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Abstract

The interaction of CD28, which is constitutively expressed on T cells, with B7.1/B7.2 expressed 

on APCs is critical for T cell activation. CD28 is also expressed on murine and human plasma 

cells but its function on these cells remains unclear. There are two types of plasma cells: short-

lived ones that appear in the secondary lymphoid tissue shortly after Ag exposure, and long-lived 

plasma cells that mainly reside in the bone marrow. We demonstrate that CD28-deficient murine 

short- and long-lived plasma cells produce significantly higher levels of Abs than do their wild-

type counterparts. This was owing to both increased frequencies of plasma cells as well as 

increased Ab production per plasma cell. Plasma cells also express the ligand for CD28, B7.1, and 

B7.2. Surprisingly, deficiency of B7.1 and B7.2 in B cells also led to higher Ab levels, analogous 

to Cd28−/− plasma cells. Collectively, our results suggest that the CD28–B7 interaction operates as 

a key modulator of plasma cell function.

Plasma cells are the terminally differentiated effector cells of the humoral arm of adaptive 

immunity. Plasma cells can be short-lived, with a half-life as short as 2 wk, or long-lived and 

persist for a lifetime (1). Upon encounter with cognate T-dependent or -independent Ags, 

marginal zone and follicular B cells proliferate and differentiate into extrafollicular foci of 

short-lived plasma cells. Exposure to T-dependent but not T-independent Ags induces a 

subset of the Ag-primed B cells to migrate into the B cell follicle and form germinal centers 

(2). In the germinal centers, B cells undergo affinity maturation, somatic hypermutation, and 

rigorous selection of high-affinity B cell clones (3). Some of the selected germinal center B 

cells enter the memory pool whereas others migrate into the bone marrow and mature into 

long-lived plasma cells that persist for a lifetime. Plasma cells are heterogeneous in isotype 

and function (4, 5) and hence are pivotal in providing immediate and long-term immunity. 

However, the mechanisms involved in the regulation of plasma cell function are not fully 

understood.
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CD28 is a 44-kDa surface protein constitutively expressed on naive T cells and upregulated 

on activated T cells. The role of CD28 on T cell function is well established (6, 7). CD28 

binds to B7.1 (CD80) and B7.2 (CD86) on activated APCs and provides the critical second 

signal for optimal activation of naive T cells that have encountered cognate Ag. T cells that 

respond to Ag in the absence of CD28 costimulation are rendered anergic. CD28 mediates 

its costimulatory functions by lowering the activation threshold, promoting survival, 

differentiation, and proliferation of activated T cells (6, 8–12). Predictably, mice deficient in 

CD28 or its ligands B7-1 and B7-2 are impaired in T cell immune response (6). 

Consequently, T-dependent B cell responses such as germinal center formation and Ig class 

switching are compromised (13, 14).

Interestingly, CD28 expression is induced on human and murine plasma cells during their 

terminal differentiation (15, 16). The role of CD28 expression on plasma cells has mainly 

been examined in transformed plasma cell lines and in multiple myeloma patients where it is 

associated with enhanced survival and poor disease prognosis (17–20). Consistent with these 

observations, a recent study demonstrated that in response to a model Ag, CD28 is crucial 

for the survival of IgG1+ plasma cells (21). However, the role of CD28 expression on 

survival and function of plasma cells bearing non-IgG1 Abs or plasma cells induced in 

response to live virus infections remains unknown. In this study, we first confirmed that 

CD28 is expressed on the surface of short- and long-lived plasma cells. Next, we 

investigated whether CD28 has an intrinsic role in the function and survival of normal 

plasma cells generated in response to model Ags and influenza virus infection. Our data 

show that most short-lived and long-lived plasma cells lacking CD28 produced higher levels 

of Ab than did the wild-type (WT) controls. Moreover, short-lived plasma cells deficient in 

CD28 upregulated the expression of plasma cell survival receptors, including B cell 

maturation Ag (BCMA), TNFR type II (TNFR II), transmembrane activator and CAML 

interactor (TACI), BAFF-R, CD25, and IFN-αR. We also analyzed mice that lack the ligands 

for CD28, B7.1, and B7.2. We found that B7.1/B7.2-deficient short-lived and long-lived 

plasma cells exhibit enhanced Ab production analogous to CD28-deficient plasma cells. 

Taken together, our data provide evidence that the CD28–B7 interaction operates as a crucial 

regulator of plasma cell function.

Materials and Methods

Mice, immunization, and Ags

C57BL/6 mice were purchased from Charles River and The Jackson Laboratory. B6.129S2-

Cd28tm1Mak (Cd28−/−), B6.129S4-Cd80tm1Shr Cd86tm2shr/J (Cd80/Cd86−/−), B6.129S7-

Rag1tm/Mom/J (Rag1−/−), B6.SJL.Ptprca Pepcb/BoyJ (Ly5.1), and B6.129S2-Igh-6tm1Cgn/J 

(μMT) mice were purchased from The Jackson Laboratory. All the mice were housed under 

specific pathogen-free conditions at the Emory Vaccine Center of Emory University School 

of Medicine. Mice were immunized i.p. with type II T-independent Ag, 4-hydroxy-3-

nitrophenyl acetyl (NP)-Ficoll (50 μg), or T-dependent Ag NP-chicken γ-globulin (CGG; 50 

μg) in aluminum hydroxide (Alum), with the NP reconstitution ratio ranging from 20 to 25. 

For inducing influenza virus-specific immune responses mice were anesthetized and 

immunized i.m. with 1400 hemagglutination units of whole, formalin-inactivated influenza 
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A virus, A/FM/1/47, or infected intranasally with 0.1 × LD50 of influenza virus A, A/PR/

8/34, as we described (22). Serum samples, spleens, and bone marrow cells from femurs 

were collected at designated time points. All animal studies had approval of the Emory 

University’s Institutional Animal Care and Use Committee.

