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The p65 Subunit of NF«B Is Redundant with p50 During B
Cell Proliferative Responses, and Is Required for Germline ¢
Transcription and Class Switching to 1gG3"

Bruce H. Horwitz,* T Piotr Zelazowski,* Yi Shen* Karen M. Wolcott, $ Martin L. Scott,*
David Baltimore,?* and Clifford M. Snapper 3+

B cells lacking individual NF-kB/Rel family members exhibit defects in activation programs. We generated small resting B cells
lacking p65 or p50 alone, or lacking both p50 and p65, then evaluated the ability of these cells to proliferate, secrete Ig, and
undergo Ig class switching. B cells lacking p65 proliferated well in response to all stimuli tested. However, these cells demonstrated
an isolated defect in switching to 1gG3, which was associated with a decrease #8 germline C, gene expression. Whereas,
previously reported, B cells lacking p50 alone had a severe proliferative defect in response to LPS, a moderate defect in response
to CD40 ligand (CD40L), and normal proliferation to Ag receptor cross-linking using dextran-conjugated anti-lgD Abs @8-dex),

B cells lacking both p50 and p65 exhibited severely impaired proliferation in response to LPSyé-dex, and CD40L. This defect
could be overcome by simultaneous administration o&é-dex and CD40L. In response to this latter combination of stimuli, B cells g
lacking both p50 and p65 secreted Ig and underwent isotype switching to IgG1 as efficiently as B cells lacking p50 alone. Theseé
data demonstrate a role for the p65 subunit of NF«kB in germline C,, gene expression as well as functional redundancy between §
p50 and p65 during proliferative responses. The Journal of Immunology,1999, 162: 1941-1946.

0.} pape

he NF«B/Rel family of transcriptional regulators con- dividual NF+«B/Rel subunits p50, RelB, c-Rel, or lacking only the 5

tains five members: p50 (MB1), p65 (RelA), c-Rel transactivation domain of c-Rel demonstrate specific defects in %

(Rel), RelB, and p52 (NkB2) (1-3). These proteins bind cell proliferative responses, Ig heavy chain constant regiqy) (C
to DNA in a sequence-specific manner and influence transcriptiogene expression, and/or isotype class switching (9—13). Whereas§
either as homodimers or as heterodimers with other family memcells lacking p52 are essentially normal in the assays performeg
bers. NF«B/Rel complexes representing many of the possible(14), B cells lacking p50 proliferate poorly in response to LPS,3
dimeric combinations have been identified in cell extracts; some ofyhile proliferation of B cells lacking c-Rel or RelB is moderately o
these complexes differ in DNA binding specificity and ability to reduced in response to LPS, Ag receptor stimulation, and CD4§
activate transcription (4, 5). Dimers of N&B/Rel family polypep- jigation. Furthermore, B cells lacking p50 or the transactivation2,
tides are present in the cytoplasm of most cells bound to inhibitoryyomain of c-Rel demonstrate defects in switching to 19G3, 1gA,2
prolteins of the .:kB family (6—8). Cellular ac;tivation can Igad 0 and IgE, or 1gG3, IgG1, and IgE, respectively. Becausegéne
rapid degradation ofdB molecules, allowing translocation of gy ression is thought to be a prerequisite for class switching (153
NF-xB/Rel proteins to the nucleus, where they strongly enhance g it is not surprising that in B cells lacking p50 there are alter-:
the trarjsc_rlptlon of a W'de range of genes, including many IN-ations in expression of 3 and G,e, while in B cells lacking the N
volved in immune and inflammatory processes (4, 5). transactivation domain of c-Rel, there are alterations in expressioé

fS:lmuI?tlonfof pturcljflgd stnr:all rlestlr;gNchlglsl repie_sentds a POW- ¢ C,vy3 and G,y1. However, despite the observation that there is
ertul system for studying the role o €1 proteins aunng o 4,ced switching to IgA and IgE in B cells lacking p50 or the

