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CD28 Promotes Plasma Cell Survival, Sustained Antibody
Responses, and BLIMP-1 Upregulation through Its Distal
PYAP Proline Motif

Cheryl H. Rozanski,* Adam Utley,* Louise M. Carlson,* Matthew R. Farren,*

Megan Murray,* Lisa M. Russell,” Jayakumar R. Nair,* ZhengYu Yang,*

William Brady,” Lee Ann Garrett-Sinha,” Stephen P. Schoenberger,® Jonathan M. Green,”
Lawrence H. Boise,"’# and Kelvin P. Lee***

In health, long-lived plasma cells (LLPC) are essential for durable protective humoral immunity, and, conversely, in disease are
amajor source of pathogenic Abs in autoimmunity, graft rejection, and allergy. However, the molecular basis for their longevity is
largely unknown. We have recently found that CD28 signaling in plasma cells (PC) is essential for sustaining Ab titers, by sup-
porting the survival of LLPC, but not short-lived PC (SLPC). We now find that, unlike SLPC, CD28 activation in LLPC induces
prosurvival downstream Vav signaling. Knockin mice with CD28 cytoplasmic tail mutations that abrogate Vav signaling (CD28-
AYAA) had significantly fewer LLPC but unaffected SLPC numbers, whereas mice with mutations that abrogate PI3K signaling
(CD28-Y170F) were indistinguishable from wild-type controls. This was consistent with the loss of CD28’s prosurvival effect in
LLPC from CD28-AYAA, but not CD28-Y170F, mice. Furthermore, the CD28 Vav motif in the B lineage was essential for the
long-term maintenance of Ag-specific LLPC populations and Ab titers in vivo. Signaling downstream of the CD28 Vav motif
induced previously undescribed transcriptional regulation of B lymphocyte-induced maturation protein-1, a key mediator of
PC differentiation and maintenance. These findings suggest CD28 signaling in LLPC modulates the central B lymphocyte—

induced maturation protein-1 transcriptional nexus involved in long-term survival and function.
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urable immunity against many pathogens is critically
D dependent on the long-term maintenance of protective Ab
titers, and conversely, sustained Ab levels mediate the
disease pathology in autoimmunity, allergy, and allograft rejection
(1-3). Because the t;,, of Ig molecules is on the order of days,

long-term maintenance of Ab titers requires continuous Ig pro-
duction by persistent populations of terminally differentiated B-
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lineage plasma cells (PC). In the current paradigm, maintenance
of these populations is a function of two broadly and incompletely
defined subsets of PC that are intrinsically distinct in terms of
longevity and anatomic localization (1, 4, 5). The first subset are
short-lived PC (SLPC), which survive for weeks/months and are
the predominant PC population in secondary lymphoid organs
such as the spleen. The SLPC populations are sustained by B cells
activated by persistent or recurrent Ag exposure. This mechanism,
however, does not explain how protective Ab titers can be main-
tained for years without re-exposure to the inciting Ag (6), and
can persist in mice (7, 8) and humans (9) despite depletion of
a replenishing B cell pool. These Ag/B cell-independent Ab titers
are thought to be maintained by the second subset of PC that are
long-lived (LLPC), surviving for up to the lifetime of the host and
found predominantly in the bone marrow (BM) (6). Importantly,
LLPC are not autonomously long-lived, but rather their survival is
dependent upon their intrinsic capability to access and use a fixed
number of specific prosurvival niches within the BM (1). How-
ever, what molecular mechanisms underlie this intrinsic capability
and LLPC longevity remain largely uncharacterized.

Despite considerable indirect evidence supporting the existence
of separate SLPC and LLPC subsets, there has been little direct
proof they are in fact distinct cell populations. Anatomic locali-
zation has remained the “gold standard” distinguishing charac-
teristic, although evidence suggests this distinction is not absolute
(10-12). Only recently have cellular and molecular characteristics
been identified that more clearly define LLPC and SLPC as being
intrinsically distinct subsets (13—15). We have recently reported
that one such characteristic is the requirement for CD28 function
for the survival of LLPC, but not SLPC (14). CD28 has been best
characterized as the prototypic T cell costimulatory receptor that
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augments TCR-mediated T cell proliferation, survival, metabolic
fitness, and effector function (16). CD28 is also expressed on
normal murine and human PC (14, 17, 18) and the malignant BM-
resident PC of multiple myeloma (MM) (19, 20), but its function
in B lineage has been largely uncharacterized. Previous studies
have shown that the loss of CD28 activation significantly dimin-
ishes humoral responses, although this was attributed to defects in
T cell help and germinal center formation (21-30). However,
overexpression of CD28 on myeloma cells is a poor prognostic
marker (18, 31), and, consistent with this, we have found that
activation of CD28 on MM cells directly transduces a prosurvival
signal (32). In normal PC, an intrinsic role for CD28 was im-
plicated by the finding that its expression in normal B cells is
specifically repressed by the B cell master regulator Pax-5,
derepressed during B—PC differentiation, and that its loss in
the B lineage diminished short-term primary Ab responses (33).
Extending these observations, we found that B lineage loss of
CD28 caused a significant reduction in in situ LLPC survival
within the BM (from a f;, of 426 to 63 d), and manifested as
a loss of the BM LLPC population and inability to sustain Ag-
specific Ab titers long-term following vaccination (14). In con-
trast, loss of CD28 had no effect on splenic SLPC survival or
population numbers. Although LLPC and SLPC express equiva-
lent levels of CD28, only in the LLPC did CD28 activation lead to
NF-kB signaling. Thus, these findings suggest it is this ability to
signal in LLPC that allows these cells to receive a prosurvival
signal from the CD80/CD86" stromal cells within the long-term
BM survival niches, and conversely, the inability to signal pre-
vents the SLPC from doing so.

