of IL-6—
secreting populations did not conclusively reveal a specific lineage of
hematopoietic cells promoting ASC survival (data not shown).

To test if APRIL and IL-6 deficiencies altered pro-survival
pathways in a CD138-dependent manner, we examined Bcl-2 and
Mcl-1 levels in ASCs using our co-transfer model. We found that
although WT ASCs, which had higher levels of Bcl-2 and Mcl-1 levels
as compared with sdcl ™~ ASCs in WT hosts (Figure 3H-I), we
saw this difference diminished in IL-6 and APRIL-deficient
hosts (Figure 5D-E). Similarly, we found that in the WT ASC
population, CD138" ASCs has higher Bcl-2 and Mcl-1 expression
than CD138  ASCs in WT hosts, but these effects were diminished
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Figure 5. IL-6 and APRIL in concert with CD138 expression promote ASC survival. (A-E) Purified transgenic B cells from WT and sdc1

~'~ mice were injected into host

mice in which the hematopoietic cells were either WT, IL-6 deficient (IL-6 /"), or APRIL deficient (APRIL™'"), and immunized and examined for YFP* ASCs on day 7. (A)
Graph depicts the percentage of WT and sdc1™~ ASCs from the LN in the different host mice. (B) WT ASCs were examined for apoptosis by Annexin V staining.
Representative contour plots are shown (left). Graph depicts percentage of apoptosis in the CD138"* compartment of WT ASCs in WT, IL-6/~, or APRIL ™'~ hosts. (C) As in
Figure 3H, intravital two-photon microscopy was performed on the surgically exposed popliteal LNs of immunized mice. Apoptotic events were recorded and quantified in a
blinded manner. Graph represents the number of apoptotic events observed per hour. (D-E) WT and sdc1 ™/~ ASCs from the LN in the different host mice were examined for
intracellular expression of Bcl-2 (D) and Mcl-1 (E). Graphs depict the MFI. *P < .05; **P < .01. ns, not significant.

in cytokine-deficient recipients (Figure SD-E). However, as expected,
the absence of a single cytokine did not completely ablate CD138’s
pro-survival effect, suggesting that CD138 has pleiotropic effects,
including binding multiple survival cytokines.

Collectively, these data suggest that CD138 plays a major role in the
protection of mature ASCs from pre-mature apoptosis by using its HS
chains to substantially increase IL-6 and APRIL presentation to their
receptors on PCs, leading to increased cytokine signaling.

Discussion

Survival of ASCs is paramount for producing antibody in the acute
phase of infection and ensuring sufficient time to reach long-term
survival niches in BM>® and spleen. CD138 expression on ASCs has
been a hallmark for identifying mature PCs; but until now, its function
has been unclear. We show that although CD138 is not required to

generate ASCs, its surface expression gives a survival advantage by
increasing IL-6 and APRIL signaling. Even with equivalent levels of
IL-6 receptor, signaling was enhanced by CD138 expression. IL-6 has
long been known to be a key survival factor in PC survival,*>*' and we
demonstrate here that CD138 is central to the mechanism by which IL-6
and APRIL is able to exert its survival-promoting function. Although
CD138 can be shed from mature ASCs** by several mechanisms
including apoptosis, we find the majority of the CD138 "~ cells that were
Annexin V" expressed low YFP levels (data not shown), suggesting
immature ASCs are the apoptotic population rather than mature ASCs
that have lost CD138 surface expression. Moreover, in IL-6—deficient
recipients, we find CD138 downregulation is not required for apoptosis
(Figure 5B).

A prior study found that heparin, which is structurally analogous
to the HS moieties on CD138, bound IL-6 and caused a fourfold
decrease in the rate of IL-6 degradation.*! Thus, we propose that CD138
expression gives more mature ASCs a survival advantage over less
mature ASCs, by binding, preserving, and presenting cytokines to ASC
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surface receptors,*® in a competitive niche. This pathway would
preferentially promote survival of the more mature ASCs, which
express the highest levels of CD138. This may be a competitive
process, ensuring survival of long-lived high affinity PCs is not
compromised by the influx of newly minted plasmablasts, which could
destabilize long-term immunity. Moreover, limiting immature PCs can
be an important immune checkpoint, preventing excessive inflamma-
tion or the emergence of autoreactive plasmablasts, which are often
immature and associated with lymphoid tissues.** This would explain
why we and others find no overt difference in the steady-state number of
ASCsinolder WT vs sdcl /™ mice? (datanot shown). However, in the
absence of CD138, humoral responses were compromised.

CD138 is the dominant HS bearing proteoglycan on ASCs. In the
absence of CD138, HS levels on ASCs were minimal. We propose
CD138 may associate with the IL-6 receptor or, alternatively regulate
IL-6 receptor clustering, in addition to binding the ligand IL-6.
A similar model for HS has been reported for fibroblast growth
factor receptor binding to its ligand.** In a recent study, Beauvais
et al demonstrated that CD138 can complex with insulin-like growth
factor-1 receptor (IGF-1R) and oVBS5 integrin, promoting auto-
phosphorylation of IGF-1R and prevention of apoptosis in myeloma
cell lines.*® Although sdc1 ™'~ ASCs had lower IGF-1R phosphor-
ylation than WT ASCs (data not shown), we do not expect this
pathway to be related to cytokine signaling, as we have shown here.

As in normal ASCs, CD138 also mediates inappropriate survival
of malignant ASCs or myeloma cells. CD138 small interfering RNA
knockdown promoted myeloma cell apoptosis,”’ leading to reduced
growth in vivo.*® Growth factors such as hepatocyte growth factor and
epidermal growth factor also use surface bound CD138 as a co-receptor
to promote malignant cell survival and proliferation in the BM.'%"
Overall, these findings are consistent with the role of CD138 as a
versatile co-receptor and suggest that CD138 might accommodate the
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surface accumulation of different survival signals depending on the
survival niche. Therapies directed against CD138 and IL-6/IL-6R are in
various stages of clinical trial'®**° and based on our results, should
have implications on long-term immune function.
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