activation programs. B cell activators including LPS, Ag receptortransactivation domain of c-Rel, respectively, in these cases ex-

cross-linkers, and CD40 agonists indue Idegradation and nu- . . . .
clear translocation of NixB/Rel proteins. B cells lacking the in- pression of the corresponding germline transcripts has appeared
normal (11, 12). This raises the possibility that NB/Rel may

have other roles in the regulation of the class switching process in
addition to regulation of germline ,£gene expression.
*Department of Biology, Massachusetts Institute of Technology, Cambridge, MA : .
02139; "Division of Emergency Medicine, Children’s Hospital, Boston, MA 02115; Although the experlmfents SL_Jmmarlzed abov_e S_UQQeSt several
and *Department of Pathology arfiBiomedical Instrumentation Center, Uniformed  roles for NFxB/Rel proteins during the B cell activation program,
Services University of the Health Sciences, Bethesda, MD 20814. important questions remain. Activation of purified small resting B
;zefggléed for publication August 19, 1998. Accepted for publication November cg||g |acking p65 has not been reported. Mice Iacking RelA, the
T’h '  ublication of this artcl defraved oy ih . gene for p65, die during embryonic development (17, 18). How-
e costs of publication of this article were defrayed in part by the payment of page, . .
charges. This article must therefore be hereby maddckrtisemenin accordance ever, B _C_e“S IaCkm_g p65 are_ prqducgd after adoptlve transfer of
with 18 U.S.C. Section 1734 solely to indicate this fact. p65-deficient fetal liver cells into irradiated hosts (18, 19). In one
1 This work was supported by grants from the Cancer Research Fund of the Damogstudy, splenocytes isolated from animals that had received p65-
Runyan-Walter Winchell Foun(_jatlon (to_B.H.H.),the Amgen Corporation (to B.H.H., deficient fetal liver cells showed impaireEH]TdR uptake in re-
M.L.S., and D.B.), and by National Institutes of Health Grant AI32560 (to C.M.S.) . .
o ) sponse to LPS or anti-IgM (18). However, because small resting B
2 Current address: California Institute of Technology, Pasadena, CA 91125. cells were not purified away from other splenocytes including
3 Address correspondence and reprint requests to Dr. Clifford M. Snapper, Departgarge preactivated B cells and T cells. and the percentage of B cells

ment of Pathology, Uniformed Services University of the Health Sciences, 4301 Jone: . - 4
Bridge Road, Bethesda, MD 20814. E-mail address: csnapper@usuhs.mil present in each population was apparently not normalized, a cell
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autonomous role for p65 during B cell activation has not yet beerCulture medium

_clearly demonstrated. Fur_thermore, the role of p65 in class SW'tChRPI\/n 1640 (Biofluids, Rockville, MD) supplemented with 10% FBS (Sig-
ing and G, gene expression has not been addressed, nor has thgs), 2 mM L-glutamine, 0.05 mM 2-ME, 50ug/ml penicillin (Life
possibility that p65 exhibits redundant functions with other NF- Technologies, Grand Island, NY), and &@/ml streptomycin (Life Tech-
«B/Rel family members during B cell activation programs. There-nologies) was used for culturing cells.

fore, a number of important questions regarding the role of p65 irPreparation and culture of B cells

B cell activation remain unresolved. : i i .
In this article we characterize the ability of purified small rest- Two to six months a_fter t_ransplantatlon, single-cell suspensions were made
’ yorp from spleens of chimeric animals, and RBC were lysed in ammonium

ing B cells lacking either p65 alone or both p50 and p65 to pro-chioride. Cells were stained with phycoerythrin-labeled rat IgG2a anti-
liferate, secrete lg, and undergo isotype class switching. We haveouse B220 mAb (clone RA3-6B) (PharMingen) and FITC anti-mouse
found that although B cells lacking p65 alone proliferate well to all CD45.1 mAb (PharMingen). Small resting fetal liver-derived B cells (low

. . y . s orward and side scatter, B220CD45.1") were obtained by electronic
stimuli tested, they exhibit a defect in switching to IgG3 caused b cell sorting on an EPICS Elite cytometer (Coulter, Hialeah, FL). Reanalysis

decreased g?"m“ne transcr.iption Qf¢3.B cellsllac.kilng bOIh. PS50 of sorted cells immediately after isolation showed fetal liver-derived B cell
and p65 proliferate poorly in response to all individual mitogenspurities of>>99%. B cells were cultured at 37°C in a humidified incubator

but proliferate well to combinations of these agents. Interestinglycontaining 6% CQ at a cell density of 2< 10° cells/ml.