It is not known how CD28 signals in LLPC, or how these signals
regulate survival and function. In T cells, specific CD28 cyto-
plasmic motifs initiate distinct downstream signaling and cellular
responses (21, 23, 34). Phosphorylation of the Y'’°MNM motif
leads to binding the p85 subunit of PI3K and activation of the
PI3K—PDK1—Akt—>NF-kB pathway (34). Phosphorylation of
the P'8YAP'® motif leads to binding by Lck and Grb2, with the
latter activating downstream Vav—Rac1/Cdc42 —ras—AP-1 and
Vav—phospholipase C (PLC)y—NF-kB/NFAT pathways (34). We
have previously reported in CD28 knockin mice that mutation of
the Y'7°MNM motif (Y—F, Y170F) unexpectedly had little effect
on T cell function, but mutation of the P"¥7YAP!?° motif to AYAA
significantly impaired T cell activation and generation of OVA-
specific Ab responses—although the humoral defect was attrib-
uted to the loss of T cell help, and PC were not examined (21, 23).
Separate studies in PC have demonstrated that Vav signaling (from
unidentified origins) is essential for the expression of the tran-
scriptional modulator B lymphocyte—induced maturation protein 1
(BLIMP-1, prdml) (35), a central regulator of PC differentiation
required for maintenance of LLPC in the BM (36, 37). Altogether,
these preceding studies led us to examine what signaling pathways
are activated by CD28 in normal PC, and what molecular and
cellular responses are regulated by these pathways.

Materials and Methods

Animals

Female and male C57BL/6J (wild-type [WT]), B6.129S2-Igh-6tm1Cgn/J
(uMT), and B6.129S2-Cd28tm1Mak/J (CD28_/_) mice were purchased
from The Jackson Laboratory at 5-6 wk of age. Female C57BL/6]J retired
breeders ~9 mo old were purchased from The Jackson Laboratory.
BLIMP-18" mice were a gift of S. Nutt (The Walter and Eliza Hall In-
stitute of Medical Research, Parkville, VIC, Australia). Female and male
breeding pairs of CD28-AYAA knockin (CD28-AYAA) and CD28-Y170F
knockin (CD28-Y170F) were derived, as previously reported (23). Upon
receipt, animals were housed and bred at the Department of Laboratory
Animal Resources (Roswell Park Cancer Institute, Buffalo, NY) in
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a pathogen-free barrier facility. All animal experiments were approved by
the Roswell Park Cancer Institute Institutional Animal Care and User
Committee.

Abs and flow cytometry

BLIMP-1 (C14A4) was purchased from Cell Signaling. Cells were stained
with anti-CD45.1 (clone A20), anti-CD45.2 (clone 104), anti-B220-PE/Cy7
(clone RA3-6B2), anti-I-A/I-E-PerCP/Cy5.5 (clone M5/114.15.2), anti-
CD19 (clone 6D5), and anti-CD3-PE (clone 17A2) purchased from Bio-
Legend; anti-CD28 (clone PV1), anti-hamster IgG (H + L)-FITC, and
isotype control rat IgG2a-PE purchased from Beckman Coulter; anti—
CDI138-PE (clone 281-2) from BD Pharmingen; anti-mouse IL-6R (R&D
Systems); and anti-goat IgG-FITC (United States Biochemical). Polyclonal
control hamster-IgG was purchased from Genetex. Polyclonal control
hamster IgG and anti-CD28 mAb were conjugated to Dynabeads goat anti-
mouse IgG (Invitrogen) per manufacturer’s instructions, and were cultured
with cells at 2:1 bead to cell ratio, respectively. Cells were incubated with
staining reagents in staining media (PBS-1% FCS, 5 mM HEPES, 5 mM
10% sodium azide) for 30 min in 4°C. Analysis was performed by flow
cytometry (LSR II and FACSCalibur). For the immunoprecipitation and
Western blot experiments, Abs against PI3K p85, Vavl (both from Cell
Signaling), phospho-Vav (Santa Cruz Technology), and phosphotyrosine
(clone 4G10; EMD Millipore) were used.

For intracellular staining for phospho-AKT, J558 cells or purified BM PC
were treated with control hamster Ig or anti-CD28 mAb (PV1) for 1 h in
serum-free media, fixed, and stained for phosphorylated Akt (threonine 308;
BD Biosciences [558275]).

For intracellular staining of pPLCy1, PC enrichment was performed on
BM and spleens of WT C57/B6 mice using the MACS CD138" PC isolation
kit (Miltenyi Biotec). Cells were plated in serum-free media at 1 X 10%/well
in a 96-well plate and incubated at 37°C for 30 min prior to activation. For
activation, cells were treated with 20 pg/well control hamster Ig or anti-
CD28 mAb (PV1) for 15 min. Cells were immediately washed with cold
PBS and stained with anti-B220-Pacific Blue (clone RA3-6B2) and anti—
CD138-allophycocyanin (clone 281-2) from BioLegend in cold PBS. Cells
were then fixed and permeabilized with the Foxp3 intracellular staining kit
from eBioscience using an anti-phospho-PLCyl Ab from Cell Signaling
(2821S) and a goat—anti-rabbit FITC from Santa Cruz (sc2012). For analysis,
CD138%/B220" cells were gated, and the mean fluorescent intensity was
assessed on the FITC channel. Flow analysis was done using FlowJo 9.4.5.

PC purification and cell culture

PC isolation was performed as described previously (14). Briefly, PC were
isolated using the MACS CD138" PC isolation kit (Miltenyi Biotec). Cells
were labeled with non-PC depletion mixture and anti-biotin microbeads for
non-PC depletion. Cells were then labeled with CD138 microbeads and
run over the magnetic column twice to adhere CD138 " cells. The purity of
the CD138* population was >83%. Serum starvation studies and survival
assays were performed, as we have previously described (14, 32).

