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SUMMAR Y Y 

Inn patients with X-linked lymphoproliferative syndrome (XLP), a defect in the 

adapterr SAP leads to dys-gammaglobulinemia, which may be secondary to an 

extremee susceptibility to EBV. Here we show that in SAP~I~ mice primary and 

secondaryy responses of all immunoglobulin subclasses are severely impaired and that 

germinall  centers are absent. This is only in part explained by a severely impaired IL-

44 production by naive and memory SAP~I- T helper cells. Employing the adoptive 

transferr of CD4+ T cells and B lymphocytes from hapten-primed SAP~I- mice into 

irradiatedd wt mice provided that signal transduction events controlled by SAP are 

essentiall  for both T and B cell activities resulting in IgG production. In addition, 

defectss in primary SAP~I- B cells were demonstrated after co-transfer with wt CD4+ 

cellss into Rag2~!~ recipients. Thus, both T and B cell defects are responsible for the 

progressivee dys-gammaglobulinemia in the absence of SAP without involvement of 

EBV. . 
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Dysgammaglobulinemiaa in SAP-deficient mice 

INTRODUCTIO N N 
X-linkedd lymphoproliferative (XLP) disease is a primary immunodeficiency which 

inn more than half of the patients is characterized by an extreme susceptibility to the 

Epsteinn Barr virus (EBV) leading to fatal infectious mononucleosis (Purtilo et al., 

1975;; Purtilo et al., 1977; Hamilton et al., 1980; Sullivan and Woda, 1989; Seemayer 

ett al., 1995; Morra et al., 2001a). Other major clinical manifestations associated with 

XLPP include dysgammaglobulinemia and B-cell lymphoma (Purtilo et al., 1977; 

Hamiltonn et al., 1980; Seemayer et al., 1995). Patients with XLP who are apparently 

healthyy in early life, but later develop recurrent infections, exhibit with a progressive 

reductionn of immunoglobulin levels over time leading to dysgammaglobulinaemia or 

eventuallyy agammaglobulinaemia (Grierson et al., 1991; Gilmour et al., 2000; Morra 

ett al., 2001b; Aghamohammadi et al., 2003; Seemayer et al., 1995). As the influence 

off  EBV on B cell responses greatly complicates analyses of dysgammaglobulinemia 

off  XLP patients, we examine here whether dysgammaglobulinemia occurs in a 

mouse,, in which the XLP gene SAP (or SH2D1A) had been disrupted. 

SAPSAP encodes a small cytoplasmic protein that comprises one SH2-domain and is 

primarilyy expressed in T lymphocytes and NK cells (Coffey et al., 1998; Sayos et al., 

1998;; Nichols et al., 1998; Morra et al., 2001a; Sidorenko and Clark, 2003; Veillette 

andd Latour, 2003; Engel et al., 2003; Latour and Veillette, 2003). However, SAP 

mRNAA has also been detected in human memory B cells and tumor cell lines that are 

phenotypicallyy related to memory B cells (Kis et al., 2003; Feldhahn et al., 2002; 

Mikhalapp et al., 1999; Nichols et al., 1998). 

Thee SH2 domain of SAP binds to a tyrosine-motif (TI-pY-xxV) located in the 

cytoplasmicc tail of six surface receptors related to SLAM or CD 150 (Sayos et al., 

1998)) (Poy et al., 1999). SAP is thought to control signal transduction events 

initiatedd by engagement of the SLAM-related receptors, as it can act as a natural 

inhibitorr and/or adapter (Sayos et al., 1998). As an adapter, SAP recruits the src-

relatedd protein tyrosine kinase Fyn in an active configuration to the cytoplasmic tail 

off  the SLAM-related receptors (Chan et al., 2003, Latour et al, 2003, Li et al., 2003, 
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Engell  et al., 2003, Latour and Veillette, 2003). Although SLAM related receptors are 

expressedd on the surface of B cells, a SLAM/SAP/Fyn complex has yet to be 

detectedd in B cell subsets. 

TT cells from SAP-deficient mice are impaired in their ability to differentiate in T 

helperr 2 (Th2) cells, as judged by in vivo and in vitro studies. Both CD4+ and CD8+ 

cellss from SAP~'~ mice produce increased levels of interferon-y (IFN-y) in vitro and 

inin vivo upon infection with LCMV. Impaired Th2 responses in SAP~'~ mice have 

beenn postulated based upon responses to infection with the parasites Leishmania 

majormajor and Toxoplasma gondii (Wu et al., 2001; Czar et al., 2001; Yin et al., 2003). 

Furthermore,, SAP~'~ mice have low levels of serum IgE indicative of an impaired 

Th22 cytokine production (Wu et al., 2001; Czar et al., 2001). Whereas antibody 

responsess are robust in the initial responses to LCMV infection of SAP~'~ mice, the 

micee have a severe defect in maintaining antiviral IgG levels (Crotty et al., 2003). 

Althoughh the precise mechanism involved was not established, this defect did not 

appearr to result from a diminished IL-4-production by CD4+ T cells or from a 

decreasee in the expression of CD40-ligand (CD40-L) on the surface of CD4+ T cells, 

andd SAP was not required for early B-cell help or Ig class switching (Crotty et al., 

2003).. Because infection by viruses generates complex cellular and humoral 

immunee responses involving overlapping activities by distinct cell populations, a 

moree precise study of the antibody responses in SAP-deficient mice is of paramount 

importancee for our understanding of the role of SAP plays in controlling 

dysgammaglobulinemia.. Responses to viruses are characterized by early waves of T-

Independentt (T-I) antibody production followed at a later stage by predominantly T-

Dependentt (T-D) responses (Martin et al., 2001). Therefore a dissection of the 

individuall  contribution by T and B cells in antibody responses to well-defined 

antigenss and adjuvants is required for elucidation of the immune defects in SAP~'~ 

mice. . 
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Heree we show that a physiologically intact SAP molecule is essential for the 

functionall  integrity of both T and B cell responses to soluble T-D antigens, and that 

SAP-inducedd signaling is pivotal in the primary and secondary phases of helper T 

celll  dependent immunoglobulin responses. Primary IgM and IgG responses to well-

definedd haptens and proteins, class-switching of all immunoglobulin isotypes and 

germinall  center formation are defective in SAP~I~ mice. Employing the adoptive 

transferr of CD4+ T cells together with B lymphocytes from hapten primed and non-

immunizedd SAP~/~ mice into irradiated wt or Rag2~/~ recipients provided genetic 

evidencee that signal transduction events controlled by SAP are essential for both T 

andd B cell activities, resulting in T cell-dependent IgG production. We conclude 

thatt both T and B cell defects are responsible for the progressive 

dysgammaglobulinemiaa in the absence of SAP. 