Reagents, Abs, and flow cytometry

NP-Ficoll, NP-CGG, and NP-BSA were purchased from Biosearch Technologies (Novato, 

CA). Imject Alum was purchased from Pierce (Rockford, IL) and used as per the 

manufacturer’s specifications. Rat anti-mouse IgG/IgM and unlabeled mouse IgG/IgM were 

purchased from SouthernBiotech (Birmingham, AL). AffiniPure F(ab′)2 fragment goat anti-

mouse IgM was purchased from Jackson ImmunoResearch (West Grove, PA). Fluoro-

chrome or biotin-conjugated B220, CD19, CD138, CD28, CD4, CD25, CD45.2, CD45.1, 

CD80, CD86, GL-7, IgM, TNFR II, and TACI were purchased from BD Biosciences (San 

Jose, CA). Peanut agglutinin (PNA)-biotin was purchased from Sigma-Aldrich (St. Louis, 

MO), and the CaspGlow caspase-12 staining kit was purchased from MBL International 

(Woburn, MA). BCMA was purchased from R&D Systems, and BAFF-R was from Santa 

Cruz Biotechnology (Santa Cruz, CA). Tetra-methylbenzidine substrate solution was 

purchased from eBioscience (San Diego, CA), and the alkaline phosphatase substrate kit was 

purchased from Vector Laboratories (Burlingame, CA). For flow cytometry, single-cell 

suspensions of splenocytes or bone marrow lymphocytes were prepared from immunized 

and naive animals, stained, and analyzed as previously described (23).

Ab and Ab-secreting cell detection

For ELISA assays, flat-bottom 96-well immunoplates (Nunc) were coated with 20 μg NP-

BSA or NP-CGG and the standard wells were coated with 2 μg/ml rat anti-mouse IgG or 

IgM. The coated plates were incubated overnight and then washed and blocked with 4% 

BSA in PBS/0.05% Tween 20. Sera samples and standard mouse IgG/IgM were serially 

diluted and added onto the plates and incubated at room temperature for 2 h. We then 

washed the plates and added either biotin-conjugated anti-mouse IgG or anti-mouse IgM and 

incubated the plates at room temperature for 2 h. Thereafter, the plates were washed and 

incubated with streptavidin-HRP for 45 min. Next, we washed the plates and added HRP-

substrate and monitored the detection of Ag-specific bound Abs and the reaction was 

stopped with 2 N H2SO4. ELISA plates were read with a Synergy 2 plate reader (BioTek) at 

450 nm. A standard curve was generated from the OD450 of serially diluted mouse standard 

IgG/IgM (the Ig concentrations of the standards are known). We then used this standard 

curve to interpolate the concentration of NP-specific IgG and IgM from the OD450 of the 

sera samples using Prism software (GraphPad Software, La Jolla, CA). The Ag-specific 

IgM/IgG concentrations are relative to the standard curve. ELISPOT assays were done as 

described in Chappell and Jacob (23).

Cell sorting and adoptive transfer

For sorting resting B cells, RBC-cleared splenocytes were stained with a biotin-labeled Ab 

mixture, followed by anti-biotin microbeads (mouse B cell isolation kit; Miltenyi Biotec). 

Labeled cells were then placed onto an LS column in a magnetic field and unbound cells 

were collected. Isolated cell purities ranged from 95 to 99%. For plasma cell sorting, 
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CD138+ cells were first enriched using magnetic beads. Briefly, RBC-cleared splenocytes 

from NP-Ficoll immune mice were stained with PE-CD138, followed by anti-PE microbeads 

(Miltenyi Biotec). Labeled cells were then passed through the LS column in a magnetic field 

and cells bound to the columns were eluted outside the magnetic field. Eluted cells were 

further stained with allophycocyanin-B220 prior to cell sorting by flow cytometry. Sorted 

CD138+B220− plasma cells had purities that ranged from 85 to 98%. For adoptive transfer, 

sorted cells were pelleted and resuspended in 200 μl PBS. Cell suspensions were then 

administered to the tail vein of Rag1−/− or μMT recipients.

Generation of bone marrow chimeras

WT female B6.SJL (Ly5.1) mice were lethally irradiated (whole body) with two doses of 

550 cGy from a [137Cs] source administered at 3-h intervals. Bone marrow cells (2 × 106) 

from Cd28−/− (Ly5.2) or WT (Ly5.2) and μMT (Ly5.2) mice were resuspended at a ratio of 

40:60 and injected into the tail vein of the irradiated mice. These mice were rested for 6 wk 

to allow reconstitution of their immune system, which was confirmed by flow cytometry of 

peripheral blood cells. The reconstituted mice were immunized i.p. with 50 μg NP-CGG in 

Alum, and the extent of chimerism was assessed by flow cytometry at the time of harvest.

Serum hemagglutination inhibition and microneutralization assays

For live virus infection, we infected mice intranasally with 25 μl of PBS containing 0.1 to 

100 × LD50 of mouse-adapted live virus under anesthesia. We collected serum samples at 

designated time points. To prevent nonspecific virus binding, we treated sera with receptor-

destroying enzyme (RDE) II (Denka Seiken, Tokyo, Japan) overnight and carried out 

influenza virus-specific hemagglutination inhibition (HAI) and micro-neutralization assays 

as described (22). Briefly, serial dilutions of RDE II-treated sera were mixed with influenza 

viruses freshly grown in MDCK cells at a dose of 8 hemagglutination units/50 μl. Mixtures 

of virus and serum dilutions were incubated for 15 min, followed by addition of 50 μl 0.5% 

chicken RBCs (Innovative Research, Southfield, MI). The reciprocal of the highest serum 

dilution inhibiting hemagglutination was taken as the HAI titer. For microneutralization, we 

serially diluted RDE II-treated sera in 96-well plates and mixed with viruses freshly grown 

in MDCK cells at a dose of 2 × 103 (50% tissue culture-infective dose/ml). The plates were 

incubated at 37°C for 2 h and then MDCK cells were added and incubated overnight. 

Infection of MDCK cells by virus was assessed by the presence of influenza virus 

nucleoprotein. Briefly, cells were fixed with 80% acetone and incubated with biotinylated 

anti-nucleoprotein Ab (Chemicon International), followed by streptavidin-HRP 

(SouthernBiotech). Bound HRP was visualized using 1× tetramethylbenzidine substrate 

solution (eBioscience) and the developed color was assessed using the Bio-Rad microplate 

reader 550. The reciprocal of the highest serum dilution that generated >50% specific signal 

was considered to be the neutralization titer: 50% specific signal = (OD450 virus control − 

OD450 cell control)/2 + OD450 cell control.