B cells lacking both p50 and p65 can secrete Ab and efficientlyveasurement of DNA synthesis BYH[TdR incorporation

switch to IgG1 in response to these combination stimuli. . ) .
B cells were cultured for 48 h in a final volume of 0.2 ml in RPMI 1640

medium in flat-bottom 96-well trays (Costar, Cambridge, MAM]TdR (1

i wrCi; sp. act. 20 Ci/mmol; Amersham, Arlington Heights, IL) was added to
Materials and Methods the cultures for the last 8—12 h. Cultured cells were then harvested onto
Reagents glass fiber filter paper with an LKB-Wallac (Turku, Finland) 1295-001 cell

LPS serotype 0111:B4, phenol extracted, was purchased from Sigma (é'l\_arvester. Specific incorporation GH]TdR was anal_yzed b_y scintillation g
Louis, MO). H5¥1 (monoclonal mouse IgG2b (b allotype) anti-mouse IgD spectroscopy, and results are expressed as the arithmetic-m8&iM of 2
(a allotype)) and AF3 (monoclonal mouse IgG2a (a allotype) anti-mousd'iPlicate cultures. 2
IgD (b allotype)) Abs were purified from ascites. Dextran-conjugated Quantitation of secreted Ig isotype concentrations in culture SN &
H&%1 and AF3 Abs 8-dex)* were prepared by conjugation of the respec-

tive mAbs to high m.w. dextran (X 10° m.w.), as previously described g isotype concentrations were measured by ELISA. To determine concen=
(20). The concentration of dextran-conjugated mAb that is indicated in thérations of secreted IgM, 19G3, (IgG1, 1gG2b, and 1gG2a), and IgGA inS
text reflects only the anti-lg Ab concentration and not that of the entireculture SN, Immulon 2, 96-well flat-bottom plates (Dynatech Laboratories,
conjugate. Membrane CD40 ligand (mCD40L) was prepared from Sf9 in-Alexandria, VA) were coated with unlabeled affinity-purified polyclonal %
sect cells infected with a CD40 Ligand (CD40L)-containing recombinantgoat anti-mouse IgM, 1gG3, 1gG, and IgA Abs (Southern Biotechnology :
baculovirus vector. Recombinant CD8-CD40L fusion protein (sCD40L) Associates, Birmingham, AL), respectively. Plates were then washedg’
was constructed and expressed in a soluble form as previously describeblocked with FBS containing buffer, and incubated with various dilutions 5
partially purified from culture supernatants (SN) by precipitation with am- of culture SN and standards. After washing, plates were incubated witlg
monium sulfate, and chromatographed over a CM-Sepharose column. Rélkaline phosphatase-conjugated affinity-purified goat polyclonal anti-2
combinant murine IL-4, IL-5, IFNy, and human TGEB were kind gifts of mouse IgM, 1gG3, 1gG1, IgG2b, 1gG2a, and IgA Abs (Southern Biotech-Q
Alan Levine (Case Western Reserve University School of Medicine,nology Associates) as indicated, washed again, and a fluorescent prodé@t
Cleveland, OH), Richard Hodes (National Institutes of Health, Bethesdawas generated by cleavage of exogenous 4-methyl-umbilliferyl phosphats
MD), Genentech (South San Francisco, CA), and Wendy Waegell (Celtri{Sigma) by the plate-bound alkaline phosphatase-conjugated Abs. For dg
Pharmaceuticals, Santa Clara, CA), respectively. The following FITC-termination of IgE concentrations, a similar procedure was followed excep:
labeled monoclonal Abs were used for flow cytometric analysis: Rat IgG1that the plates were coated with a monoclonal rat IgG1 anti-mouse Ig
anti-mouse 1gG1 (Zymed Laboratories, South San Francisco, CA) and r&iR1.E4) (purified from ascites), followed by samples and standards, theﬁ
IgG2a anti-mouse IgG3 (PharMingen, San Diego, CA). Rat IgG1 anti-lgEmonoclonal biotin-rat IgG1 anti-mouse IgE (clone R35-92) (PharMingen)
mAb (R1.E4) (21) was purified from ascites and conjugated to FITC by athen streptavidin-alkaline phosphatase (PharMingen), and then 4-met#®
standard protocol. R.1E4 recognizes an epitope of the IgE molecule that iglumbilliferyl phosphate. Fluorescence was quantitated on a MicroFLUO
masked when IgE is bound to &Rll; thus, R.1E4 recognizes intrinsic but ELISA reader (Dynatech, Chantilly, VA), and fluorescence units were con-g
not cytophilic IgE. verted to Ig concentrations by interpolation from standard curves that were
determined with known concentrations of purified myeloma Ig. Each assay
system showed no significant cross-reactivity or interference from other Ig
isotypes (IgM, IgD, 1gG3, 1gG1, IgG2b, IgG2a, IgE, and IgA) found in the
For transplar%té\tion experiments,sgﬁs em/bryos were generated from culture SN.