RESULTS S 

Reducedd basal serum Ig concentrations in non-immunized SAP- ' - mice. 

Becausee dysgammaglobulinemia is one of the major manifestations of XLP (Purtilo 

ett al., 1989) (Grierson et al., 1991), we assessed B cell functions in SAP~'~ mice in 

vitrovitro and in vivo. In vitro, splenic B cells from SAP~'~ C57BL/6J mice and wild-

typee mice responded equally to mitogenic stimulation with lipopolysaccharide and 

antibodyy to IgM or CD40 (data not shown). In vivo measurements of basal 

immunoglobulinn concentrations showed that IgGl levels were reduced and that 

IgG2aa levels were consistently higher for a period of six months in SAP~'~ 

C57BL/6JJ mice (Figures la and b), which were kept under specific pathogen free 

conditions.. Strikingly, IgE was undetectable in the serum of SAP~I~ C57BL/6J mice 

off  all ages (Figure lc). Because similar results were obtained with SAP~I~ BALB/c 

micee (data not shown), we conclude that antibody responses are altered in SAP"/" 

mice,, which is consistent with the dysgammaglobulinemia observed in some XLP 

patients. . 
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Figuree 1. Altered primar y and secondary antibody in SAP ' mice. 

--Figuree 1A. Altered basal serum IgGl concentration in non-immunized SAP~'~ mice. 

Figuree IB . Altered basal serum IgG2a concentration in non-immunized SAP~'~ mice. 

Figuree 1C. Altered basal serum IgE concentration in non-immunized SAP~'~ mke. 

Serumm of age-matched C57BL/6J SAP~'~ (closed circles) and wt (open circles) mice was collected 

att 1, 3 and 6 months. IgGl (ng/ml), IgG2a (ng/ml), IgE (ng/ml) concentrations were determined by 

ELISA.ELISA. Median values are indicated by -. (*  = p < 0.05; **  = p < 0.001; n =4). 
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Dysgammaglobulinemiaa in SAP-deficient mice 

Impairedd primar y T cell-dependent responses in SAP~'~ mice. 

Too investigate the function of SAP in T cell dependent antibody (T-D) responses, we 

immunizedd mutant and wild-type mice with TNP coupled to keyhole limpet 

hemocyaninn (TNP-KLH) precipitated by alum. This antigenic challenge elicits a Th2 

responsee and promotes B cell production of IgGlin immunocompetent mice. Serum 

concentrationss of all TNP-KLH specific IgG isotypes and IgM were severely 

reducedd in SAP~'~ BALB/c mice 10 days after immunization (Figure Id). Reduced 

hapten-specificc IgM titers were also detected in the serum of SAP~'~ BALB/c mice 

ass early as 5 days after NP-KLH immunization (data not shown). Similar results 

weree obtained after immunization of SAP~^~ C57BL/6J mice with Alum-precipitated 

TNP-KLHH (Figure le). Thus, the primary T cell-dependent B cell responses to well-

definedd antigens were severely impaired in SAP~'~ mice. 

Impairedd secondary responses to TNP-KL H and Ovalbumin. 

Alll  secondary IgG responses to Alum-precipitated TNP-KLH were also shown to be 

defectivee in SAP~/~ BALB/c mice and C57BL/6J mice (Figures If and lg). As 

expected,, hapten-specific IgM secondary responses yielded a low titer even in wt 

micee and defects were generally not detected (Figures I f and lg). The IgG defect 

observedd in SAP~^~ BALB/c mice was more severe than in CD40~/~ mice (Kawabe 

ett al., 1994; Castigli et al., 1994), as hapten-specific IgG3 was impaired along with 

thee IgGl, IgG2a and IgG2b isotypes (Figures I f and lg). Furthermore, IgG, IgGl 

andd IgG2a serum titers were significantly reduced in SAP~^~ C57BL/6 mice that 

weree immunized with ovalbumin (OVA) and Freund's adjuvant, conditions which do 

nott favor Th2 responses (Figure 2). Surprisingly, some OVA-specific responses 

weree detectable in the serum after repeated challenges (Figures 2a-d). Total IgE 

was,, however, barely detectable after repeated antigen challenge with OVA plus 

incompletee Freund's adjuvant (Figure 2) or TNP-KLH and Alum (data not shown). 
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Figuree ID. Impaired primar y antibody responses to T-D antigens by SAP ' BALB/c mice. 

Primaryy TNP-specific antibody titers were determined in the serum of SAP~'~ BALB/c mice (n=4) 

100 days after i.p. immunization with Alum-precipitated TNP-KLH. TNP-specific IgG, IgM, IgGl, 

IgG2a,, IgG2b, and IgG3 antibody titers of SAP~''~ (closed bars) and wt (open bars) mice were 

determinedd by ELISA. Serum dilutions started at 1:100 and the symbol N.D. indicates non-

detectablee titers (< 1:100) (y axis = end point titers). (*  = p < 0.05; **  = p < 0.001; n =4). 

Figuree IE. Impaired primar y antibody responses to T-D antigens in SAP~'~ C57BL/6J mice. 

Primaryy TNP-specific IgM and IgG responses were determined as described in Figure ID. 
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Figuree IF. Impaired secondary responses to TNP-KL H by SAP ' BALB/c mice. 

TNP-specificc antibody titers were determined on the serum of SAP~'~BALB/c and BALB/c mice 

att day 21 after immunization with Alum-precipitated TNP-KLH and seven days after re-challenge 

withh TNP-KLH. TNP-specific IgG, IgM, IgGl, IgG2a, IgG2b, and IgG3 titers in SAP^~(closed 

bars)) and wt (open bars) mice are shown. 

Serumm dilutions started at 1:1000 and the symbol N.D. indicates non-detectable titers (< 1:1000). 

Sampless that yielded an O.D.405 > [O.D.405 Blank + 2 S.D.] at dilution 2,048,000 are indicated as 

>> 2,048,000. (y axis , end point titers) (*, p < 0.05; **  = p < 0.001; n =4). 

Figuree 1G. Impaired secondary responses to TNP-KL H by SAP~'~ C57BL/6J mice. 

TNP-specificc antibody titer s were determined as described in Figure IE. 
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Figuree 2. Inefficient ovalbumin-specific antibody responses by SAP ' mice. 

SAP~'~SAP~'~ (closed bars) and wt (open bars) C57BL/6J mice were immunized with ovalbumin (OVA) 

inn complete Freund's adjuvant and boosted with OVA in incomplete Freund's. OVA-specific serum 

titerss were determined one day before immunization (dO), and on the day of each boost (dl4 , d28 

andd d42). Serum dilutions started at 1:1000 and the symbol N.D. indicates non-detectable titers (< 

1:1000)) (v axis, end point titers; x axis, days after immunization; * = p < 0.05; ** = p < 0.001; n 

=4). . 