Statistical analysis

A Student two-tailed t test was used to compare Cd28−/− or B7.1/B7.2−/− with WT controls. 

When the variances of the two groups were significantly different as determined by the F 
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test, the Welch correction was used on the t test. For comparing two genotypes over multiple 

time points we used the two-way ANOVA. Only significant p values are shown on graphs.

Results

Splenic and bone marrow plasma cells express CD28

CD28 is expressed on human plasma cells, and its expression is regulated by Pax5 (15, 16). 

We first determined whether murine plasma cells produced CD28 in response to T-

dependent and T-independent Ags. Briefly, we immunized C57BL/6 mice i.m. with whole 

inactivated influenza A virus, A/FM/1/47, or i.p. with a T-dependent Ag (NP-CGG) or T-

independent Ag (NP-Ficoll). We then examined CD28 expression at the peak of splenic 

plasma cell responses (day 7 after immunization) and in the bone marrow at a memory time 

point (day 28) by flow cytometry. B cells did not express CD28, whereas both splenic and 

bone marrow plasma cells induced by A/FM/1/47 immunization expressed CD28 (Fig. 1A–

C). Immunization with NP-CGG also demonstrated CD28 expression on short-lived splenic 

and long-lived bone marrow plasma cells (data not shown). Similarly, mice immunized with 

T-independent Ag, NP-Ficoll (Fig. 1D), expressed CD28 on their splenic plasma cells. These 

data confirm that normal murine short-lived splenic and long-lived bone marrow plasma 

cells express CD28 on their surface irrespective of how they are induced.

T-independent Ab responses are modulated in the absence of CD28 on short-lived plasma 
cells

It is well established that CD28 is a crucial costimulator for T cell activation (9, 11, 12). 

Recent studies suggest that CD28 expression on plasma cells may promote their IgG 

production (16, 21). Hence, we reasoned that loss of CD28 would diminish plasma cell 

function and survival. To test this hypothesis, we compared the Ab responses of Cd28−/− 

mice and syngeneic C57BL/6 WT mice. Cd28−/− mice are impaired in germinal center 

formation and in development of long-lived plasma cells owing to dysfunctional T cells (13). 

To bypass the T cell dependency of Ab response, we immunized mice with type II T-

independent Ag, NP-Ficoll, which delivers prolonged and persistent signaling to B cells in 

the absence of T cell help (24). We collected sera at different time points and measured the 

NP-specific IgM levels, the predominant isotype of T-independent responses, from day 3 

through 60 post-immunization. Surprisingly, at all time points tested Cd28−/− mice exhibited 

significantly (p < 0.0001) higher serum NP-specific Ab levels than did their WT 

counterparts from day 7 through 60 postimmunization (Fig. 2A). During T-independent 

responses, IgG Abs are also produced but 10-fold lower than IgM Abs. Unlike the IgM Abs, 

Cd28−/− mice produced significantly (p = 0.0048) lower NP-specific IgG than did the WT 

controls from day 7 through 60 postimmunization (Fig. 2B).

We next examined the frequency of plasma cells in the immunized hosts by flow cytometry. 

Consistent with the high serum anti–NP-IgM levels, Cd28−/− mice had substantially higher 

frequencies of B220−CD138+ plasma cells in their spleens than did their WT counterparts 

(Fig. 2C). We further examined the IgM response by enumerating the Ag-specific plasma 

cells and again found significantly higher (p < 0.0001) frequencies of NP-specific IgM 

plasma cells in Cd28−/− hosts than in WT controls (Fig. 2D).

Njau et al. Page 5

J Immunol. Author manuscript; available in PMC 2016 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To ensure that the effect we saw was solely due to CD28 deficiency in the B cell lineage, we 

adoptively transferred 107 purified B cells from either Cd28−/− or WT mice into Rag1−/− 

mice; 2 wk later we immunized them with NP-Ficoll and subsequently measured NP-

specific Ab levels at days 3–45. We found that recipients of Cd28−/− B cells made 

significantly higher Ab levels at days 7–45 postimmunization compared with WT control 

mice (data not shown). We next determined whether the increased Ab production was 

intrinsic to Cd28−/− plasma cells by directly comparing Ab production from WT and 

Cd28−/− short-lived plasma cells. Briefly, we immunized WT or Cd28−/− mice with NP-

Ficoll, and 7 d later, we sorted total B220−CD138+ plasma cells by flow cytometry and 

adoptively transferred equal numbers of either Cd28−/− or WT plasma cells into Rag1−/− 

recipients. We then collected serum samples every week to assess NP-specific Ab response 

in the recipients (Fig. 2E). Adoptive hosts that received Cd28−/− plasma cells produced 

significantly more (p < 0.0001) NP-specific IgM Abs than did WT controls at all time points 

tested. These data demonstrate that increased IgM production in Cd28−/− mice is an intrinsic 

property of plasma cells, and they suggest that Cd28−/− splenic IgM plasma cells may 

selectively express higher levels of survival markers or produce more Ig on a per cell basis, 

or both.

Heightened Ab response of Cd28−/− short-lived plasma cells is likely due to prolonged 
survival

Our observation that Cd28−/− mice exhibited increased Ab production over time (Fig. 2A) as 

compared with WT mice suggested that Cd28−/− splenic plasma cells possess features that 

confer survival advantage. Hence, we examined the level of expression of surface proteins 

associated with survival of plasma cells, mature B cells, or lymphocytes in general (25–29). 

We assessed the expression of TNFR II and its homologs, TACI, BCMA, and BAFF-R. We 

also examined CD25 and IFN-αR in Cd28−/− and WT hosts 7 d after NP-Ficoll 

immunization by flow cytometry. Interestingly, in Cd28−/− splenic plasma cells, we observed 

significantly higher levels of TNFR II (p = 0.0039), TACI (p = 0.0120), BAFF-R (p = 

0.0007), IFN-αR (p = 0.0125), and CD25 (p = 0.0323) (Fig. 3A). We also observed a trend 

of higher BCMA levels in Cd28−/− plasma cells (Fig. 3A), although the difference was not 

statistically significant. Expression of other plasma cell survival factors, including IL-6R 

(29), CD44 (30), and IL-10 receptors (31, 32), was not significantly different between 

Cd28−/− and WT short-lived splenic plasma cells (data not shown). Collectively, our data 

suggest that Cd28−/− short-lived splenic plasma cells may survive longer than do their WT 

counterparts owing to their higher levels of known plasma cell survival factors.