crosses of p65~ animals, and p50 ;p65 '~ embryos were generated _ i

from crosses of p50~;p65'/~ animals. All fetal liver donors were on a Measurement of membrane Ig-positive cells by flow cytometry
mixed background of C57BL/6 and 129. Fetal livers were harvested and\ll steps were performed on ice. Cultured cells were harvested, washed
placed in 1 ml of Iscove’'s modified Dulbecco’'s medium, 2% FBS, and twice in cold staining buffer and then resuspended in &00f the same
single-cell suspensions prepared by passage through a needle. To detguffer. FITC-labeled mAbs were added at a final concentration gig/0
mine genotypes, 1/20of the fetal liver suspension was washed in 1 ml of ml. Fluorescence analysis was conducted using a FACScan (Becton Dick-
PBS, resuspended in 1p0 PCR buffer containing 10 mg proteinase K/ml, inson, Mountain View, CA). Only viable cells, which were identified on
0.045% NP40, and 0.045% Tween 20, and then incubated at 55°C for 3the basis of their characteristic forward and side scatter and exclusion of
min. The protease was inactivated for 10 min at 100°C, and @f this propidium iodide, were analyzed.

lysate was subject to genotyping by standard PCR reaction. Wathi of . .

harvest, 30Qul of medium containing 5< 10° fetal liver cells and 5< 10° ~ RT-PCR for G, germline transcripts

wild-type bone marrow cells harvested from a C57BL/6-CD45.1 mousegna was extracted from cultured B cells using RNA-zol (Tel-Test,
was injected into the tail vein of a C57BL/6-CD45.1 female host. HOSt prjengswood, TX), according to the manufacturer’s instructions. A total of
animals were irradiated using’d Cs source with doses of 800 and 400 3 g of RNA in 25 ul of ddH20 were reversed transcribed using Super-
Rads, separated by 3 h, before injection of fetal liver cells. After rans-g¢int RNase H reverse transcriptase (Life Technologies, Gaithersburg,
plantation, host mice were maintained in autoclaved cages on autoclavegpy  pcR conditions and primers sequences were described elsewhere
water containing trimethoprim-sulfamethoxazole. (11). Reactions were performed in the presence ofu df [a-32P]dCTP
(3000 Ci/mmol, 370 Mbg/ml; Amersham) in 54 reaction mix. The PCR
products were separated on 5% PAGE, the gel was dried and placed into
4 Abbreviations used in this papers-dex, dextran-conjugated anti-lgD Abs; CD40L, @ Phosphorimager cassette, and the relative intensity of the bands was
CD40 ligand; mCD40L, membrane-bound CD40L; sCD40L, soluble CD40L; SN, measured by densitometry using a Phosphorimager (Molecular Dynamics,
supernatant. Sunnyvale, CA).