Figuree 2A, OVA-specific IgG 

Figuree 2B, OVA-specific IgG 1 

Figuree 2C, OVA-specific IgG2a 

Figuree 2D, total serum IgE concentration [ng/ml]. 
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Dysgammaglobulinemiaa in SAP-deficient mice 

SAPP is not required for  T-Independent (T-I ) antigen responses. 

Too directly activate B cells and trigger hapten-specific antibody responses, the T-I 

antigenss TNP-LPS (lO îg) or TNP-Ficoll (30(ig) were injected into both SAP-1' and 

age-matchedd wt BALB/c mice. Five (Figure 3a) and ten days (data not shown) after 

injectionn of TNP-LPS the levels of TNP-IgM and IgG were very similar in SAP~I~ 

andd wt mice. Furthermore, the SAP~'~ mice did not exhibit diminished Ig responses 

afterr five (Figure 3b) or ten days (data not shown) to TNP-Ficoll. Taken together, 

thesee findings were strongly indicative of major defects in primary T-D responses 

andd isotype switching in SAP~'~ mice, whilst T-I responses were normal. 

Requirementt  of SAP for  Germinal Center  formation. 

Germinall  centers (GCs) are the anatomical sites of T-B cell cooperation, where 

antigen-specificc B-cell clones expand, mutate the variable region of their Ig genes, 

andd after completing affinity maturation, become long-lived Antibody Secreting 

Cellss (ASCs) that emigrate to the bone marrow (Tarlinton and Smith, 2000; 

McHeyzer-Williamss and Ahmed, 1999; Calame et al., 2003). GCs were almost 

completelyy absent in the spleen of SAP~^~ mice that had been immunized with TNP-

KLH/Alu mm (Figure 4a) or with NP-KLH/Alum (data not shown), as judged by 

immuno-histologyy of frozen spleen sections. By contrast, GCs were readily detected 

inn wt mice that had been treated in an identical fashion (Figure 4a). This was the 

casee either five days after a primary or after secondary immunization with T-

dependentt antigens. Whereas the follicles of SAP~'~ mice did not contain GCs, no 

differencee in organization of the T-cell zones between SAP~'~ and wt mice was 

apparentt (Figure 4b). Fewer than 2% of the splenic follicles contained GCs in 

immunizedd SAP-deficient animals, whereas more than 50% of the follicles in 

identicallyy treated wt mice contained one or more GC (Figure 4c). Thus, absence of 

thee adapter SAP interfered with primary IgM and IgG responses as well as B cell 
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isotypee switching and profoundly impaired cognate interaction between T and B 

cells. . 
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Figuree 3. T-Independent B cell responses in SAP ' mice. 

Figuree 3A. SAP~'~ (closed squares) and wt (open squares) BALB/c mice (n=4) received one 

injectionn of 10|ig of TNP-LPS. TNP-specific IgM (left panel) and IgG (right panel) titers were 

determinedd at day 5 by ELISA after serial dilutions of the serum, (y axis, O.D. 405). 

Figuree 3B. SAP~'~ (closed squares) and wt (open squares) BALB/c mice (n=4) received one 

injectionn of 30ug of TNP-Ficoll. TNP-specific IgM (left panel) and IgG (right panel) titers were 

determinedd at day 5. (y axis, O.D. 405). 
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Figuree 4. Requirement of SAP for  Germinal Center  formation. 

Figuree 4A. Cryo-sections prepared from the spleen of SAP~'~ (bottom panels) and wt (top panels) 

C57BL/6JJ mice 7 days after the second immunization with TNP-KLH were stained with immuno-

fluorescentt antibodies. Fluorescence was recorded in a Nikon fluorescent microscope. Anti-

CD45R/B220-PEE (Left panels) detects follicl e areas (F) and PNA-FITC (right panels) identifies 

Germinall  Centers (GC). 

Figuree 4B. Cryo-sections obtained from the spleen of SAP~'~ (right panel) and wt (left panel) 

micee were triple stained with anti-CD45R/B220-Cy5 to identify follicl e areas (F), PE-labeled anti-

CD55 to identify the T-cell zones (T) and with PNA-FITC (GC). 

Figuree 4C. Reduced number  of GC-containing splenic follicles. 

Thee number of GC-containing follicles was determined from at least three different consecutive 

stainedd cryo-sections taken from the spleens of the TNP-KLH mice described in Figure 4A. B-cell 

follicless were identified by anti-CD45R/B220-PE and GCs were stained with PNA-FITC. y-axis, 

percentagee of follicles containing one or more GCs. Closed bar, SAP~'~ C57BL/6J. Empty bar, wt 

C57BL/6J.. (**  = p < 0.001; n =4). 
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Dysgammaglobulinemiaa in SAP-deficient mice 

Consistentt with the absence of GCs, the number of long-lived NP-specific ASCs was 

significantlyy diminished in the bone marrow of SAP~'~ mice (Figure 5a). A minor 

reductionn in the number of short-lived NP-specific ASCs in the spleen was also 

detectedd (Figure 5b). But, short-lived splenic ASCs respond to antigen outside the 

GCC phase and these terminally differentiated B cells can isotype switch and do not 

somaticallyy diversify their expressed BCR. 

Wee next investigated whether affinity maturation could occur in the absence of SAP-

mediatedd signal transduction. To this end, titers of low and high-affinity NP-specific 

IgGG antibodies were determined using two NP-haptenated bovine serum albumin 

(BSA)) reagents: NP(24)-BSA (low affinity) or NP(2)-BSA (high affinity). Although 

SAP~/-SAP~/- mice generated reduced NP-specific responses (Figure 5c), the 

NP(2)/NP(24)-bindingg ratio was not significantly different as compared with those in 

wtwt mice. Thus, the absolute number of long-lived ASCs, but not affinity maturation 

appearss to be impaired in SAP~'~ mice. 
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Figuree 5. Reduced numbers of long-lived Antibody Secreting Cells (ASC) in SAP_/~ mice. 

Thee frequency of NP-specific IgG ASCs cells was determined using the spleen (Figures 5A) and 

bonee marrow (Figure 5B) at day 21 after immunization with Alum-precipitated NP-KLH, seven 

dayss after antigen re-challenge. 

Figuree 5A. Long-lived NP-specific IgG ASC in the bone marrow. 

yy axis, ASC per 106 cells. Closed bars, SAP~^~ Empty bars, wt (*  = p < 0.05; n =4) 

Figuree 5B. Short-lived NP-specific IgG ASCs in the spleen. 

yy axis, ASC per 10" cells. Closed bars, SAP~^~ Empty bars, wt 

Figuree 5C. Affinit y of NP-specific antibodies. 