To cope with the production of copious amounts of Ig that ensues upon plasma cell 

differentiation, differentiating B cells induce the unfolded protein response pathway (33, 

34). This pathway enhances the efficiency of protein processing, thus preventing 

endoplasmic reticulum (ER) stress. However, toward the end of the short-lived plasma cell 

lifespan, ER stress increases and this leads to the induction of ER-associated apoptotic 

caspase-12 (35). Because we observed enhanced expression of survival factor receptors on 

Cd28−/− plasma cells, we reasoned that Cd28−/− plasma cells might be less susceptible to 

ER-associated apoptosis than are WT plasma cells. To test this idea, we immunized WT or 

Cd28−/− mice with NP-Ficoll and late in the response, at day 13, we assessed the expression 
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of active caspase-12 in short-lived plasma cells by intracellular flow cytometry. Interestingly, 

we observed significantly reduced (p < 0.0001) levels of active caspase-12 protein 

expression in the Cd28−/− plasma cells in comparison with the WT plasma cells (Fig. 3B). 

The concurrent increase in expression of survival factor receptors and decrease in apoptotic 

caspase-12 strongly suggest that Cd28−/− plasma cells have a survival advantage over WT 

short-lived plasma cells.

Loss of CD28 expression on long-lived bone marrow plasma cells leads to increased Ag-
specific IgM and IgG Ab production

Our data thus far demonstrate that the lack of CD28 expression on short-lived splenic 

plasma cells leads to increased Ab levels and likely confers survival advantage. Next, we 

investigated whether CD28 expression affects the function and survival of long-lived bone 

marrow plasma cells. To test this, we used μMT mice as adoptive transfer hosts because 

these mice have intact, CD28-sufficient T cells yet lack B cells. We purified B cells from the 

spleens of Cd28−/− or control WT C57BL/6 hosts and adoptively transferred them into the B 

cell-deficient μMT hosts. Because long-lived plasma cells originate from germinal centers, 

we were concerned about the possibility that CD28-deficient B cells may be impaired in 

germinal center formation. Hence, we first tested whether Cd28−/− B cells, upon adoptive 

transfer into T cell-sufficient μMT recipients, would undergo normal germinal center 

differentiation in response to the T-dependent Ag, NP-CGG. CD28 deficiency in B cells did 

not impair germinal center formation, as μMT recipients with WT as well as Cd28−/− B cells 

exhibited comparable numbers of splenic germinal center B cells (B220+GL-7+PNA+) (Fig. 

4A). Next, we examined the serum NP-CGG–specific IgM and IgG Ab levels in the two 

cohorts of adoptive hosts up to 6 mo postimmunization. We observed significantly (p < 

0.0001) higher IgM titers from hosts that received Cd28−/− B cells at all time points tested 

(Fig. 4B).

NP-CGG immunization elicits a T-dependent response associated with isotype switching and 

hence IgG production; therefore, we examined the effect of CD28 deficiency on the serum 

level of NP-specific IgG and its subclasses by ELISA. Analogous to the IgM response, there 

was a significant (p = 0.0004) increase in the Ag-specific serum IgG levels in μMT 

recipients with Cd28−/− B cells than in the WT controls from day 18 through 58 post-

immunization (Fig. 4C). Consistent with this increase, there was substantially (p < 0.0001) 

more IgG1 in these mice when assessed at 28 d postimmunization (Fig. 4D). We also 

assessed NP-CGG–specific IgG2a, IgG2b, and IgG3 levels, but all of these were below the 

threshold of detection. In this system in which we adoptively transferred B cells into B cell-

deficient μMT hosts, we observed substantially higher levels of IgM than IgG in response to 

NP-CGG immunization. Nonetheless, both the IgG and IgM responses were significantly 

higher in the Cd28−/− hosts in comparison with the WT controls, suggesting that CD28 

expression modulated both IgG and IgM production by plasma cells responding to protein 

Ag.

One of the reasons for enhanced Ab production in adoptive hosts with Cd28−/− B cells could 

be that individual CD28-deficient plasma cells may produce more Ig than do WT plasma 

cells. We tested this using intracellular staining for IgM on long-lived plasma cells 6 mo 
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postimmunization. Our data shows that Cd28−/− plasma cells contained substantially higher 

levels (p = 0.003) of IgM per cell than did WT plasma cells (Fig. 4E). To corroborate this 

observation, we conducted ELISPOT assays on the spleen and bone marrow cells harvested 

from the adoptive hosts 6 mo post-immunization. We compared the mean spot sizes of the 

plasma cells from Cd28−/− hosts and WT hosts. Ab-secreting cells (ASCs) from the spleens 

and bone marrow of Cd28−/− hosts had significantly larger spot sizes (p = 0.02) than did WT 

controls (Fig. 4F). Taken together, our results show that Cd28−/− plasma cells produce more 

Abs on a per cell basis than do WT bone marrow plasma cells.

Ag-specific Cd28−/− long-lived bone marrow plasma cells are retained at higher 
frequencies than WT plasma cells

In view of the increased Ab levels in recipient mice with Cd28−/− B cells at late time points 

(Fig. 4A), we examined whether the long-lived Cd28−/− plasma cells were present in higher 

numbers than WT plasma cells at later time points. Because the Ab response in these hosts 

was predominantly IgM, we enumerated Ag-specific IgM secreting long-lived plasma cells 6 

mo post-immunization of μMT adoptive hosts that received either Cd28−/− or WT B cells by 

ELISPOT assay. We observed significantly higher numbers of NP-CGG–specific IgM 

plasma cells in the bone marrow (p = 0.0258) and spleen (p = 0.0403) of Cd28−/− adoptive 

hosts than in WT controls (Fig. 5A). This suggested that Cd28−/− plasma cells survive 

longer; hence, we tested whether Cd28−/− long-lived plasma cells also exhibited enhanced 

expression of survival factor receptors. We isolated bone marrow cells from the immunized 

Cd28−/− and WT adoptive hosts 6 mo post-immunization and assessed the expression of 

CD25, BCMA, TNFR II, IFN-αR, and IL-6R by flow cytometry. A comparison of the mean 

fluorescence intensities (MFIs) of these receptors shows that the Cd28−/− long-lived bone 

marrow plasma cells expressed higher levels of CD25 (p = 0.0003) (Fig. 5B). Conversely, 

BCMA, IFNR-α, TNFR II, and IL-6R levels were comparable to WT (Fig. 5C–F). Thus, 

although Cd28−/− long-lived plasma cells existed at higher frequencies than did WT plasma 

cells, they did not exhibit enhanced expression of most survival factor receptors, with the 

exception of CD25.

