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Abstract
The production of auto-antibodies is one of the predominant characteristics of autoimmune disorders.
Because IL-2 deficient mice develop autoimmunity, we asked how IL-2 deficiency might impair
endogenous mechanisms of B cell tolerance. To this end, we mated BALB/c anti-dsDNA H chain
knock-in mice, in which B cells producing anti-dsDNA antibodies are properly regulated, with IL-2
deficient mice and assessed the phenotype of their offspring. IL-2 deficient mice expressing the anti-
dsDNA H chain knock-in allele developed anti-dsDNA antibodies of both IgM and IgG isotypes.
Production of these antibodies occurred through the disruption of several mechanisms of endogenous
tolerance, including deletion, maturational arrest, and follicular exclusion. In summary, our results
suggest that IL-2 plays an important role in regulating B cell tolerance.
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Introduction
The presence of auto-antibodies against dsDNA is one of the primary diagnostic features of
systemic lupus erythematosis. Several murine models have been developed to study the
aberrant generation of these and other auto-antibodies. One such model is the VH3H9 “knock
in” model, in which a rearranged heavy chain (VH3H9) that binds dsDNA replaces the
chromosomal JH locus [1]. BALB/c mice expressing this knock-in allele exhibit several known
mechanisms of B cell tolerance, and do not develop an autoimmune phenotype. Upon crossing
these mice with autoimmune prone gld/gld mice, however, normal tolerance mechanisms are
disrupted and high titers of anti-dsDNA antibodies are produced [2].

Mice deficient in either IL-2 or elements of its tripartite receptor also develop an autoimmune
phenotype. IL-2, IL-2Rα, and IL-2Rβ deficient mice develop a severe hemolytic anemia due
to the production of anti-erythrocyte antibodies [3,4,5]. IL-2Rβ knock out (KO) mice also
exhibit low levels of anti-nuclear antibodies [5]. Production of these ntibodies in IL-2Rβ KO
mice peaks at 5 weeks of age and declines by 8 weeks, likely due to the significant loss of B
cells that also occurs in these mice with age [5,6].
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The presence of antibody-mediated autoimmunity in IL-2 deficiency suggests that endogenous
means of B cell tolerance are impaired, however the mechanisms involved are unknown. To
address this question, we generated VH3H9-KI/IL-2 KO mice and assessed their ability to
generate anti-dsDNA B cells. These mice produce anti-dsDNA antibodies as a consequence
of the breakdown of several endogenous mechanisms of B cell tolerance including follicular
exclusion, developmental arrest, and apoptosis.

Methods
Animals

VH3H9 and VH3H9/56R knock-in mice on a BALB/c background were the kind gift of Dr.
Martin Weigert, University of Chicago, Chicago, IL [1]. These mice were bred with BALB/c
IL-2 KO mice expressing a TCR transgene for ovalbumin (DO11.10) [7] to eventually yield
VH3H9/IL-2 KO or VH3H9/56R IL-2 KO mice. VH3H9 mice were also bred with DO11.10
IL-2 wild-type (WT) mice to generate comparable WT controls. Therefore, all mice used in
this study expressing the VH3H9 transgene also express DO11.10, but are designated as
VH3H9/IL-2 WT or VH3H9/IL-2 KO for simplicity. Age-matched mice between 8 and 16
weeks of age were used for all experiments. Mice were housed in specific pathogen free
facilities and all experiments were in accordance with protocols approved by the University of
Nebraska Institutional Animal Care and Use Committee.

Anti-nuclear antibody assay
Anti-nuclear antibodies (ANA) were detected in the sera of VH3H9/IL-2 KO or WT mice by
incubation of each serially diluted sample with HEP-G2 cells (Antibodies Inc.). Homogeneous
nuclear binding of IgM or IgG was detected via FITC-conjugated rat anti-mouse IgG (BD
Pharmingen) or FITC-conjugated goat anti-mouse IgM antibodies Invitrogen). Serum samples
were diluted on a log scale, and the ANA titer was defined as the reciprocal of the last dilution
with detectable ANA staining.