BM-derived dendritic cell

BM cells from WT C57/B6 mice were differentiated in culture with GM-
CSF (20 ng/ml, derived from supernatant) for 7 d, as we have reported (14).
PC = BM-derived dendritic cells (BMDC) were cultured in a 48-well flat-
bottom plate tissue culture plate (2 or 2.5 X 10 PC and 2 X 10° BMDC in
0.8 ml culture medium/well) at 37°C in 5% CO, with 20 ng/ml GM-CSFE.

Immunoprecipitation and Western blot analysis

The plasmacytoma cell line J558 or purified BM and splenic PC were
cultured, as previously described (14). For Western blots, whole-cell lysates
were prepared, run on 8% SDS-PAGE gels, and transferred to polyvinyl-
idene difluoride membrane. The membrane was probed with anti-BLIMP-1
(Cell Signaling). Blots were then probed for rabbit polyclonal anti-actin
(Sigma-Aldrich). Membranes were developed with ECL (Thermo Scien-
tific), according to manufacturer’s instructions.

For the immunoprecipitations, 1 X 107 J558/conditions were activated
with control hamster Ig (10 pg/ml) or anti-CD28 mAb (PV1.1, 2 nl/100 wl)
for 15 min, then lysed in radioimmunoprecipitation assay buffer. A total of
1-10 pg primary immunoprecipitation Ab (CD28 or phosphotyrosine) was
incubated with the protein lysate for 2-4 h, and immunocomplexes were
captured by rProtein G agarose (Invitrogen) and analyzed by Western blot for
the p85 subunit of PI3K or for Vavl, as detailed above.

BM reconstitution and immunizations

BM chimeras were generated as previously described (14); briefly, the
chimeras were generated by retro-orbitally injecting 10° BM cells, de-
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pleted of T cells (Miltenyi Biotec), at a 40:60 ratio of uMT and WT, uMT
and CD28 "~/ ~, uMT and CD28-AYAA, or puMT and CD28-Y 170F BM into
lethally irradiated WT mice. Mice were immunized s.c. with 1:1 ratio of
100 g NIP-OVA (Biosearch Tech) in CFA (Thermo Scientific) on day 0 and
boosted on day 7 with 1:1 ratio of 100 wg NIP-OVA in IFA (Thermo
Scientific).

ELISAs

Murine IgG1 and NIP-IgG1 Ab titers were determined by ELISA per the
manufacturer’s instructions (Bethyl) and as we have previously reported
(14). Briefly, NUNC 96-well plates were precoated with capture Ab in
coating buffer or NIP-BSA in PBS-0.2 M NaCl (15 pg/ml; Biosearch
Technologies) overnight in 4°C. Murine IL-6 was assayed by ELISA per
manufacturer’s instructions (R&D Systems).

ELISPOT assays

NIP-specific and total IgG Ab-secreting cells (ASC) were quantified by
ELISPOT assay as per manufacturer’s instructions (Mabtech) and our
previous report (14). Briefly, Millipore 96-well plates (MAIPSWU) were
precoated with anti-IgG capture Ab (15 pg/ml) or NIP-BSA (20 pg/ml)
in PBS.

Prdm1 quantitative PCR

Equal loading volumes of actin were used as an endogenous control target
using a SD.2 quantitative PCR machine, with subsequent triplicate wells
used for prdml expression. Primer sets used were as follows: prdm1 for-
ward, 5'-CGTAGAAAAGGAGGGACCGC-3'; prdm1 reverse, 5'-TCTT-
TGCTGTTGTTGGCAGC-3'; actin forward, 5'-CCTAAGGCCAACCGT-
GAAAAG-3'; and actin reverse, 5'-GAGGCATACAGGGACAGCACA-3'.

Plasmids and dual luciferase assay

The 7000-bp BLIMP-1, 4500-bp BLIMP-1, and 1500-bp BLIMP-1 lucif-
erase constructs were constructed in the PGL3 basic plasmid (Promega; also
the source for the CMV-Renillia luciferase construct). A total of 2 X 10°
J558 cells was transfected with 2 pug promoter construct/100 ng Renilla
DNA per group with the Nucleofector system (Amaxa) as per protocol for
kit V. The transfected J558 cells were cultured in 10% FCS media alone or
with polyclonal hamster Ig or anti-CD28 mAb beads, and after 16 h the
cells were harvested and lysed. Luciferase activity was assayed using Dual
Luciferase Reporter Assay (Promega) per the manufacturer’s instructions.
Briefly, cells were lysed in 1X passive lysis buffer, the passive lysis buffer
lysate was then mixed with LARII buffer, and firefly luciferase activity was
measured by the Monolight 3010 luminometer (BD Pharmingen). Relative
luciferase activity was determined as follows: luciferase activity/Renilla
activity.

Chromatin immunoprecipitation assay

J558 cells were treated for 30 min with anti-CD28 (PV1.1, 2 pg/ml) or
isotype control (anti-Syrian hamster Ig, 2 wg/ml). After 30 min, DNA and
DNA-bound molecules were cross-linked by formaldehyde fixation and
sheared into 300- to 500-bp fragments by sonication. A total of 500 wg
chromatin was immunoprecipitated by overnight incubation with 2 pg
anti-c-Rel, or isotype control, followed by incubation with recombinant
protein A agarose beads (Repligen, Waltham, MA). DNA/protein cross-
links were subsequently reversed by overnight incubation at 65°C. DNA
was isolated by phenyl/chloroform extraction and isopropanol precipita-
tion. Relative prdmli-promoter enrichment/binding was determined by
quantitative PCR for a region of the promoter putatively identified as
containing c-Rel binding sites. Primers are as follows: —7316 bp, forward,
5'-CGGCCCCGACAAGATTAGTT-3', and reverse, 5'-TCTCTCGTTTA-
CTCTGCGGC-3'"; —6923 bp, forward, 5'-AGTTTTCGCCTCCTGTTG-
CT-3’, and reverse, 5'-TTCTGAGGCGGATAAGGTGC-3'; —5821 bp, for-
ward, 5'-AAGTCCAGGCTGATGGCTTC-3', and reverse, 5'-CTTTCCCA-
CCTGAGAGGCTG-3"; —5120 bp, forward, 5'-ACTACACCCCTTGGAGC-
AGA-3', and reverse, 5'-CAGGTTAGCCTAGCATAGAGGC-3"; —4756 bp,
forward, 5'-CCAGGCTCTCACTGATGTGG-3’, and reverse, 5'-GCAAAC-
GGGGAAAACCACTG-3'.