CD28-deficient plasma cells from mixed bone marrow chimeras also exhibit increased Ab 
production and higher plasma cell frequency

Contrary to our findings, a recent paper by Rozanski et al. (21) reported that CD28-deficient 

plasma cells exhibited decreased survival and produced significantly lower levels of IgG1 

Abs. A possible explanation for this discrepancy could be that we used adoptive transfer of 

mature CD28-deficient B cells into μMT mice for our experiments whereas Rozanski et al. 

used mixed bone marrow chimeras. To ascertain whether our observations were because of 

this difference, we generated mixed bone marrow chimeras. Briefly, we lethally irradiated 

WT B6.SJL (Ly5.1) mice and reconstituted them with bone marrow cells from Cd28−/− 

(Ly5.2) or WT (Ly5.2) and μMT (Ly5.2) mice to generate mixed bone marrow chimeras. 

The reconstitution was done at a 40:60 (Cd28−/−/WT:μMT) ratio. Six weeks later, we 

confirmed reconstitution by flow cytometry (Ly5.1 versus Ly5.2) and then immunized the 

chimeras with NP-CGG/Alum. We then monitored the IgG response to the T-dependent Ag 

over a course of 6 wk. We observed a significant upregulation (p = 0.0002) of IgG from 

Cd28−/− mixed bone marrow chimeric hosts in comparison with the WT counterparts (Fig. 
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6A). This is consistent with our previous findings in which we reconstituted μMT mice with 

mature B cells (Fig. 4).

To confirm that the responses we observed are mediated by donor-derived Cd28−/− and WT 

plasma cells, respectively, we examined the phenotype of lymphocytes in the spleen and 

bone marrow of these hosts by flow cytometry at 6 wk postimmunization. As expected, 

>95% of the B cells originated from the donors, thus expressing Ly5.2 (Fig. 6B), and 88 

± 0.95% of the plasma cells from the Cd28−/−;μMT chimeras lacked CD28 expression, 

whereas 80 ± 1.5% of the plasma cells from WT;μMT chimeras expressed CD28 (Fig. 6C). 

To assess whether these cohorts had comparable levels of CD28-sufficient CD4 T cell help, 

we examined CD28 expression on CD4 T cells from the spleens of these chimeric hosts. We 

found that CD4 T cells from these cohorts expressed comparable levels of CD28 (Fig. 6D), 

with 78 ± 0.75% of the CD4 T cells from Cd28−/−;μMT hosts expressing CD28 and 81 

± 0.5% of the CD4 T cells from WT;μMT hosts expressing CD28, whereas the B cell 

controls did not express CD28. Next, we enumerated the plasma cells from the spleens and 

bone marrows of these hosts by ELISPOT assay 6 wk after immunization. Consistent with 

our previous observations, Cd28−/−;μMT chimeras had higher frequency of NP-CGG–

specific IgG-secreting plasma cells both in the spleen and in the bone marrow (p = 0.0093) 

in comparison with the WT counterparts (Fig. 6E). Collectively, these observations 

demonstrate that the enhanced function of CD28-deficient plasma cells is observed in mixed 

bone marrow chimeras as well.

Interaction between CD28 and B7 molecules is required for regulation of splenic and bone 
marrow plasma cells

The only known ligands for the CD28 receptor are B7-1 and B7-2 molecules, which are 

expressed not only on APCs but also on plasma cells (36). To confirm this, we tested 

whether normal splenic and bone marrow plasma cells express B7-1 or B7-2. We found that 

both plasma cell populations expressed high levels of B7-1 and modest levels of B7-2 (data 

not shown). Given the observed upregulation of plasma cell function in the absence of 

CD28, we reasoned that engagement of CD28 was needed for negative regulation of plasma 

cells. Because plasma cells also express the ligands for CD28, we hypothesized that the loss 

of B7-1/B7-2 expression may likewise result in enhanced plasma cell function. Thus, we 

first determined whether lack of B7.1/B7.2 on short-lived plasma cells would similarly affect 

their function during a T-independent Ab response. We immunized B7.1/B7.2−/− mice or 

syngeneic WT C57BL/6 mice with 50 μg NP-Ficoll and we followed serum NP-specific 

IgM levels of the immunized hosts for 2 mo. As anticipated, the B7.1/B7.2−/− mice 

displayed significantly (p < 0.0001) higher levels of NP-specific Abs than did the WT 

controls on days 14–60 postimmunization (Fig. 7A). Taken together, these data suggest that 

the B7.1/B7.2−/− short-lived splenic plasma cells, analogous to their Cd28−/− counterparts, 

survive longer than do their WT counterparts and thus sustain higher Ab titers.

Next, we investigated whether the loss of B7.1/B7.2 expression would likewise enhance the 

function of long-lived plasma cells in the bone marrow. We transferred equal numbers of 

B7.1/B7.2−/− B cells or C57BL/6 WT B cells into cohorts of μMT hosts that were 

subsequently immunized with NP-CGG plus Alum. Then we determined their serum NP-
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CGG–specific IgM and IgG levels by ELISA. As expected, the B7.1/B7.2−/− adoptive hosts 

had significantly (p < 0.0001) higher IgM titers than did the WT controls (Fig. 7B). We next 

examined the effect of B7.1/B7.2 expression on the IgG response and found that loss of B7.1 

and B7.2 led to a significant (p = 0.0274) increase in NP-specific IgG from day 7 through 62 

postimmunization (Fig. 7C). We also assessed the level of IgG subclasses on day 28 

postimmunization. Consistent with the total NP-specific IgG response, we observed a 

significant increase (p = 0.0153) in IgG1 and IgG2b in the B7.1/B7.2−/− adoptive hosts in 

comparison with WT controls (Fig. 7D). In summary, the loss of either CD28 or its ligands 

B7.1/B7.2 leads to the enhancement of Ab production by plasma cells.