Flow cytometry
Single-cell suspensions were prepared from spleens of 8- to 16-week-old VH3H9/IL-2 KO or
IL-2 WT mice. Cells (1.5 × 106/ml) were stained for 30 minutes at 4°C with the fluorochrome-
conjugated antibody of interest, then washed and resuspended in FACS buffer (PBS containing
2% v/v FBS and 0.1% NaN3). Nonspecific binding was blocked prior to staining using Fc block
(anti-CD16/32, clone 2.4G2). Analysis was performed on a FACScan flow cytometer using
CellQuest software (BD Biosciences). Anti-CD19 (clone 1D3), CD21/35 (7G6), CD16/32
(2.4G2), CD23 (B3B4), HSA (M1/69), λ1 (R11-153), CXCR5 (2G8) and Annexin V (with
propidium iodide, as a kit) were purchased from BD Pharmingen.

Immunohistochemistry
Tissues were embedded in OCT (Sakura Finetechnical Co.), snap frozen in liquid nitrogen,
and stored at −80°C until use. Five-micron sections were prepared, fixed in acetone, and stained
with the following antibodies: FITC-labeled IgM (goat polyclonal, Invitrogen), anti-Thy 1.2
(clone 53-2.1, rat IgG2a), biotinylated anti-λ1 (clone R11-153, rat IgG1), FDC-M1 (rat IgG2c
(BD Pharmingen), anti-CCL21, anti-CXCL13 (goat polyclonals, R&D Systems), MOMA-1
(rat IgG2b, Cedarlane), and ER-TR7 (rat IgG2b, BMA Biomedicals). Anti-gp38 (hamster
monoclonal, 8.1.1) was the kind gift of Dr. Andrew Farr, University of Washington, Seattle.
WA [8]. Antibodies to CXCL13, CCL21, and λ1 were detected via direct application of
tyramide amplification (λ1) or following incubation with biotinylated anti-goat (CCL21,
CXCL13) antibodies (Vector Laboratories). Tyramide amplification was performed using SA-
HRP and tyramide-labeled phycoerythrin or fluorescein isothiocyanate per the manufacturer’s
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recommendations (BD Pharmingen). Thy 1.2, MOMA-1, ER-TR7, FDC-M1, and anti-gp38
were detected via the following fluorochrome-labeled secondaries: goat anti-rat IgG
(Molecular Probes), goat anti-rat IgG (MP Biomedical), and biotinylated goat anti-hamster
IgG (Kirkegaard and Perry Laboratories).

Statistics
Statistical analyses of potential differences between experimental and control groups were
performed using a Fisher’s Exact Test.

Results
Identification of dsDNA B cells in VH3H9/IL-2 KO mice

To determine how IL-2 deficiency affects the generation of anti-dsDNA antibodies, BALB/c
IL-2 KO mice expressing a transgenic T cell receptor for ovalbumin (DO11.10) were mated
with VH3H9-KI mice to generate VH3H9/IL-2 KO mice. The BALB/c IL-2 KO mice in our
colony all express a TCR transgene to improve their health and longevity. IL-2 KO mice on a
BALB/c background otherwise die in utero or shortly after birth. IL-2+/−littermates from the
aforementioned matings were used as phenotypic IL-2 WT controls. The frequency of T cells
expressing the TCR transgene in DO11.10 heterozygotes is approximately 20%.

We first compared the frequency and total numbers of anti-dsDNA B cells in VH3H9/IL-2 KO
versus VH3H9/IL-2 WT mice. Since the VH3H9 H chain typically pairs with a λ1 light chain,
the anti-dsDNA B cells can be tracked using an anti-λ1 antibody [9]. As seen in Figure 1A, the
frequency of λ1+ B cells was higher in VH3H9/IL-2 KO versus VH3H9/IL-2 WT mice, despite
a similar frequency of λ1− B cells. Total numbers of both λ1+ and λ1− B cells were increased
in VH3H9/IL-2 KO mice as compared to VH3H9/IL-2 WT mice due, at least in part, to the
large numbers of splenocytes in the IL-2 KO mice (Figure 1B).