High-affinityy (NP(2)-specific, Upper  Panel) and low affinity (NP(24)-specific, Lower  Panel) IgG 

antibodyy titers of in the serum of SAP''- (closed circles) and wt BALB/c mice (open squares) 

(n=4)) were determined as described in Materials and Methods. Serial dilutions started at 1:1000 (y 

axisaxis = end point titers). 
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Impairedd production of IL- 4 by naive and memory SAP~' T helper  cells. 

Isotypee switching is driven by cytokines released by helper T cells: IL-4 is required 

forr isotype switching to IgGl and IgE, whereas interferon-y (IFN-y) promotes 

productionn of IgG2a. We therefore investigated the involvement of SAP in CD4+ T 

celll  cytokine production during various stages of activation. First, purified naive 

CD4+/CD45Rbhii cells from SAP^' mice fail to up-regulate IL-4 mRNA in 

responsee to in vitro stimulation by anti-CD3 and anti-CD28 (Figure 6a). IFN-y 

levelss were similar in naive SAP _//~ and wt CD4 cells (data not shown). 

Second,, IL-4 secretion by CD4+ cells from SAP ~/~ TCR Tg DOl 1.10 mice in vitro 

stimulatedd by APCs and an OVA323.339 peptide was dramatically reduced (Figure 

6b,, left panel). Upon secondary stimulation, SAP-deficient TCR Tg DOl 1.10 CD4+ 

cellss remained defective in IL-4 production (Figure 6b, lower  left panel). By 

contrast,, IFN-y secretion in SAP~^~ CD4+ T cells was similar to that of wt CD4+ T 

cellss either after primary or secondary stimulation (Figure 6b, panels on the right) . 

Third,, IL-4 secretion, but not IFN-y production by in vitro stimulated CD4+ cells 

fromm SAP~/~ TCR Tg DOl 1.10 mice that had been injected with ovalbumin was 

reducedd (Figure 6c). Importantly, as predicted, the SAP^~ TCR Tg DOl 1.10 mice 

injectedd two times with ovalbumin failed to produce detectable ovalbumin-specific 

IgGl,, IgG2a and IgG2b in contrast to wt TCR Tg DOl 1.10 littermates (data not 

shown).. To rule out the possibility of decreased proliferation of SAP~^~T cells, we 

measuredd incorporation of [^H]-thymidine in cultures of CD4+ T cells isolated from 

TCRR Tg DOl 1.10 SAP-/- and wild-type mice that were stimulated with APC and 

OVAA peptide. Mutant and wild-type in vitro cultures had similar rates of [^H]-

thymidinee incorporation at both 72 h of culture (data not shown). 
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Sincee it has been demonstrated that, in the absence of IL-4, the low affinity receptor 

forr IgE (or CD23) is not efficiently upregulated on the surface of B cells (Kisselgof 
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Figuree 6. Impaired IL- 4 production by SAP~^~ CD4+ T cells. 

Figuree 6A. IL- 4 production by naive SAP'S' QD4 c e | j s 

CD4/CD45Rbnii cells were purified by negative selection columns and F ACS from the spleen of 

SAP~SAP~/_/_ (closed bars) and wt (open bars) BALB/c mice (n =3). These naive CD4+ cells were 

activatedd in vitro for 48 hours in the presence of plate bound aCD3 and soluble aCD28. IL-4 

messengerr RNA level determined by Real Time PCR (y axis = relative expression); (**  , p p < 0.001 ) 

Figuree 6B. IL- 4 and IFNy production by antigen stimulated SAP^- TCR Tg DO11.10 cells. 

Inn the primary stimulation (upper  panels) purified CD4+ T cells were incubated with OVA323.339 

peptidee pulsed Antigen Presenting Cells (APC) for 1,2 or 3 days. Supernatants were assayed for IL-

44 (left panels) and IFN-y (right panels) cytokine production by ELISA {y axis, O.D. 450). For 

secondaryy stimulation (lower  panels) the cells were rested for 24 hr and then stimulated for 24 hr in 

thee same manner (Material and Methods). Supernatants were assayed for IL-4 (left panels) and 

IFN-yy (right panels) cytokine production by ELISA (y axis , [pg/ml]). * , , p < 0.05; **  , p < 0.001; 

nn =3. Closed squares , SAP^- TCR Tg DO11.10 cells; Empty squares , wt TCR Tg DO11.10 

cells. . 

Figuree 6C. Analysis of IL- 4 and IFN-y production by CD4+ cells from SAP_//~ and wt TCR Tg 

DO11.100 mice that were immunized with ovalbumin. 

SAP~'~SAP~'~ TCR Tg DO 11.10 mice immunized with ovalbumin failed to produce detectable OVA-

specificc IgGl, IgG2a and IgG2b titers in contrast to wt TCR Tg DO 11.10 littermates (data not 

shown).. IL-4 and IFN-y production was determined after in vitro stimulation for 1, 2 or 3 days of 

CD44 cells purified from these ovalbumin-injected mice (n =3). * = p < 0.05; **  = p < 0.001. 

Figuree 6D. Reduced expression of CD23 on the surface of SAP'S' g c e l[ s 

Surfacee expression of SAP~'~ and wt B-lymphocytes was determined by immune-fluorescence. The 

histogramm compares CD23 levels of expression on SAP~^~ and wt CD45R/B220-gated B-cells. 

Numberss in brackets are of Median Fluorescence Intensity (MFI) values on a linear channel scale. 

andd Oettgen, 1998; McKenzie et al., 1998), we examined the level of CD23 on the 

surfacee of B cells that were freshly isolated from SAP"/- mice. A lower level of 

CD233 expression on the surface of ex vivo SAP^- B cells compared to wt was 

consistentlyy detectable (Figure 6d) and CD23 expression increased upon in vitro 
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culturingg in the presence of a-CD40 plus IL-4 (data not shown). Taken together 

thesee findings strongly indicate that IL-4 production by naive and memory SAP~/~ 

CD4++ cells is defective and that, although IgG2a titers are low, IFN-y production is 

unaffectedd by the SAP-mutation. 

Micee lacking both IL-4 and the IL-21 Receptor (IL-21R) exhibit a significantly more 

pronouncedd phenotype than lL-4'^ mice, with generalized deficits of IgG 1, IgG2a, 

IgG2b,, IgG3, and IgM T-D antigen-specific responses and disorganized GC 

formationn (Ozaki et al., 2002). To rule out the possibility of a combined defect in 

productionn of IL-4 and IL-21 by SAP~'~ CD4+ cells, we tested IL-21 cytokine 

secretionn and mRNA levels upon in vitro stimulation. Both analyses demonstrated 

thatt SAP-deficient CD4 cells produce IL-21 at the same level as wt CD4+ cells (data 

nott shown). 

SAPP is essential for  the control of primed T helper  and memory B cell activities 

inn T-D responses. 