Statistical analysis

Student ¢ test was performed for statistical analysis using two-tailed, non-
equal variances, and 95% confidence interval. Mann—Whitney rank sum test
was used for equal variances. Analysis of mean fluorescent intensities was
done by one-way ANOVA (and nonparametric) with Newman—Keuls
posttest. The 4-hydroxy-5-indo-3 nitrophenyl conjugated to ovalbumin
(NIP-OVA)-specific PC population t;,, was calculated as follows: #;,, =
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(change in time) X Log (2)/Log(beginning amount/end amount), where
change in time is 63 d — 21 d for BM or 42 d, 21 d for spleen, then be-
ginning amount = number of NIP-OVA-specific ASCs at day 21 and
ending amount = number of ASCs at day 63 for BM and 42 for spleen.

Results
CD28 activation in PC induces downstream PI3K and Vav
signaling

We first examined whether CD28 activation in PC resulted in
downstream activation of the PI3K and Vav pathways, as has been
reported in T cells (34) (Supplemental Fig. 1). Utilizing the murine
CD28* PC cell line J558 (which expresses high levels of CD28
comparable to PC [Fig. 1A]), we found in coimmunoprecipitation
studies that direct activation with «CD28 mAb resulted in asso-
ciation of the p85 subunit of PI3K to the CD28 receptor by 15 min
(Fig. 1B). Further downstream of PI3K, CD28 activation induced
phosphorylation of Akt in both J558 (Fig. 1C, left) and purified
primary murine BM PC (Fig. 1C, right). Similarly, CD28 activa-
tion triggered Vav signaling, as indicated by Vav1 phosphorylation
(Fig. 1D). This Vav signaling would be predicted to result in
downstream PLCwy1 activation, which was seen following CD28
activation in purified BM, but not in splenic PC (Fig. 2; PLCyl
activation measured by its phosphorylation). It should be noted
that, for our studies, we are using the conventional prevailing
equivalence of BM PC = LLPC and splenic PC = SLPC, with its
attendant caveats. Altogether these findings suggest that, similar to
T cells, CD28 activation in PC leads to downstream signaling
through the PI3K and Vav pathways.

The PYAP proline motif of CD28 is required for its prosurvival
effect in BM PC

To more precisely define the roles of the pathways downstream of
CD28, we next examined the CD28-Y170F and CD28-AYAA
knockin mice, which are disabled in CD28’s ability to signal to
PI3K or Vav, respectively (34). Although the CD28 PYAP motif
also binds Lck in T cells (34), Lck has not been detected in either
myeloma cells (38) or primary BM PC (39). The CD28 expression
on BM (Supplemental Fig. 2A) and splenic (Supplemental Fig.
2B) CD138* PC purified from CD28-Y170F and CD28-AYAA
mice was equivalent to WT, as was the expression on T cells
from the BM (Supplemental Fig. 2C) and spleen (Supplemental
Fig. 2D). Consistent with the previous T cell studies, CD28 acti-
vation significantly induced AKT phosphorylation (as a measure
of downstream PI3K signaling) in BM PC from WT and CD28-
AYAA mice, which was lost in the CD28-Y170F BM PC (Fig.
3A). Similarly, CD28 activation significantly induced PLCyl
phosphorylation (as a measure of Vav signaling) in BM PC from
WT and CD28-Y170F mice, but not in CD28-AYAA BM PC (Fig.
3B). Interestingly, CD28-induced PLC+yl phosphorylation was
less in the CD28-Y170F compared with WT, suggesting that this
CD28 motif or downstream signaling components may also con-
tribute to Vav signaling. In naive mice, multiparametric flow
cytometric analysis demonstrated that the total number of splenic
PC was equivalent for all genotypes (Fig. 3A), in agreement with
our previous findings (14). In contrast, whereas WT and CD28-
Y170F mice had equivalent total numbers of BM PC (Fig. 3B), the
CD28-AYAA mice had significantly fewer BM PC versus WT or
CD28-Y170F mice, with the greatest reduction of BM PC in the
CD28 '~ global knockout mice (Fig. 3A, leff). The consistent
finding that the CD28 '~ mice have fewer BM PC than the CD28-
AYAA may reflect the contribution of other motifs in the cyto-
plasmic tail [as we have recently shown in T cells (40)]. An
additional possibility is that even a signaling-incompetent CD28
receptor can still induce prosurvival factors from the niche, based


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402260/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402260/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402260/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402260/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402260/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402260/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402260/-/DCSupplemental