CD28 deficiency on plasma cells enhances production of neutralizing Abs to influenza 
virus

Our observations using model Ags suggest that CD28 expression on plasma cells regulates 

their Ab production and frequency. Next, we investigated whether the quality or 

functionality of Abs produced by Cd28−/− plasma cells were comparable to WT plasma 

cells. To test this, we studied the immune response to influenza virus infection. Briefly, we 

adoptively transferred into Rag1−/− mice WT T cells and either Cd28−/− or WT B cells. Two 

weeks later, we infected the recipient mice with a sublethal dose of A/PR/8/34 influenza 

virus. We collected sera on the indicated time course and monitored the HAI and virus-

neutralization titers. On day 7 postinfection the HAI titers were comparable between the two 

cohorts; however, by day 14–60 postinfection there was a 2-to 4-fold increase in the HAI 

titers from the Cd28−/− adoptive hosts in comparison with WT controls (Fig. 8A). Likewise, 

we found a 2- to 4-fold increase in the neutralization titers from Cd28−/− B cell adoptive 

hosts in comparison with WT B cell hosts (Fig. 8B). The increase in HAI and neutralization 

titers from recipient mice with Cd28−/− B cells corroborates our observations of heightened 

Ab responses from Cd28−/− plasma cells in response to hapten-carrier Ags. Collectively, our 

data suggest that during an immune response to influenza virus infection, lack of CD28 

expression on plasma cells enhances virus-specific neutralizing Ab production.

Discussion

The CD28/B7 costimulatory pathway is well known for its critical role in T cell activation. It 

is also important in shaping the type of T cell response (37, 38) and for optimal memory 

responses (39–41). In this study, we show that the CD28–B7 interaction plays a novel role as 

a modulator of plasma cell survival and function.

Our data demonstrate that in the absence of CD28 most of the plasma cells generated in 

response to NP-Ficoll, NP-CGG, or influenza virus exhibit enhanced function and survival. 

This was strictly an intrinsic effect of CD28 on the B cell lineage, as the Cd28−/− B cells 

transferred into Rag1−/− (Fig. 2E) or μMT recipients (Fig. 4) or Cd28−/−;μMT mixed bone 

marrow chimeras (Fig. 6) produced more Ag-specific Ig than did WT B cells upon 

immunization with NP-Ficoll or NP-CGG, respectively. Additionally, upon infection with 

influenza virus Rag1−/− adoptive hosts of Cd28−/− B cells exhibited an increase in their HAI 

and neutralization titers in comparison with WT hosts. The elevated Ab function of Cd28−/− 

plasma cells was most likely resulting from a higher rate of Ig production and enhanced 
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frequency of plasma cells (Figs. 4E, 4F, 5A). Consistent with these observations, Cd28−/− 

short-lived plasma cells upregulated TNFR family proteins and CD25, proteins involved in 

survival of B cells and T cells (Figs. 3, 5). Similar to CD28 deficiency, the lack of B7.1/B7.2 

resulted in increased Ab production (Fig. 7), suggesting that the CD28–B7 interaction on 

plasma cells ensures normal Ab production and disruption of this interaction leads to 

enhanced Ab production.

Our data disagree with a recent study (21), which concluded that CD28 is a positive 

regulator of plasma cells. That study showed that overall, Cd28−/− and Cd80/86−/− mice 

have lower numbers of long-lived plasma cells in the bone marrow and concluded that loss 

of CD28–B7 interaction on plasma cells led to diminished plasma cell survival. However, 

previous studies have demonstrated that mice deficient in CD28 or CD80/CD86 are unable 

to form productive germinal centers (13, 14), which are the major source of long-lived 

plasma cells. Therefore, it is not surprising that these mice have diminished bone marrow 

plasma cells. The authors also showed diminished Ag-specific IgG1
+ plasma cells in the 

bone marrow of immunized Cd28−/−:μMT bone marrow chimeric mice, but it is unclear 

whether the total numbers of Ag-specific, non-IgG1+ plasma cells in the bone marrow were 

diminished. In our experiments using Cd28−/−:μMT bone marrow chimeras, we did not 

observe decreased Ab levels but instead we saw increased plasma cells numbers and Ab 

production.

The CD28/B7 costimulatory pathway is also important in the generation and maintenance of 

regulatory T cells (42). Mice deficient in CD28 or B7.1/B7.2 have a lower frequency of 

regulatory T cells. In the absence of regulatory T cells both T cell responses as well as T-

dependent Ab responses are amplified in some cases, leading to the development of 

autoimmune disease (43–45). Additionally, recent studies suggest that regulatory T cells can 

directly modulate B cell responses (46) and plasma cell generation (47). Our data obtained 

from Cd28−/−, B7.1/B7.2−/−, and Rag1−/− mice could be impacted by the deficiency of 

regulatory T cells in these hosts; however, we observe comparable results in experiments 

done in μMT hosts and mixed bone marrow chimeras, which are intact in their regulatory T 

cell compartment. Thus, to the best of our knowledge, regulatory T cells do not appear to be 

a factor in the CD28–B7-mediated regulation of plasma cell function we are reporting in this 

study.

The molecular mechanism by which CD28 regulates plasma cell responses remains unclear. 

At present, most of the studies in the literature have examined the effect of CD28 expression 

on transformed plasma cell lines, which may not reflect the physiological role of CD28 in 

normal, Ag-induced plasma cells. Some of these studies have shown that CD28 expression 

on malignant plasma cells from multiple myeloma patients correlates with tumor expansion 

and treatment failure (17–19). Such observations led to the preposition that CD28 is a 

survival factor for multiple myeloma plasma cells (19). On the contrary, Zhang and 

colleagues (48) showed that addition of agonistic Ab against CD28 induces apoptosis of 

multiple myeloma cell lines in vitro.