Thee observations that antibody responses of all isotypes (including IgM) are 

impairedd in SAP-deficient mice prompted us to focus on a potential contribution of 

SAP~'~SAP~'~ B cells to the impaired humoral responses in absence of SAP. To this end 

carrier-specificc memory CD4+ T helper cells were generated by immunizations of 

SAP~'~SAP~'~ and wt mice with Alum-precipitated KLH (Figure 7a). Hapten-specific 

memoryy B cells were generated by immunization with NP-HEL in Alum (Figure 7a) 

(Barringtonn et al., 2002). As expected, KLH- and NP-specific antibody responses of 

primedd mice were defective in SAP~'~ BALB/c mice (data not shown). KLH-primed 

CD4++ cells (5x10̂  cells) purified from the spleen of SAP~^~ and wt mice were then 

co-transferredd into irradiated wt recipients with purified NP-HEL primed B cells 

(10x10""  cells). In addition, the irradiated wt recipients received 100 ĝ of NP-KLH at 

thee same time of the transfer. Four combinations of CD4 and B cells were used for 

reconstitution:: [CD4+/+ B+ / +] ; [CD4+/+ B^ - ] ; [CD4"/- B+/+] and [CD4"/- B^" ] 
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inn which [~'~ ] represented SAP- ' - and [+'+] wt. Reconstituted animals were 

sacrificedd and analyzed seven days after the last antigen challenge. Whilst CD4+^+ 

B + ' ++ cells generated the highest NP-specific antibody response, co-transfer of 

CD4- / -- and B+ /+ cells confirmed that a functional impairment of CD4~'~ cells 

contributess to defective T-D responses by SAP~'~ mice (Figure 7b). A very limited 

NP-specificc antibody response was evident upon antigen re-call of recipients 

reconstitutedd with B~/_ cells (Figure 7b). Similar results were obtained in three 

independentt sets of experiments that involved a cohort of 4 animals per group. Thus, 

primedd SAP-deficient B cells are unable to function efficiently in the recipient mice 

evenn in the presence of wild-type primed T helper cells, as judged by T-D antigen 

responses.. These results support the notion that complex T and B cell defects 

contributee to impaired T-D responses in SAP _//~ mice. 
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Figuree 7. Reduced hapten-specific antibody responses after  co-transfers of primed 

S A P- / -- CD4+ T cells and wt B cells or  primed wt CD4+ T cells and S A P- / - B cells into 

irradiate dd wt recipient mice. 

Figuree 7A. Outline of the Experiment. 

CD4++ T cells were purified from the spleens of SAP~'~ BALB/c or wt BALB/c mice that had been 

immunizedd with KLH attached to Alum on day 0 (d 0) and boosted on day 21. B cells were purified 

fromfrom the spleens of SAP~'~ BALB/c or wt BALB/c mice that had been immunized 56 days prior 

withh NP-HEL (Materials and Methods). The purified CD4+ cells (5xl06/recipient) and B cells (10 

xx 10"/recipient) were then co-transferred into irradiated wt BALB/c recipients. At the same time 

lOOugg of NP-KLH was injected. Four combinations of CD4 and B cells were used to reconstitute 

thee irradiated recipients: [CD4+/+ B + / + ] ; [CD4+/+ B ^ - ] ; [CD4 - / - B+ /+] and [CD4 - / - B - / - ] in 

whichh [ - ' - ] represented SAP - ' - and [ + ] wt. Reconstituted animals were sacrificed and analyzed 

sevenn days after the transfer. 

Figuree 7B. Analysis of hapten-specific antibody responses. 

High-affinityy NP-specific IgG antibody titers in the serum of recipient mice (n = 4) were 

determined,, as described in Materials and Methods. Results of ELISA's are shown as follows: y axis 

== O.D.405 Units; x axis = fold dilutions. - ' - , cells derived from SAP~'~ mice; + ' + , cells derived 

fromfrom wt mice; Empty squares, mice reconstituted with CD4+ '+ B + ' + cells; Closed squares, 

d+/+ + micee reconstituted with CD4 ' B ' cells; Open circles, mice reconstituted with 

CD44 ' B ' cells; Closed circles, mice reconstituted with CD4 ' B ' cells. -/--
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Impairedd T-D antibody responses of naive SAP '~ B cells. 

Too examine the possibility that naive SAP~'~ B cells are also functionally impaired 

ann adoptive transfer experiment was designed as described in Figure 8a. In brief, 

Rag2~'~Rag2~'~ mice received 10*106 naive CD4 cells from either SAP~'~ or wt mice 

togetherr with 5x10̂  SAP~^~ or wt naive CD4 cells (Figure 8a, day 0). Four 

combinationss of CD4 and B cells were used to reconstitute the Rag2~'~ recipients : 

[CD4+/++ B+ / +] ; [CD4+/+ B - / - ] ; [CD4- / - B+/+] and [CD4- / - B"^ ] in which 

SAP- ' -wass represented by [ ~/~] and wt by [+//+] . Recipient animals were then 

restedd for one week before immunization with NP-KLH attached to Alum at day 7. 

Recipientss were boosted twice with NP-KLH using i.p. injections (Figure 8a). High 

affinityy NP(2)-specific antibody responses determined 7 days after the last antigen 

challengee showed that chimeras reconstituted with CD4+y/+ and B+, /+ cells yielded 

thee highest titers with NP(2)-specific high-affinity antibody responses detectable at 

dilutionn as high as 200,000-fold (Figure 8b, upper  panel). Rag2~//~ mice 

reconstitutedd with CD4+/+ and B~/~ cells or CD4~/~ and B_/ /_ cells had severely 

impairedd responses with almost undetectable NP(2)-specific IgG (Figure 8b, upper 

panel).. Rag2~^~ mice reconstituted with CD4-/L~ and B+ /+ cells had intermediate 

levelss of NP(2)-specific IgG responses (Figure 8b, upper  panel). Reconstitution of 

CD4++ and B cells was comparable in the Rag2~/L~ chimeras, as determined by 

concentrationn of total IgG in the serum (data not shown) Analysis of low-affinity 

NP(24)-specificc antibodies yielded similar results, although the low-affinity 

responsess by the [CD4+'+ B - ' - ] chimeras was more robust than their high-affinity 

antibodyy response (Figure 8b, lower  panel). We conclude that a combination of 

CD44 and B cell defects is responsible for the severely impaired humoral responses in 

SAP-deficientt mice. 
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Figuree 8. Defective hapten-specific antibody responses after  co-transfer  of naivi 

SAP'S'SAP'S' B cells with naive wt CD4+ cells. 

Figuree 8A. Schematic outline of the Experiment. 