Adoptive transfer of fetal liver cells
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FIGURE 1. Proliferation of B cells P
lacking NF«B family members in re- pso'/ ',p65'/ B
sponse to LPSqaé-dex, and CD40L. B
cells were stimulated with indicated
agents. Concentrations were LPS (2§ y T ' ' N T T
0
ml), ad-dex alone (3 ng/ml) or when 15,000 0 20,000
with CD40L, IL-4, and IL-5 (0.3 ng/ml),
mCD40L (2:1000 v/v), IL-4 (3000 cD4oL + IL-4 + IL-5 CD40L + odDex + IL-4 + IL-5
U/ml), and IL-5 (150 U/ml). $H]TdR in-
corporation was measured, and data are
expressed as the mean of triplicate cul- Control
tures,= SEM. Cells cultured in medium .-
alone had <300 cpm of PH]TdR pés
incorporation. p50 -1 -
ps50~/";pes/"
g
0 15,000 S
o
[3H]-TdR 8
8
o
Results and Discussion defect in proliferation could be secondary to a defect in anothe®

Proliferation of B cells lacking NF<B cell type present in the population or to inclusion of large preacé

. . tivated B cells. Furthermore, the proliferation data was not clearl
We have previously demonstrated that there is a severe defect In P

lymphopoiesis after transplantation of p50/p65-deficient fetal livernormallzed o the percentage of B ce_lls present in ea_ch spleed
. ) . . . sample. In the current study, small resting B cells were rlgorouslyg
cells into irradiated hosts. However, fetal liver-derived lympho- =

cytes will accumulate if wild-type bone marrow cells are trans- purified from other cell types and equivalent numbers of purified2

planted simultaneously with the p50/p65-deficient fetal liver cellsce”S were assayed. Thus, our data suggest that under condltloﬁs

(19). To directly compare the function of B cells lacking different gsed in this study, small resting B cells lacking p65 do not have aig

NF-xB genes, we used this method to produce B cells lacking psdntrlnsu: defect in their ability to proliferate in response to the z

alone, p65 alone, both p50 and p65, as well as control B cells. Fetdtogens tested. . . §
liver-derived small resting B cells were isolated by FACS of low !N contrast to p65-deficient B cells, B cells lacking both p50 andz.

forward and side scatter, and B22Gind CD45.1 cells from p65_exh|l_3|t severe defects in proliferation. In addition to defectl_veH
spleens of previously transplanted animals. The absence dyroliferation in response to LPS (as observed for B cells lacking»

CD45.1 identifies these cells as ones derived from transplanteB®0 @lone), p50/p65-deficient B cells do not proliferate in re.Sponsg
fetal liver cells, which are CD451, rather than ones derived from (© Ag receptor cross-linking. Furthermore, they proliferate ©

transplanted or residual host bone marrow cells, which ardhreefold less well than B cells lacking p50 alone in response to
CD45.1". CDA40L, IL-4, and IL-5. This additional defect was verified inde-