4720 CD28 SIGNALING IN PLASMA CELLS
8 con oCD28 [ control Ig
CD28 IP> 17 Il «CD28 mAb .
CD28 western “ b NS
c - o 1
D28 IP> | b
- @
g y p85 western f - G508
< | s =
I o6
| total p85 ey g =
| | €04
I { . S
P ORI W g tUbUIIN  — 20
Cb2g—»
Total lysate p85/Tub CD28 IP p85/CD28
C J558 BMPC
100 7 100 7 @ Control Ig
[J Anti-CD28 mAb
80 80
60 ] 60 7
40 40 1
20 20 7
0 0
L § L § T il
10% 10" 10% 10° 10 10° 102 10" 102 10° 10* 10°
pAkt =
Con aCD28 [ control Ig
es B L Bl «CD28 mAb
pTyr NS ;
Vav western - S - ' L *
b [] s =14
2
o) 12
E=
total Vav = === s~ -
D 08 T
N
© 06
g 04
o
Tubulin — el— — z o "
0
total Vav/tubulin pVavl/total Vav
FIGURE 1. CD28 activation induces PI3K and Vav signaling in PC. J558 murine plasmacytoma cells were activated with control hamster Ig (con) or

anti-CD28 mAb («CD28, PV1.1) for 15 min and then analyzed by coimmunoprecipitation, followed by Western blot. (A) CD28 expression by J558, by flow
cytometry. (B) PI3K. Left, Protein lysates from J558 activated as indicated were immunoprecipitated with «CD28 mAb, and the immune complexes were
analyzed by Western blot for coimmunoprecipitation of the p85 subunit of PI3K. Total p85 and tubulin (as a loading control) were determined by Western
blot from total cell lysates. Data representative of three independent experiments. Right, Relative densitometry combined from three experiments. (C)
Downstream AKT activation. J558 cells (left) or purified BM PC (right) were treated with control Ig (filled histograms) or «CD28 mAb (open histograms)
for 1 h in serum-free media, fixed, stained for phospho-Akt, and analyzed by flow cytometry. Data representative of two independent experiments. (D) Vav.
Protein lysates from J558 activated as indicated were immunoprecipitated for phosphotyrosine, and the immunocomplexes were analyzed by Western blot
for the presence of Vavl (arrow). Data are representative of three independent experiments. Right, Relative densitometry combined from three experiments.

The same results were seen when the Western blot was probed for phospho-Vav1 (data not shown). *p < 0.05, ***p < 0.001.

on our previous observation that PC CD28 induces stromal DC
production of the PC survival cytokine IL-6 via binding to DC
CDB80/CD86 (14, 18). Consistent with this, we found that BM PC
from CD28-AYAA mice can still induce DC IL-6 production at
levels similar to BM PC from WT and CD28-Y170F animals
(Supplemental Fig. 3).

The diminished BM PC population in the CD28-AYAA mice
may be due to a number of factors, including impaired PC gen-
eration, PC homing to the BM, or in situ survival once in the BM.
Our previous studies have pointed to a prosurvival role for CD28,
and we found that in serum starvation conditions in vitro the vi-
ability of BM PC purified from WT or CD28-Y170F mice was
significantly increased by activating a«CD28 mAb (Fig. 3C). In
contrast, CD28 activation did not enhance the survival of BM PC
from CD28-AYAA or CD28™/~ mice, consistent with the in vivo
findings. CD28 activation also did not rescue any of the splenic PC
from the different strains (Fig. 3D). These findings indicate that

CD28-mediated BM LLPC survival is primarily dependent on
signals arising from its PYAP motif.

The CD28 PYAP motif in the B lineage is necessary for the
long-term maintenance of Ag-specific BM LLPC populations
and Ab titers

The CD28-AYAA mice have T cell defects in activation and
function (21, 23) that could be indirectly inhibiting the generation
of BM LLPC in vivo, although this seems less likely given the
generation of Ig class-switched splenic SLPC is unaffected. To
more clearly delineate the T versus B lineage effect of the CD28-
AYAA mutation in the humoral response, we generated BM chi-
meric mice by cotransplanting lethally irradiated WT hosts with
BM from uMT mice that lack B cells (33, 41) plus BM from WT,
CD28-Y170F, CD28-AYAA, CD28 '~ mice (Fig. 4A). Thus, in
the experimental mice, the B lineage arises solely from the CD28
knockin/knockout BM, whereas the T cell compartment is chi-
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FIGURE 2. Differential PLCy signaling in BM versus splenic PC. BM and
splenic PC were isolated and treated with aCD28 mAb or isotype control
Ab for 15 min, fixed, gated on CD138%/B220~ PC populations, and stained
for phospho-PLCyl. Top, Histograms representative of three independent
experiments with the solid gray peak representing the isotype control, gray line
the control Ig-treated group, and black the «CD28 mAb-treated PC. Bottom,
Mean fluorescent intensity for pPLCy1 is pooled for two wells for each ex-
periment; data representative of three independent experiments. Statistical
analysis done by one-way ANOVA (and nonparametric) with Newman—Keuls
posttest. Data representative of two independent experiments. *p < 0.05.