CD4++ cells (10 x 106) together with 5xl06 B cells from unprimed &4P- / -BALB/ c o 

wtwt BALB/c mice were transferred into Rag2~'~ mice at day 0 (d 0). Four combination: 

off  CD4 and B cells were used to reconstitute the Rag2~'~ recipients: [CD4+'+ B+ '+] 

[CD4+/++ B-/- ] ; [CD4-/~ B+ /+] and [CD4- / - B - / - ] in which [-/- ] representee 

SAP- ' -- and [ +] wt. At day 7 (d7) the mice were immunized with NP-KLH in Alum 

Reconstitutedd RAG2~'~mice were then boosted twice with NP-KLH (at d 21 and d 28 

andd serum antibody levels responses were determined at d35. 

Figuree 8B. Analysis of hapten-specific antibody responses. 

High-affinityy (NP(2)-specific, Upper  Panel) and low affinity (NP(24)-specific, Lowei 

Panel)) IgG antibody titers in the serum of recipient mice (n = 4) were determined a: 

describedd in Materials and Methods. Results of ELISA's are shown (y axis = O.D.40.' 

Units;; x axis = fold dilutions). - ' - , cells derived from SAP~'~ mice; + '+ , cells derivec 

fromfrom wt mice; Empty squares, mice reconstituted with CD4+ '+ B + ' + cells; Closet 

squares,, mice reconstituted with CD4+ '+ B - ' - cells; Open circles, mice reconstitutec 

withh CD4- ' - B + ' + cells; Closed circles, mice reconstituted with CD4- ' - B - ' - cells. 
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DISCUSSION N 

Onee third of XLP patients suffer from dys-gammaglobulinemia, which most 

frequentlyy leads to a-gammaglobulinemia even in the absence of an apparent EBV 

infection,, and neonatal XLP patients without B cells have been described (Morra et 

al.,, 2001b; Sumegi et al., 2000). The precise cellular and molecular mechanisms that 

leadd to this disease manifestation of the XLP syndrome are unknown. However, it is 

likelyy that an alteration or deletion of the XLP gene SAP has a negative impact on 

thee collaboration between cognate lymphocytes, which is essential for the generation 

off immune responses to T-dependent antigens. We therefore dissected the cellular 

requirementss for SAP-controlled signal transduction in primary and secondary T-D 

BB cell responses. In the absence of immunization, IgE is almost undetectable in 

serumm of SAP_//~ mice, and the levels of IgG 1 are consistently lowered, yet variable, 
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whilstt serum IgG2a is increased in SAP~'~ mice. These findings are consistent with 

aa defect in IL-4 production and an increase of IFNy secretion upon infection with 

viruss (Wu et al., 2001; Czar et al., 2001). By contrast, upon immunization with 

proteinss (KLH, ovalbumin) or haptens (TNP, NP), primary IgM and IgG (IgGl, 

IgG2a,, IgG2b, IgG3) responses are impaired in the absence of SAP. In addition, 

germinall  center formation is impaired upon primary or secondary immunization of 

thee SAP-'- mice with T-D antigens. Consequently, the frequency of long-lived 

Antibodyy Secreting Cells was greatly decreased in the bone marrow of 5L4/>-//_mice, 

whereass the numbers of short-lived splenic ASCs were only modestly reduced 

comparedd to similarly treated wt mice. 

Becausee relatively high levels of SAP are detected in T cells, we first examined T 

helperr cell defects that would lead to aberrant class switching. Employing the 

adoptivee transfer of naive CD4 cells into Rag2~'~ mice that are simultaneously 

reconstitutedd with naive wt B cells, we demonstrated that SAP-deficient T helper 

cellss are impaired in supporting Ig responses. In addition, adoptive transfers of 

antigen-primedd SAP-deficient CD4+ cells together with wt B cells into irradiated wt 

recipientss demonstrated that generation of memory T helper cells is impaired in 

SAP~/~SAP~/~ mice. Cognate interactions of CD4+ cells with B cells in the GCs are 

thoughtt to be essential for B-lymphocyte maturation and selection resulting in the 

generationn of long-lived plasma cells and memory B cells (Liu et al., 1997; Jenkins 

ett al., 2001). CD4+ cells contribute to this process providing the key co-stimulatory 

moleculee CD40-Ligand and a set of cytokines, e.g. IL-4, IL-13 and IL-21 that 

promotee class switching (Rogers et al., 1997; Jenkins et al., 2001; Sharpe and 

Freeman,, 2002; Ozaki et al., 2002). 

Becausee IL-4 production by naive and memory CD4+ cells contribute to B cell 

responsess (Noben-Trauth et al., 2000; Noben-Trauth et al., 2002; Swain, 1994), we 

examinedd IL-4 production by SAP~'~ CD4+ T cells under different experimental 
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conditions.. The data show that naive and memory SAP~'~ CD4+ cells are severely 

impairedd in production of IL-4. Two known T cell dependent factors could have 

contributedd to the SAP-/- phenotype: impaired upregulation of CD40L or secretion 

off  IL-21 (Ozaki et al., 2002). However, expression of neither of these proteins was 

affectedd by the SAP mutation (data not shown). We conclude that the defective IL-4 

productionn by SAP~^~ naive and memory CD4+ T cells, observed under several 

experimentall  conditions, contributes to the T cell defect. However, the impaired 

abilityy to undergo Th2 polarization by SAP~/~ CD4 cells does not fully explain the 

severityy of the humoral deficiencies observed in the SAP_//~ mice. 

Employingg the adoptive transfer of B cells from hapten primed SAP~?~ mice 

togetherr with primed wt CD4+ T cells into irradiated wt mice provided evidence that 

SAPP is essential for B cell activities that partake in T cell-dependent IgG production. 

Thee alternative explanation that a T cell defect in SAP-/- mice indirectly affects 

primingg of B cells could not be excluded by this experiment. We therefore employed 

thee adoptive transfer of naïve SAP~^~ B cells together with naive wt CD4+ cells into 

Rag2~Rag2~////~~ recipients. Taken together the adoptive transfer experiment unambiguously 

indicatess that SAP~//~B cells are unable to effectively mount T-D antibody 

responses.. The defective humoral responses of SAP"'" mice to T-D antigens are 

thereforee caused by a combination of functional abnormalities of T and B cells. 