To examine the ability of splenic B cells to proliferate in vitro, Pendently by demonstrating that 4 days after stimulation there
they were stimulated with B cell mitogens, and incorporation of Were at least threefold more viable cells in cultures of B cells
[*H]TdR was assessed after 2 days (Fig. 1). As previously deml2cking p50 than in cultures of B cells lacking both pS0 and p65
onstrated, B cells lacking p50 proliferated significantly less well in(data not shown). Thus, proliferation is much more severely af-
response to LPS than control B cells, although proliferation infécted in the absence of both p50 and p65 than in the absence of
response to Ag receptor cross-linking was normal. It has previeither subunit alone. This observation suggests that in response to
ously been argued that the absence of p50 has a quantitative effed® receptor cross-linking or CD40 activation, p50 and p65 per-
on the ability of B cells to proliferate in response to CD40 acti- form at least partially redundant functions. Although the molecular
vation, because p50-deficient B cells exhibited a variable defect imature of this redundancy is not yet clear, it is intriguing to spec-
this response dependent on the mode of activation (11). In th&late that there is redundancy between RB-eomplexes that con-
experiments reported here, p50-deficient B cells exhibited a modtain p50 and those that contain p65 in their ability to mediate the
erate defect in proliferation in response to CD40L plus IL-4 andtranscriptional events necessary for proliferation. Thus, prolifera-
IL-5 compared with control B cells. tion would only be defective in the absence of both p50 and p65,

B cells lacking p65 proliferated as well as control cells to all but not in the absence of either subunit individually. It is possible
stimuli tested. This result was initially surprising because a previthat these redundant complexes are either homodimers of each
ous report had suggested a defect in B cell proliferation in thesubunit or heterodimers with other Rel family members that have
absence of p65 (18). However, in that report proliferation wasbeen shown to be necessary for proliferation, such as c-Rel or
measured in populations of total splenocytes, not B cells purifiedRelB (10, 13).
away from other cell types nor fractionated based on size. This The observation that B cells lacking p50 and p65 proliferate
could complicate interpretation because the previously observedoorly to all individual stimuli tested raises the possibility that B
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Table I. Secretion of Ig isotypes by control and p65-deficient B €ells p65-/ - Control
LPS Ar i
Secreted Ig (ng/ml) Control  p6%~
IgM
LPS 38,700 4,500
LPS + IL-4 + IL-5 30,000 7,000
19G3
LPS 2,620 195
19G1
LPS + IL-4 + IL-5 6,870 4,125 LPS+IL-4
IgG2a o
LPS + IFN-y 5,250 4,125 g
1gG2b
LPS 3,125 1,350
IgE
LPS + IL-4 + IL-5 450 380
IgA LPS+IL-4
CD40L + IL-4 + IL-5 + ab-dex + TGF-8 2,500 2,300
aControl and p65'~ B cells were stimulated with LPS (2@g/ml) alone, LPS
with IL-4 (3000 U/ml) and IL-5 (150 U/ml), LPS with IFN+ (10 U/ml), or with
mCD40L (1:1000 v:v), IL-4, IL-5,ad-dex (0.3 ng/ml), and TGB (1 ng/ml).
Concentrations of secreted IgM, 1gG3, IgG1, and IgE were measured in culture SN by
ELISA 6 days after initiation of culture. The values represent the mean of triplicate

cultures.

IgE >

peojuMoQ

) . ) ) FIGURE 2. p65-deficient B cells are defective for class switching to
cell proliferation absolutely requires the presence of either p50 0fgG3. Control and p65-deficient B cells were stimulated with LPS (20=
p65. This does not appear to be the case because p50/p65-deficigiymi) for switching to IgG3 or LPS and IL-4 (3000 U/ml) for switching %
B cells will proliferate essentially as well as control B cells in to IgG1 and IgE. Flow cytometry was performed 4 days after initiation of
response to the combined stimuli of CD40k§$-dex, IL-4, and culture, and data is expressed as the log of fluorescent intensity of staini
IL-5 (Fig. 1). Interestingly, this combined treatment will also res- with the indicated Ab on th&-axis and a linear representation of forward =:
cue activation defects observed in B cells lacking p50 (11) or theScatter on thg-axis. Numbers in the right upper corner of each plot fefEf§
transactivation domain of c-Rel (12). Thus, it is possible that thel® the percentage of cells expressing the indicated isotype on the cell sug
combined stimuli activate signaling pathways that bypass the ref_ace. Data is representative of three similar experiments.
quirements for NR¢B/Rel family members during B cell activa-
tion programs. Alternatively, the combined treatment might be asimilar percentage of control and p65-deficient B cells express
much more potent activator of NkB nuclear translocation than surface IgG1 and IgE after stimulation with LPS and IL-4 (Fig. 2). g
any of these agents individually, allowing functional compensationComparable percentages of control and p65-deficient B cells e
between family members that does not occur when activatingrressing surface IgA were also observed after stimulation Witfg
agents are used individually. CD40L, IL-4, IL-5, ad-dex, and TGF3 (data not shown). These
result demonstrates that p65 is required for switching to 1I9G3 buﬂ
not to other measured isotypes.