meric for WT CD28 receptor from the puMT BM. Analysis of
chimerization showed expected percentages of CD3*CD28*
T cells and CD138"* PC in both the spleen and BM (Supplemental
Fig. 4). After BM reconstitution, the chimeras were primed/
boosted with the T-dependent Ag NIP-OVA in CFA/IFA, and se-
rum Ig and PC numbers were assessed over time. All four chi-
meras had equivalent total serum IgG1 levels out to 63 d (Fig. 4B),
which was not unexpected given our previous findings that the
SLPC populations are not dependent on CD28 for survival. In
contrast, whereas all the chimeras had similar NIP-specific 1gG1
titers at day 7, by day 21 the titers in the CD28-AYAA:uMT and
CD28 /":uMT chimeras were significantly lower compared with
the WT:uMT or CD28-Y170F:uMT animals (Fig. 4C). This dif-
ference was even more pronounced by days 42 and 63. At day 21,
there was no significant difference between the WT:uMT versus
CD28-Y170F:uMT chimeras, but by day 42 through 63 the anti-
NIP titers in the CD28-Y170F:wuMT animals were lower by a small,
but statistically significant amount. Similarly, anti-NIP Ab levels
were equivalent between CD28-AYAA:uMT and CD28/7:uMT
chimeras on days 21 and 42, with a small, but statistically signifi-
cant reduction in titers in the CD28 '~ :uMT chimeras by day 63.
To determine whether the inability to sustain anti-NIP Ab titers was
due to accelerated loss of the LLPC population versus alterations in
Ig production, the number of total and Ag-specific PC was assessed.
The total number of PC in the spleen was equivalent between all
four chimeras across all the time points (Fig. 4D), but was signifi-
cantly lower in the BM of the CD28-AYAA:uMT and CD28 - :uMT
mice versus WT:uMT or CD28-Y170F:uMT chimeras from
day 21 through 63 (Fig. 4E). Consistent with the anti-NIP Ab levels,
the total number of BM PC was significantly reduced in the CD28-
AYAA:uMT and CD28 ' ~:uMT chimeras, and largely maintained
in the WT:uMT and CD28-Y170F:uMT mice. There are fewer BM
PC in the CD28-Y170F:uMT compared with WT:uMT chimeras
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that is significant at day 42 and appreciable (but not significant) at
day 63, which may account for the slightly lower titers in the
knockin chimeras. The frequency of NIP-specific Ab-secreting cells
(ASC) was also similar in the spleens of all four chimeras (Fig. 4F),
and the loss of NIP-specific SLPC between day 21 and 42 was
consistent with their short-lived nature. Whereas the numbers of
NIP-specific ASC in the BM were comparable at day 21, by day 63
there were significantly fewer in the CD28-AYAA:uMT and
CD28/":uMT mice compared with the WT:uMT or CD28-
Y170F:uMT chimeras (Fig. 4G). In this assay, there was no sta-
tistical difference between the CD28-AYAA:uMT and CD28 "~ :uMT
chimeras, nor between the WT:uMT and CD28-Y170F:uMT
animals. Altogether these data indicate that whereas the initial
generation of humoral responses at day 7 appeared unaffected by
defects in PC-intrinsic CD28 signaling, the ability to sustain NIP-
specific Ab levels and BM LLPC populations long-term was de-
pendent on signaling downstream of the CD28 PYAP motif.

As noted above, the diminished BM PC population in the CD28-
AYAA:uMT and CD28/7:uMT chimeras could be due to im-
paired PC generation, PC homing to the BM, or in situ survival
once there. However, the initial generation of NIP-OVA—specific
splenic PC is similar across all genotypes (Fig. 4F), suggesting that
intrinsic B—PC differentiation and extrinsic T cell help are not
significantly impaired. Furthermore, because the loss of NIP-OVA—
specific splenic PC in all the genotypes by day 42 indicates there is
no sustained Ag-driven generation of new PC, alterations in PC
homing to BM versus in situ survival can be distinguished by the
rate of decrease (as measured by f;,,) of NIP-OVA—specific PC
populations within the BM over time. Defects in homing would be
manifested by lower starting BM PC numbers, but the same #;/,
compared with WT, whereas defects in in situ survival would be
manifested by similar starting BM PC numbers (as suggested by
Fig. 4C, 4G), but shortened t#,,,. Consistent with the latter, the ¢/,
of the WT NIP-OVA-specific BM PC population was 424 d,
compared with 27 d for CD28 '~ and 49 d for CD28-AYAA. The
11,2 of the CD28-Y170F NIP-OVA—specific BM PC population was
157 d, which reflects the intermediate decrease in NIP-OVA-
specific IgG titers compared with the WT and CD28 '~ /CD28-
AYAA chimeras (Fig. 4C). In contrast, the #,, of the splenic
NIP-OVA-specific PC were similar across all genotypes (18 d for
WT, 11 d for CD28 /7, 9 d for CD28-AYAA, 10 d for CD28-
Y170F). Altogether, these data indicate an essential role for the
CD28 PYAP motif in supporting the in vivo survival of LLPC
within the BM, and a possible additional role for the YMNM motif.

CD28 activation upregulates BLIMP-1 expression

CD28 signaling in T cells induces transcription of gene targets that
modulate a diverse array of biological responses (34). We have
reasoned that CD28 activation in LLPC may similarly regulate
transcriptional hubs, in particular those modulated by LLPC resi-
dency in the BM niche. One candidate is BLIMP-1, which was
initially characterized as a transcriptional repressor essential for PC
differentiation and maintenance (36, 37). More recent studies have
suggested BLIMP-1 acts to reinforce terminal PC differentiation and
function (15), which is consistent with the observation that BLIMP-1
expression is most highly upregulated after the PC enter the BM
niche (42). This further upregulation of BLIMP-1 may be triggered
by the successful LLPC engagement of the niche, and results in
responses necessary for long-term survival and function. To begin to
assess whether CD28 may be involved in upregulating BLIMP-1
expression, we used PC from the BLIMP-1 (prdml)®® reporter
knockin mice (42) and found that CD28 activation further upregu-
lated prdm1 reporter expression in a subset of BM PC (Fig. 5A), but
had no effect in splenic PC. Although the nature of the nonrespon-


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402260/-/DCSupplemental
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FIGURE 3. The prosurvival effect of the CD28 PYAP proline motif in BM PC. (A) PI3K signaling. BM PC were purified from WT, CD28-Y170F, and
CD28-AYAA mice; treated with control hamster Ig or CD28-activating Ab for 1 h; and stained for intracellular pAKT; and percentage of cells positive for
PAKT was determined (inset numbers). Gray histogram, control Ig; black histogram, CD28 mAb. All conditions done in duplicate, representative of two
independent experiments. (B) Vav signaling. BM PC were purified from WT, CD28-Y170F, and CD28-AYAA mice; treated with control hamster Ig or
CD28-activating Ab for 1 h; stained for intracellular pPLCy1; and assessed for mean fluorescent intensity (MFI). Solid gray histogram, isotype control
staining; red histogram, control Ig; blue histogram, CD28 mAb. All conditions done in duplicate; representative of two independent experiments. (C and D)
Total numbers of PC in the (C) spleen or (D) BM of WT, CD28-Y170F, CD28-AYAA, and CD28’~ mice were determined from total mononuclear cells by
multiparametric flow cytometry using CD138*B220™ to identify PC. Mean = SD of five mice. (E and F) Purified (E) BM or (F) splenic PC from WT, CD28-
Y170FF, and CD28-AYAA mice were cultured = FCS for 24 h = control hamster or «CD28 mAb-coated beads, and viability was assessed by trypan blue
exclusion. Mean * SD of three independent experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001.