Our data clearly show that the CD28–B7 interaction is important for normal functioning of 

plasma cells and that disruption of this interaction, either due to CD28 or B7 deficiency, 
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leads to enhanced plasma cell persistence and Ab production. CD28, CD80, CD86, and 

CTLA-4 exist in two forms, membrane bound and soluble, owing to alternative mRNA 

splicing (49–52). Interestingly, these soluble forms are elevated in the sera of autoimmune 

patients including Ab-mediated autoimmune disorders such as systemic lupus erythematosus 

(53, 54) and rheumatoid arthritis (55). Although these soluble molecules clearly play a role 

in modulating T cell responses, they may also exhibit direct effects on plasma cells by 

disrupting the CD28–B7 interaction and relieving the negative regulation of plasma cells. 

Such disruption may induce autoreactive plasma cells to survive longer and produce more Ig 

per plasma cell, thus exacerbating the autoimmunity. Neutralizing these soluble molecules 

could possibly be explored as a therapeutic strategy to downmodulate Ab-mediated 

autoimmunity.

The precise role of CD28–B7 interaction on plasma cells in a nonautoimmune setting is not 

known. It is unclear why plasma cells would need an extra level of regulation because the 

bone marrow plasma cells are long-lived and continue to produce Abs for a lifetime. 

Although further studies are warranted to fully understand this, it may not be inappropriate 

to consider that perhaps the soluble molecules are a way to enhance Ab production by pre-

existing plasma cells. Production of soluble CD28, B7, or CTLA-4 molecules may be a 

mechanism by which the host could significantly increase the amount of Ab produced from 

the same number of existing plasma cells. This could be particularly useful during times of 

stress or inflammation and be a means to enhance the overall serological immunity in the 

host. Studies to test this are in progress. The use of soluble molecules could be a way to 

enhance overall Ab production.

Longevity of plasma cells is critical for maintaining long-term immune memory and 

conferring protection from pathogenic challenge, making it a critical feature of vaccination. 

Constant secretion of Ag-specific Abs by plasma cells is the first line of defense of the 

adaptive immunity prior to the reactivation of memory cells; circulating Abs efficiently 

lower the pathogenic threat. Conversely, the sustained Ab production and persistence of 

plasma cells make them a menace when directed against self-Ags in autoimmunity. In this 

study, we show that in the absence of CD28 most plasma cells upregulate their Ab 

production capacity and enhance their yield over time. Thus, interruption of the CD28–B7 

interaction on plasma cells can enhance Ab production, whereas facilitating this interaction 

may restrict Ab production and plasma cell survival. Collectively, our observations indicate 

that the CD28/B7 pathway could be a potential target for modulation of plasma cell 

responses in both vaccination and autoimmune disease therapies.
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ASC Ab-secreting cell

BCMA B cell maturation Ag

CGG chicken γ-globulin

ER endoplasmic reticulum

HAI hemagglutination inhibition

MFI mean fluorescence intensity

NP 4-hydroxy-3-nitrophenyl acetyl

PNA peanut agglutinin

RDE receptor-destroying enzyme

TACI transmembrane activator and CAML interactor

TNFR II TNFR type II

WT wild-type
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FIGURE 1. 
CD28 is expressed on plasma cells. Cohorts of C57BL/6 mice were immunized with either 

1400 hemagglutinin units of influenza A virus (A/FM/1/47) i.m. or 50 μg NP-Ficoll i.p. At 

days 7 and 28 following immunization, spleen and bone marrow lymphocytes were isolated 

and stained with fluorescent-labeled Abs against B220, CD138, and CD28. The stained cells 

were analyzed by flow cytometry. (A) Dot plot showing the phenotypic distinction of 

B220+CD138− B cells (shown as B) and B220− CD138+ plasma cells (shown as PC) 

harvested from spleen 7 d after A/FM/1/47 immunization. (B–D) Histogram plots showing 

the CD28 expression profile of (B) splenic short-lived plasma cells and B cells 7 d 

postimmunization with A/FM/1/47, (C) bone marrow long-lived plasma cells and B cells 28 

d following immunization with A/FM/1/47, and (D) splenic T-independent short-lived 

plasma cells and B cells 7 d postimmunization with NP-Ficoll. The data represent at least 

three independent experiments done with five mice per group.
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FIGURE 2. 
Ab responses are heightened in the absence of CD28. Cohorts of Cd28−/− mice or syngeneic 

WT C57BL/6 mice were immunized i.p. with 50 μg NP-Ficoll or PBS. Sera (n = 10), 

splenocytes (n = 10), and plasma cells (n = 10) were collected from each immunized mouse 

cohort and PBS control mice on the indicated time points. ELISA results show levels of NP-

specific IgM (A) and IgG (B) in the sera from immunized mice. Nonspecific Ig titers from 

PBS controls have been subtracted from shown NP-specific titers. (C) Percentage of splenic 

B220−CD138+ plasma cells in Cd28−/− and WT mice was determined by flow cytometry on 

day 7 postimmunization. (D) Frequency of ASCs in the splenocytes from immunized 

Cd28−/− mice and WT controls was determined by ELISPOT on the indicated time points. 

(E) Bar graph showing serum NP-specific IgM levels from Rag1−/− adoptive hosts of 

Cd28−/− or WT splenic short-lived plasma cells isolated from splenocytes of the NP-Ficoll–

immunized hosts. NP-IgM levels were determined by ELISA. Results are representative of 

at least three separate experiments using five mice per group. Statistical analyses to compare 

the IgM levels and number of ASCs in Cd28−/− versus WT control hosts were done by 

ANOVA; p values are shown on respective graphs.