Thesee findings are indicative that SAP might be expressed in a B cell subset; perhaps 

duringg a discrete window of activation of that subset. Although we have not yet 

foundd SAP in mouse B cells, Mikhalap et al and Nichols et al (Mikhalap et al., 1999; 

Nicholss et al., 1998) detected SAP in human B cells. Furthermore, EBV-positive 

Burkittt Lymphoma (BL) lines, which resemble B cells at the GC stage of 

differentiation,, generally express SAP (Kis et al., 2003). Gene expression profiles 

usingg the Serial Analysis of Gene Expression approach (SAGE) showed that a SAP 

transcriptt is expressed by human GC and memory B cells (Feldhahn et al., 2002). 
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Moreover,, a contraction of the CD19+ CD27+ memory B cell compartment has been 

observedd in XLP patients (Malbran et al., 2003). A lack of expression of SAP by GC 

orr memory B cells could in part explain why a generalized reduction of T-D 

antibodyy and memory responses is found in SAP~'~ mice. Absence of SAP might 

affectt the contribution of B cells to the process of GC formation itself. This notion 

wass indirectly supported by our observation that the number of short-lived ASCs, 

whichh can secret antibody outside the GC, was only partially decreased in SAP-

deficientt mice. This observation together with the finding that T-I responses are 

preservedd indicate that antibody production by mature B cells outside the GC is 

intactt in the absence of SAP. 

Inn conclusion, our studies shed light on the cellular and temporal dynamics 

underlyingg the control by SAP of T-D responses, and emphasized the functional 

complexityy of SAP-dependent pathways. Because SAP controls signal transduction 

pathwayss in T and B cells initiated by at least six cell surface receptors belonging to 

thee SLAM family of co-stimulatory adhesion molecules, a dissection of the 

contributionn of each of these receptors to humoral responses to T-D antigens will be 

requiredd for an understanding of the molecular underpinnings of these biochemical 

events.. Nevertheless, the present study unequivocally demonstrates that the 

dysgammaglobulinemiaa in XLP patients takes place in the absence of an infection 

withh EBV or any other virus and is caused by defects in the cognate interactions 

betweenn T and B cells. 

MATERIA LL  AND METHOD S 

Mice Mice 

C57BL/6JJ and BALB/c mice and Rag2'//~ mice were purchased from Jackson 

Laboratoryy (Bar Harbor, Maine). SAP'S- C57BL/6J and SAP'S- BALB/c mice had 

beenn back-crossed seven times at the BIDMC Animal Facility (Wu et al., 2001). 

SAP~/~SAP~/~ TCR Tg DO 11.10 mice were generated in our laboratory. 
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QuantitationQuantitation of serum Ig by ELISA, 

Isotype-specificc Ig were detected and quantitated by ELISA . Immulon-IB microtiter 

platess (DYNEX Technologies, Inc., Chantilly, VA) were coated overnight at 4°C 

withh the capture antibody (goat anti-mouse total Ig polyclonal antibody) at 5 ug/ml 

inn PBS. Serum or culture supernatants were diluted in blocking buffer and washing 

stepss were performed with PBS plus 0.05% Tween 20 (Fisher Scientific, Fair Lawn, 

NJ).. Alkaline phosphatase (AP)-labeled goat anti-mouse antibodies specific for 

heavyy chain mouse Ig isotypes (Southern Biotechnology, Birmingham, AL) were 

usedd to determine IgM, IgG, IgGl, IgG2a, IgG2b and IgG3, isotype-specific Igs. 

Totall  IgE concentrations were determined by using a capture / detection antibody 

pairr by Pharmingen (San Diego, CA). Purified mouse IgM, IgG, IgGl, IgG2a, 

IgG2b,, IgG3, and IgE (Southern Biotechnology) were used as standards. 

NP-KLH/NP-KLH/ TNP-KLH immunizations. 

Micee were injected intra-peritoneally with 300u,g of Alum-precipitated NP-KLH 

(Biosearchh Technologies, Novato, CA). Imject® Alum was purchased from Pierce 

(Woburn,, MA). Mice were boosted after 14 to 21 days with an intraperitoneal (i.p.) 

injectionn of lOOug of NP-KLH in PBS and sacrificed 7 days later. Serum was 

collectedd and for histological examination, the spleen was embedded in OCT (Tissue 

Tek®,, Sakura). For immunizations with TNP-KLH (Biosearch Technologies) 300jjg 

off  Alum-precipitated TNP-KLH plus Pertussis Toxin (300ng/mouse) (Calbiochem, 

Laa Jolla, CA) was used. 

ImmunizationImmunization with ovalbumin. 

SAP-/'SAP-/' C57BL/6J, SAP'/' TCR Tg DO 11.10 BALB/c mice or wt mice were 

injectedd i.p. with lOOjig ovalbumin (Sigma, St. Louis, MO), in complete Freund's 

adjuvantt (Sigma) and boosted twice with the same amount of ovalbumin in 

incompletee Freund's. Serum samples were obtained before each boost. 
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T-IT-I antigen immunization. 

SAP~/~SAP~/~ and wt BALB/c mice (age 3 months) received an intraperitoneal injection of 

lO^gg of TNP-LPS (Biosearch Technologies) or 30ug of TNP-Ficoll (Biosearch 

Technologies).. Levels of TNP-specific antibodies were determined at day 0, 5 and 

10. . 

AntibodyAntibody titers and affinity. 

Hapten-- or antigen-specific antibody titers were determined by end-point titer 

dilutionss and ELISA. Immulon-IB microtiter plates (DYNEX Technologies) were 

coatedd overnight at 4°C with 50ug/mL of NP- or TNP-conjugated BSA in 0.1 M 

Carbonatee buffer (pH = 9.8). Mouse serum was then diluted (starting at 1/20-1/1000) 

inn blocking buffer and serial 1 to 2 dilution applied to the plates. Washing steps were 

performedd with PBS plus 0.05% Tween 20. Alkaline phosphatase (AP)-labeled goat 

anti-mousee antibodies specific for heavy chain mouse Ig isotypes (Southern 

Biotechnology)) were used as revealing antibodies to determine IgM, IgG, IgGl, 

IgG2a,, IgG2b and IgG3, isotype-specific Igs. All dilutions were performed at least in 

duplicate.. Results are presented either as end-point titer dilution (highest serum 

dilutionn yielding an O.D. at 405nm that exceeds the mean background level by 

greaterr than two Standard Deviations) or O.D.405 dilution curves. The affinity of 

anti-NPP serum antibodies was estimated by calculating the ratio of NP(2)-binding to 

NP(24)-bindingg as previously described (Herzenberg et al., 1980). 

FrequencyFrequency of Antibody Secreting Cells (ASCs) . 

Celll  culture plates (Costar 24 well plates, Fisher, Pittsburgh, PA) were coated 

overnightt at 4°C with 50ug/ml of antigen in PBS. After blocking the plates with 1% 

BSA,, red-cells depleted bone marrow or splenic cells were added to the plates 

(multiplee dilutions starting at 106/well) in complete RPMI media supplemented with 

2%2% Fetal Calf Serum and cultured overnight at 37°C with 5% C02. The next day 

platess were washed with PBS plus 0.1% BSA. Secondary AP-conjugated goat anti-

mousee antibodies specific for heavy chain mouse Ig isotypes were added (Southern 

Biotechnology).. ELISPOT plates were then developed using BCIP (5-Bromo-4-
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Chloro-3-Indolyl-Phosphate)) (Roche, Indianapolis, rN) substrate in AMP (2-Amino-

2-Methyl-l-Propanol)) (Sigma) plus 0.6% agarose (Sigma). After overnight 

incubationn at room temperature, spots were then counted under microscope 

(Barringtonn et al., 2002). 