sive BM PC subset is not yet clear, we predict this is the residual
CD28-independent BM PC population seen in the CD28 '~ mice
(Fig. 3E), possibly BM-resident SLPC. Evidence that CD28 upreg-
ulation of BLIMP-1 induces additional responses is suggested in
Fig. 5B (top), in which the BM PC that upregulated BLIMP-1 ex-
pression also upregulated expression of a known BLIMP-1 target
gene (43), the B cell maturation Ag [BCMA, one of the receptors for
BAFF/APRIL (44)]. Both the BLIMP-18"/BCMA two-color stain-
ing and analysis of BCMA expression alone (Fig. 5B, bottom)
demonstrate that, in addition to upregulating expression in BM PC
that are already positive, CD28 activation can restore expression in
a subpopulation of PC that have lost expression—possibly due to
in vitro culture without a supportive microenvironment.

CD28 signaling downstream of the PYAP motif regulates the
prdml promoter

Previous studies have shown that the Vav proteins are required for
the induction of BLIMP-1 gene expression necessary for PC dif-

ferentiation and function (35), which suggests that Vav signaling
downstream of the CD28 PYAP motif may be regulating BLIMP-1
expression in BM-resident LLPC. Consistent with this, we found
that CD28 activation in vitro induced a 1.4- to 1.7-fold increase in
BLIMP-1 protein expression in BM PC purified from WT
(Fig. 6A) and CD28-Y170F (Fig. 6B) mice, while having no effect
in CD28-AYAA BM PC (Fig. 6C) or splenic PC from all genotypes
(Fig. 6D-F). Quantitation by quantitative PCR also demonstrated
CD28-induced induction of prdml mRNA expression in purified
BM PC from WT and CD28-Y170F mice, but not from CD28-
AYAA animals (Fig. 6G). The same pattern of expression was also
seen for CD28-induced BCMA expression (data not shown).

We more closely examined CD28-mediated regulation of
BLIMP-1 expression in the J558 PC cell line, in which «CD28
mAb treatment upregulated BLIMP-1 protein expression 1.7-fold
(Fig. 7A). The finding in the BLIMP-1*F mice that CD28 acti-
vation upregulated reporter expression suggests this is happening
at the promoter level. Transfection of J558 with three prdml
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promoter constructs [7000, 4500, or 1500 bp from the PC-specific
prdml start site in exon 1A (45)] demonstrated all three had
significant and equivalent basal promoter activity (Fig. 7B). Fol-
lowing activation with aCD28 mAb, J558 transfected with the
7000-bp promoter construct had a significant induction of lucit-

erase activity that was lost with truncation to 4500 bp. In silico
analysis of this region did not identify any canonical CD28 RE/AP
sites originally described in T cells (46). However, CD28 activa-
tion in T cells induces binding of the canonical NF-kB family
member c-Rel to the IL-2 promoter (46), and we have shown that
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CD28 activation induces c-rel activation in MM cells (32). Fur-
thermore, NF-«kB binding to the prdml promoter in the region 5’
of exon 1A upregulates BLIMP-1 expression in PC (45). Our in
silico analysis of the prdml promoter identified five putative NF-
kB-binding motifs between —7000 and —4500 bp (Fig. 8A).
CD28 activation of J558 induced significant c-Rel binding to three
of the five sites (—6923, —5821, and —5120 bp) (Fig. 8B-F),
consistent with CD28-mediated upregulation of prdmi promoter
activity. Altogether, these results support a model in BM PC in
which CD28 (PYAP)— Vav—NF-kB activation regulates a central
molecular nexus via upregulation of BLIMP-1, which then may
induce broader transcriptional programming that allows for long-
term LLPC function and survival.

Discussion

Although protection against reinfection was first recognized in
430 Bc by Thucydides (5) and durable protection by vaccination
demonstrated by Edward Jenner over 200 y ago, the specific
molecular and cellular components of long-lived humoral immu-
nity are only now being identified. Seminal studies have led to the
current paradigm in which sustained Ab titers can be maintained
by SLPC in a B cell/Ag-dependent fashion and/or by LLPC in
a B cell/Ag-independent fashion (5, 6, 8, 9), in which SLPC play
the primary role in protecting against frequent endemic infections
and LLPC against infrequent epidemic infections. A key aspect of
this paradigm is that the different PC subsets require specific
niches for survival, and that LLPC longevity is dependent upon
their ability to access prosurvival niches that SLPC cannot (1).
Thus, the molecular components that allow LLPC to interact with
the niche both define this PC subset and play a fundamental role in
maintaining durable humoral responses. We have recently re-
ported that signaling through CD28 is one such component, se-