To evaluate the ability of B cells lacking p65 to undergo Ig isotype It has previously been suggested that RB/Rel may regulate
switching, the amount of Ig isotypes in supernatants of stimulatedlass switching by influencing transcription of germling @enes
cultures was measured by ELISA after 6 days. In response to botfll, 12, 22—-25). However, in some situations kBARel must
LPS and LPS, IL-4, and IL-5, less IgM was detected in cultures ofplay an alternative role in the switching process, because B cells
p65-deficient B cells than in cultures of control B cells (Table I). deficient in p50 or the transactivation domain of c-Rel exhibit cer-
In addition, we detected a marked decrease in the amount of IgG&in defects in switching that cannot be explained by defects in
produced by p65-deficient B cells compared with control B cells,germline G, gene expression (11, 12, 26). To determine whether
although levels of other switched isotypes examined were compathe defects in switching to IgG3 noted in the absence of p65 could
rable (Table I). The observation that cultures of B cells lacking p65be explained by a defect in germling,@ene expression, we used
proliferate as well as cultures of wild-type cells but that there isa previously described semiquantitative RT-PCR assay to measure
less IgM detected in SN of p65-deficient cells raises the possibilitygermline transcripts in stimulated B cells (11). After stimulation
that the absence of p65 may lead to a defect in secretion of IgMwith LPS, there was a marked reduction in germlingy8 tran-
A defect in maturation to Ab secretion has been reported in B cellscripts in cells lacking p65 compared with control cells, although
lacking p50 (11). However, the apparent ability of p65-deficient Bthere were similar amounts of GAPDH transcript present (Fig. 3).
cells to secrete most other isotypes at normal levels argues agairiBhe amount of germline @yl transcript present after stimulation
p65 playing a global role in B cell maturation. with LPS and IL-4 was similar in p65-deficient and control B cells
The observation that IgG3 production is reduced in the absencérig. 3). These results strongly suggest that the defect in switching
of p65 suggests that isotype switching to 1IgG3 is p65 dependento IgG3 observed in the absence of p65 is caused by a defect in
To examine switching directly, the presence of switched isotypegranscription of the germline 3 gene, and, furthermore, that
on the surface of stimulated B cells was measured by flow cytomp65 is required only for transcription of the 3 gene, but not
etry. After stimulation with LPS, there is a three- to fourfold re- other G, genes.
duction in the percentage of p65-deficient B cells that express sur- Defects iny3 gene expression have previously been noted in
face 1gG3 compared with control B cells (Fig. 2). In contrast, acells lacking p5S0 and the transactivation domain of c-Rel, but in

e
o)
Q
«
o)

Ab secretion and class switching in B cells lacking p65
(o]
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CD40L+

Germline
ad-Dex, IL-4, IL-5

CH BNA

LPS

RelA™" Control p50°7/ P50/ ;p65°/-

40.0 : 36.1

;.
cweon [

—LPS + IL-4—
RelA™" Control

o - - _

GAPDH . - FIGURE 4. B cells lacking p50 and p65 switch normally to 1IgG1. B
cells lacking p50 or both p50 and p65 were stimulated with sCD40L (10

E‘Gg';i s- . PGS'?Ef'C'thdB ?9'_'5 Sh;"" ?le““t"’e xpreson of 9§_rm“”§ pg/mi), as-dex (0.3 ng/ml), IL-4 (3000 U/mi), and IL-5 (150 U/mi). Flow
HY - Control or p65-deficient B cells were stimulated as indicated. oy, ety was performed 4 days after initiation of culture and data is