Njau et al. Page 18

J Immunol. Author manuscript; available in PMC 2016 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Cd28−/− plasma cells express higher levels of survival factor receptors and lower levels of 

apoptotic caspase-12. Cohorts of Cd28−/− (n = 20) and WT control (n = 20) mice were 

immunized with 50 μg NP-Ficoll or PBS. Splenocytes were harvested on days 7 and 13 

following immunization and stained with fluorescent-labeled Abs against survival and 

apoptosis markers. Stained cells were examined by flow cytometry. (A) Graphs showing the 

expression levels of TNFR II, BCMA, TACI, BAFF-R, CD25, and IFNα-R on splenic short-

lived plasma cells 7 d following immunization, shown as mean MFI. (B) Graphic 

representation of intracellular active caspase-12 levels in splenic short-lived plasma cells that 

were measured 13 d after immunization, shown as MFI. Data are representative of at least 

two experiments done with four to six mice per group. A two-tailed Student t test with a 

Welch correction was done to compare MFIs of Cd28−/− versus WT hosts. Significant values 

(p < 0.05) are shown on corresponding plot.
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FIGURE 4. 
Cd28−/− long-lived plasma cells produce more Abs than do WT plasma cells. Two cohorts of 

B cell-deficient μMT hosts were reconstituted with 107 splenic B cells from either Cd28−/− 

(n = 20) or WT C57BL/6 control (n = 20) hosts. Three to 14 d after transfer the adoptive 

hosts were immunized i.p. with 50 μg NP-CGG/Alum or PBS and the B cell responses were 

assessed. (A) Frequency of B220+GL-7+PNA+ germinal center B cells in the μMT adoptive 

hosts of WT or Cd28−/− B cells, 14 d after NP-CGG/Alum immunization. (B–D) ELISA 

results showing the concentration of NP-CGG–specific IgM (B) and IgG (C, D) in the serum 

of μMT adoptive hosts of Cd28−/− or WT B cells, on indicated time points 

postimmunization. ANOVA was done to compare Ab levels in Cd28−/− versus WT adoptive 

hosts. (E) Flow cytometry of intracellular IgM 6 mo after NP-CGG/Alum immunization 

shown as MFI. (F) ELISPOT results showing the mean spot sizes of ASCs from spleen and 

bone marrow of Cd28−/− versus WT adoptive hosts. Data are representative of two 

experiments done with four to five mice per group. Statistical comparison of intracellular 

IgM levels in WT versus Cd28−/− hosts were done by the two-tailed Student t test.
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FIGURE 5. 
Cd28−/− plasma cells outlast WT plasma cells. Two groups of B cell-deficient μMT hosts 

were reconstituted with 107 splenic B cells from either Cd28−/− (n = 10) or WT C57BL/6 

control (n = 10) hosts. Three to 14 d following the transfer, the adoptive hosts were 

immunized i.p. with 50 μg NP-CGG/Alum or PBS, and 6 mo later the long-lived plasma 

cells from the bone marrow were examined. (A) Frequency of NP-CGG–specific ASCs in 

the bone marrow and splenic lymphocytes of μMT adoptive hosts of Cd28−/− or WT control 

B cells were determined by ELISPOT. (B–F) Graphs showing the expression of CD25 (B), 

BCMA (C), IFN-αR (D), TNFR (E), and IL-6R (F) in bone marrow plasma cells of μMT 

adoptive hosts of Cd28−/− or WT B cells was examined by flow cytometry and shown as 

MFI. Data represent two independent experiments with five mice per group. Statistical 

comparisons of Cd28−/− and WT plasma cells were done by the two-tailed Student t test; 

significant differences (p < 0.05) are shown.
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FIGURE 6. 
CD28 deficiency in plasma cells from mixed bone marrow chimeras enhances Ab 

production and increases plasma cell frequency. Two cohorts of B6.SJL (Ly5.1) mice were 

lethally irradiated and reconstituted with 1.2 × 106 bone marrow cells from μMT and 8 × 105 

bone marrow cells from either Cd28−/− (Ly5.2) or WT (Ly 5.2) mice. Six weeks after 

reconstitution, the chimeras were immunized i.p. with 50 μg NP-CGG in Alum and their B 

cell responses were examined for 6 wk. (A) ELISA results showing serum NP-CGG–

specific IgG levels from Cd28−/−;μMT and WT;μMT chimeric hosts on the indicated time 

points. (B) Flow cytometry dot plot showing donor-derived Ly5.2 expression in splenic B 

cells from the chimeric hosts. (C and D) Histogram plots showing CD28 expression in 
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plasma cells (C) and CD4 T cells (D) from the spleens of Cd28−/−;μMT and WT;μMT 

chimeras. CD28 expression was examined by flow cytometry. (E) Graph showing the mean 

frequency of NP-CGG/IgG ASCs in spleens and bone marrows from Cd28−/−;μMT and 

WT;μMT chimeras, enumerated via ELISPOT. Experiments were done with five mice per 

group. Statistical comparisons between Cd28−/−;μMT and WT;μMT chimeras were done 

using the two-tailed Student t test and ANOVA. Error bars represent SEM.
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FIGURE 7. 
B7.1/B7.2 deficiency increases Ab production in short-lived and long-lived plasma cells. To 

generate short-lived plasma cells, B7.1/B7.2−/− or syngeneic C57BL/6 WT controls were 

immunized i.p. with 50 μg NP-Ficoll or PBS control. Serum was collected from the 

immunized mice weekly for 2 mo to monitor serum Ab levels via ELISA assays. (A) Serum 

NP-IgM concentrations from B7.1/B7.2−/− or WT mice immunized with NP-Ficoll. (B–D) 

To generate long-lived plasma cells, two groups of B cell-deficient μMT mice were 

reconstituted with 107 splenic B cells from B7.1/B7.2−/− or WT control mice. The adoptive 

hosts were immunized with 50 μg NP-CGG/Alum or PBS control, and the B cell responses 

were monitored for 4 mo. Serum NP-CGG–specific IgM (B) and IgG (C, D) levels from 

μMT adoptive hosts of B7.1/B7.2−/− or WT B cells at the indicated time points after NP-

CGG/Alum immunization are shown. Experiment was done with five mice per group. Error 

bars represent SEM.
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FIGURE 8. 
CD28 deficiency on plasma cells increases influenza virus hemagglutination titers. Splenic T 

cells from WT C57BL/6 mice and B cells from either Cd28−/− or WT control mice were 

adoptively transferred into cohorts of Rag1−/− mice via the tail vein. Two weeks later the 

recipient mice were intranasally infected with 0.1 × LD50 A/PR/8/34 influenza virus or PBS 

as control. Serum samples were collected 7, 14, 30, and 60 d after infection. Sera were 

treated with RDE II, heat inactivated, and examined for HAI titers (A) and neutralization 

titers (B). Experiment was done with six mice per group. Error bars represent SEM.
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