BMCA —

lectively supporting the survival of BM LLPC via interaction with
CD80/CD86" stromal cells in the BM niche, and resulting in long-
term maintenance of Ab titers (14). This is consistent with previous
studies demonstrating that CD28 is necessary for humoral responses
to viral infection, vaccination, and in allergy models (21-25),
although this was largely attributed to CD28’s role in Th cell acti-
vation [with the notable exception of (33)]. Nonetheless, a direct
prosurvival role for CD28 in PC is supported by considerable evi-
dence of such a role in malignant PC of MM (19, 20, 31, 32, 47).
Because CD28 signaling plays a significant role in conferring PC
longevity, defining the components of this pathway may begin to
unravel the mechanisms underlying long-term PC survival and
function. We have found that, similar to T cells, CD28 activation in
the BM PC induces both downstream PI3K— Akt and Vav—PLCvy1
signaling. Further delineation of the roles of these pathways in
CD28 knockin mice demonstrated that disabling Vav signaling in
the CD28-AYAA mice abrogated the prosurvival effect of CD28
activation in BM LLPC, comparable to the global loss of CD28
expression. In vivo, this was manifested by the markedly shorter
t1» of Ag-specific CD28-AYAA PC in the BM and the inability to
sustain Ag-specific Ab titers. That total IgG levels were normal in
the CD28-AYAA mice points to the specificity of the defect in
LLPC, and suggests that LLPC contribute only a small fraction of
total IgG in the organism (alternatively, there could be a com-
pensatory expansion of short-lived PC/B cells to restore total IgG
levels to normal). In contrast, disabling PI3K signaling in the
CD28-Y170F mice had only a modest effect on BM LLPC sur-
vival and maintenance of Ab titers. This stands in contrast to our
findings in MM, in which pharmacological inhibitors of PI3K
signaling completely abrogated the prosurvival effect of CD28
activation (48). However, one key difference between these studies
is the strength of CD28 activation; the myeloma studies were done
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naling from all sources—raising the possibility that the down-
stream Vav signaling is interacting with other pathways.
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As downstream Vav signaling mediates CD28’s prosurvival
effect in BM PC, and splenic PC do not activate PLCy1 following
CD28 stimulation, this suggests that a potential basis for differ-
ential signaling in SLPC versus LLPC is differential expression of
the signaling components between CD28 and PLCyl, namely
Grb2, Vay, linker for activation of T cells, or SLP76. Our analysis
of the publicly available gene expression database of human
B cell-PC differentiation (http://amazonia.transcriptome.eu) (49,
50) found that, whereas there were no major differences in Grb2,
Vav1-3, or linker for activation of T cells expression across the
stages of differentiation, SLP76 expression was low in B cells,
plasmablasts, and early PC—but is substantially elevated in BM
PC (A. Utley, unpublished data). SLP76 is an adapter protein that
has been shown to link CD28 costimulation to downstream Vav
pathways during T cell activation (51, 52), but a role in PC bi-
ology has not been previously appreciated.

Further characterization of the CD28 (PYAP)— Vav pathway in
PC uncovered a previously undescribed regulation of the central
transcriptional regulator BLIMP-1, via NF-kB-binding elements
in the promoter region proximal to exon 1A previously shown to
be required for PC differentiation (45). This is consistent with
other studies implicating Vav proteins as upstream regulators of
BLIMP-1 expression in PC development (35). BLIMP-1 was
initially characterized as a master regulator of PC differentiation
(36, 53), and even in fully differentiated PC its continued ex-
pression is required for survival (37). More recent studies suggest

[——

«CD28
(n=5)

that BLIMP-1 may be dispensable for key events early in PC
differentiation [e.g., induction of the BCMA/Mcl1-1 antiapoptotic
axis (15)], but may be essential to maintain terminal differentia-
tion and function—which is also suggested by the further upreg-
ulation of BLIMP-1 after PC enter the BM niche (42). Our data
indicate that one mechanism by which high-level BLIMP-1 ex-
pression is induced in BM-resident LLPC is via CD28 activation
upon engagement with CD80*/CD86" cells in the BM niche.

These findings suggest a model in which PC-intrinsic CD28
activation in the context of the LLPC prosurvival niche reinforces
BLIMP-1 expression, and BLIMP-1 expression reinforces long-
term LLPC differentiation and function. However, it is not yet
clear whether BLIMP-1 upregulation is directly playing a role in
mediating CD28’s prosurvival effects. This question is further
complicated by the observation that CD28 is not involved in
regulating basal BLIMP-1 expression, but only the inducible re-
sponse. It is unlikely that the CD28—BLIMP-1-BCMA upreg-
ulation is primarily responsible for PC survival, because CD28
activation protects BM PC from serum starvation in vitro, in which
no exogenous growth factors are present. However, we have found
in both normal PC (A. Utley, unpublished results) and MM (48)
that CD28 regulates a number of metabolic, oxidative stress,
antiapoptotic pathways, mitochondrial mass, and function as well
as expression of other transcriptional regulators such as IFN
regulatory factor 4. Whether these are mediated through BLIMP-1
is being actively investigated.
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The obvious correlate of the expanding number of distinct PC
subsets that occupy different niches that cut across the simple BM
versus secondary lymphoid organ anatomic dichotomy is that
subset-specific PC-niche interactions will dictate the survival/
function of each particular subset. Whereas CD28 appears es-
sential for the PC subset that maintains long-term IgG titers, it is not
for IgG-secreting SLPC nor IgA-secreting PC (14). Even for
CD28, recent studies have pointed to additional complexity.
Njau et al. (54) have reported that loss of CD28 increased both
T-independent and T-dependent Ab responses as well as the
number of splenic and BM PC, although the T-dependent IgG
responses were not long-lived. Aside from technical differences
between this study and ours, another explanation for the observed
differences is that, under certain conditions, CD28 activation may
inhibit plasmablast proliferation and limit the initial expansion of
the PC population. This is consistent with our previous observa-
tion that CD28 activation inhibits myeloma cell proliferation (32).
Altogether, these studies point to an important but previously
unexplored role of CD28 and its ligands directly in PC biology
and generation/maintenance of humoral responses. Defining this
role may provide insights into novel therapeutic strategies to en-
hance beneficial Ab responses, and conversely, approaches to
eliminate pathogenic humoral responses in autoimmunity and al-
lergy as well as the malignant PC in MM.
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