_Cp_nc_entratlon of reagents are as in F'g'_ 2. RNA was purified 48 h after th%xpressed as the log of fluorescent intensity of staining with the indicated

initiation of culture, and levels of germline transcripts and GAPDH were Ab on thex-axis and linear representation of forward scatter orythgis

determined by RT-PCR. Numbers in the right upper corner of each plot refer to the percentage of
cells expressing the indicated isotype on the cell surface. Data is represen-

o . tative of two similar experiments.
both these cases transcription of other constant region genes was

also effected (11, 12). Because there are functionakRmBinding

sites throughout the Ig heavy chain locus, it is unclear whether th?ype switching to IgG1. This combination of activating agents in-%

effech on gelrmline transcr?pt?on are.mediated by interactions Wmhuces switching to IgG1 but does not stimulate appreciable switch&
kB binding sites located within | region promoter sequences (ZZTng to other Ig isotypes except for IgE. Switching to IgE under &

_24) or whether_NFKB chId t;]e influencing_tr?nscrftion by l:;ind- these conditions is defective in the absence of p50 alone (15). Afted
ing to remote sites such as those present in thesBihancers (25). stimulation, B cells lacking both p50 and p65 secreted as much i

W.'thm the_ly3 promoter, an NRB/Rel binding site hfas_been iden- not more IgM than p50-deficient B cells suggesting that cells lack

tified that is necessary for NEB-depenQent transcription of are- ing both subunits mature to Ab secretion as well as cells lacking.
porter gene (22). Itis possllblle that dl'me.rs of NB,'LRe,l family 50 alone (Table Il). Furthermore, p50/p65-deficient B cells ap3
members influence transcription by binding to this site. Becaus%ear to secrete similar levels of IgG1 as p50-deficient cells, argue
presumably a singleB site can only be bound by a single dimeric ing that B cells lacking p50 and p6e5 are able to switch to |gc;15

cpmplex at any one time, it is interesting that mutation_ of three(TabIe II). To examine isotype switching directly, we analyzed§
dlﬁereqt f_amllyf n;:_embers p5r(]), p65,band c-_ReI strongly 'ngluen_cssurface expression of IgG1 on stimulated B cells and found that

transcrlptlon.o ,t Is gene. These o.servat.lons suggest that eithgf i, percentage of p50/p65-deficient and p50-deficient B cellsz
sequential binding of these factors is required or that at least ongxpress surface IgG1 (Fig. 4). This demonstrates that B cells Iac§

of these proteins influences transcription by binding to a differemmg both p50 and p65 can efficiently switch to IgG1, and argue
kB site. Finally, it has not been clearly demonstrated that all '

NF-«kB family members are influencing transcription by binding to

FSC ——»

Mmoq

that, under these conditions, p50 and p65 are not involved in isoR
(=

. ina NF«B Si NFxB subuni Id infl i type switching to IgG1. o
cisacting NF«8 sites. NF«B subunits could influence germline *'q - getgjled analysis of B cell activation programs in cells lack-I3

constant region transcription in an indirect fashion, perhaps b){ng p65 or both p50 and p65 has demonstrated that p50 and p

altering expressipn of other genes involved in the SWitchi'?g Phave both redundant and nonredundant functions. This suggests
cess. It has previously been suggested that nuclearBaetivity that to fully appreciate important functions of NdB during these

may regulate expression of c-Rel (27, 28). Therefore, it is possibl rograms it will be necessary to evaluate B cells lacking multiple

th6ast (tjh(:re_ IS |r3edu|(|:ed ERhel e;pressmn aftfer LPSI stlmulatlop Ofjifferent family members. Relating the particular functional prop-
p65-deficient celis an t at_t € absence of complexes contaiNiNgties of the subunits to their structure and regulation is a future
c-Rel causes a direct defect 48 germline transcription. challenge
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