HistologyHistology and immunofluorescence. 

Snapp frozen spleens in OCT embedding media were cryosectioned and fixed in cold 

methanol.. After 30 min blocking with 10% FCS, sections were stained with PE-

conjugatedd CD45R/B220, CD3, or CD5 antibodies (Pharmingen) and FITC-labeled 

Peanutt agglutinin (PNA-FITC) (Vector Laboratories, Burlingame, CA). Slides were 

thenn observed with a Leica fluorescent microscope. In selected experiments sections 

weree triple stained with CD5-PE, PNA-FITC and CD45R/B220-Cy5 (Ebioscience) 

labeledd antibodies, and visualized by confocal microscopy (Radiance 2000; Bio-Rad 

Laboratories).. Immunohistochemistry was also performed by using AP- and HRP-

labeledd secondary antibodies as previously described (Barrington et al., 2002). 

AdoptiveAdoptive transfers. 

CD4++ T cells were purified from the spleen of primed or unprimed SAP-/' BALB/c 

orr wt BALB/c mice using negative selection columns as described previously (de 

Jongg et al., 2001). CD45R/B220+ positive B cells were purified from the same mice 

byy negative selection using a cocktail of biotin-labeled antibodies directed at CD1 lb, 

Ly-6C,, Ly-6G and CD90.2 (Pharmingen) and Dynabeads® M-280 Streptavidin. 

Cellss were then separated with a Dynal MPC-1 magnet (Dynal, Oslo, Norway). Cell 

purityy (> 99%) was assessed by FACS analyis. Rag2~//~ mice received 5xl06 naive 

CD4++ cells from SAP"/- and wt mice together with 10*106 SAP-/- and wt B cells. 

Micee were then rested for one week before standard i.p. immunization with NP-KLH 

pluss Alum. In other experiments, KLH primed and boosted CD4+ cells (5xl06 cells) 

off  SAP~/~ and wt mice were transferred into irradiated wt recipients (600 rad) 

togetherr with NP-HEL primed B cells (lOxlO6) and lOO ĝ of NP-KLH. 
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FlowFlow cytometry. 

Redd cell-depleted single cell suspensions were stained with fluorescence- or biotin-

conjugatedd antibodies in PBS containing 5% fetal bovine serum (FBS), 0.05% 

sodiumm azide and Fc-block (Pharmingen), and then washed. PerCp-Streptavidin 

(Pharmingen)) was used to detect biotin-labeled primary antibodies. After washes, 

sampless were fixed in 2% paraformaldehyde, and analyzed on a Coulter Elite 

cytometerr (BD Coulter). In selected experiments, cell sorting was performed on a 

FACSCaliburr cytometer (Becton Dickinson) immediately after cell staining. Labeled 

antibodiess used in these studies are as follows: CD43-FITC, CD24-PE, BP.l-biotin, 

CD45R/B220-CyChrome®,, IgD-FITC, IgM-biotin, CD21-FITC, 493-PE, CD23-PE, 

CD23-biotin,, CD5-PE and CDllb-FITC (all from Pharmingen). CD45R/B220-Cy5 

usedd in some analyses was obtained from Ebioscience (San Diego, CA). 

InIn vitro CD4+ T cell stimulation 

CD4++ T cells were stimulated for various times at 1 million cells/ml in complete 

mediumm (RPMI supplemented with 10% fetal calf serum, penicillin and 

streptomycin,, 50 P-Mercaptoethanol, and ImM glutamine) with 5ug/ml plate-bound 

anti-CD33 (BD PharMingen, San Diego, CA), 20 Units/ml mouse IL-2 (BD 

PharMingen),, and 1 ug of anti-CD28 (BD PharMingen). In DO11.10 transgenic 

experiments,, T cells were purified with CD4 negative selection columns (R&D 

Systems,, Minneapolis, MN) from the spleen. Purity of the populations was 

determinedd by double staining with CD4-PE (BD PharMingen) and KJ126-FITC (a 

giftt from Dr. Van Houten, University of North Carolina) and analyzed by flow 

cytometry.. Cells were washed with PBS containing penicillin and streptomycin. In 

thee primary stimulation, 2xl05 CD4+KJ126+ were stimulated with lxlO6 y-irradiated 

syngeneicc APC's pulsed with indicated concentrations of OVA323-339 peptide (a gift 

fromm Dr. Van Houten) for 4 days. For the secondary stimulation, cells were removed 

fromm culture, washed, and rested overnight with 50U/ml IL-2 (R&D Systems). The 

cellss were then re-stimulated in the same manner as primary stimulation for up to 
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fourr days. Culture supernatants were collected on each day of primary and 

secondaryy responses and cytokines were measured using ELISA. 

PreparationPreparation of naive CD4* T cells. 

Splenocytess from various mice were isolated and red blood cells were lysed in 

hypotonicc lysis solution (Sigma, St Louis, MO). The cell suspension was then passed 

throughh a negative selection mouse CD4 cell subset column (R&D Systems). The 

resultingg suspension was then stained for cell surface CD4 (a-CD4-FITC) and 

CD45Rbhii (a-CD45Rb-PE) at 4°C for 30 minutes (antibodies from BD 

PharMingen).. Stained cells were then subjected to sorting using MOFLO® cell 

sorterr (Dako Cytomation, Fort Collins, CO). CD45Rbhi/CD4 T cells were 

enumeratedd and used for experiments. 

QuantitativeQuantitative analysis ofIL-4 andlFN-ymRNA using Real Time PCR. 

Totall  RNA was isolated from CD4+ cells using the Absolutely RNA™ kit from 

Stratagenee (La Jolla, CA). The samples were then subjected to first strand reverse 

transcriptasee using Superscript Choice system (Invitrogen Life Technologies, 

Carlsbad,, CA). All transcripts were measured by Taqman quantitative PCR (Applied 

Biosystems,, Foster City, CA). PCR probes used the IL-4 and IFN-y premix from 

Appliedd Biosystems, labeled using 6-carboxyfluorescein; the GAPDH probe was 

labeledd with VIC. Relative expression values are calculated as described (de Jong et 

al.,, 2001). 

CytokineCytokine ELISAs. 

Concentrationn of cytokines in cell culture supernatants was measured by capture 

ELISAA using reagents from BD PharMingen. Murine IL-4 and IFN-y levels were 

determinedd using OptiEIA ELISA sets according to the protocol provided by the 

manufacturer. . 
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