Influence of IL-2 deficiency on anti-dsDNA antibody production
To ascertain whether endogenous mechanisms of restricting anti-dsDNA antibody production
were impaired in the absence of IL-2, we measured IgM and IgG anti-nuclear antibody (ANA)
titers in the sera of VH3H9/IL-2 KO and WT mice. As seen in Figure 2, VH3H9/IL-2 KO mice
developed ANA titers of IgM antibodies in the 1:100 to 1:1000 range. VH3H9/IL-2 WT mice
also developed IgM antibodies, but the titers in these mice were ≤ 1:100. Regarding the
production of IgG, none of the VH3H9/IL-2 WT mice produced anti-dsDNA IgG antibodies,
whereas almost all VH3H9/IL-2 KO mice produced these antibodies at titers of 1:10 – 1:100.
Neither DO11.10/IL-2 WT nor DO11.10/IL-2 KO mice produced detectable IgM or IgG
antibodies. These data suggest that endogenous mechanisms which normally restrain
autoantibody production are impaired in IL-2 deficiency.

Apoptosis of anti-dsDNA B cells in IL-2 deficiency
In models of antibody-mediated autoimmunity, anti-dsDNA B cells have been shown to die
more rapidly in mice with non-autoimmune versus autoimmune backgrounds [9]. In light of
the increased frequency of anti-dsDNA B cells observed in IL-2 deficiency (see Figure 1), we
first asked whether the frequency of apoptotic λ1+ B cells was altered in VH3H9/IL-2 KO
mice. To address this question, we assessed cell surface expression of Annexin V in CD19
+λ1+ B cells from VH3H9/IL-2 WT and KO mice. As seen in Figure 3, the frequency of
apoptotic λ1+ B cells in IL-2 KO mice was approximately one third that of WT mice, suggesting
that elimination of these auto-reactive cells is impaired in the absence of IL-2. Whether this
defect is a direct effect of IL-2 deficiency or an indirect effect based on improper localization
of these B cells (see below) remains to be determined.
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Developmental arrest and IL-2 deficiency
Given the above findings, we next asked whether additional endogenous mechanisms of
tolerance were impaired in IL-2 deficiency. One potential mechanism is that of developmental
arrest, in which the maturation of autoimmune B cells from the transitional stages (T1 and T2)
to the mature (M) stage is inhibited. In VH3H9-lpr/lpr mice, which produce high levels of anti-
dsDNA antibodies, developmental arrest is impaired [9]. In light of these findings, the
developmental status of λ1+ B cells in VH3H9/IL-2 KO mice was assessed by cell surface
expression of CD21 and HSA on λ1+ CD19+ B cells. As seen in Figure 4, VH3H9/IL-2 WT
mice exhibited a decreased frequency of mature λ1+ B cells as compared to WT λ1− B cells
(p=0.0001), suggesting that the λ1+ B cells were developmentally arrested. In VH3H9/IL-2
KO mice, there was no difference in the frequencies of T1, T2, and mature B cells between the
λ1+ and λ1− groups (p=0.7). The frequency of mature λ1+ WT B cells was also decreased
compared to mature λ1+ IL-2 KO B cells (p=0.0002). These results suggest that developmental
arrest of anti-dsDNA B cells is impaired in the absence of IL-2. Whether these results reflect
a direct effect of IL-2 or an indirect effect via modulation of factors that influence B cell
maturation, such as BAFF [10], remains to be determined.

Marginal zone B cells and IL-2 deficiency
Mice exhibiting autoimmunity, such as lupus-prone mice and NOD mice, develop an expanded
marginal zone [11–14]. VH3H9/56R-KI mice, which are similar to VH3H9 mice but express
higher affinity anti-dsDNA antibodies, exhibit a greatly expanded marginal zone when
generated on a non-autoimmune background [15]. These marginal zone B cells produce
antibodies expressing dual κ and λ light chains, which significantly decrease their affinity to
dsDNA. It has been hypothesized that sequestration of such autoreactive B cells to the marginal
zone may prevent them from entering germinal centers and developing the properties of
pathogenic B cells [16]. To study localization of anti-dsDNA B cells to the marginal zone in
IL-2 deficency, we generated VH3H9/56R/IL-2 KO mice and investigated their frequency of
λ1+, marginal zone B cells.

As seen in Figure 5, the frequency of λ1+ marginal zone B cells was very high in VH3H9/56R
mice, but was substantially decreased in VH3H9/56R/IL-2 KO mice. However, the frequency
of marginal zone B cells in the λ1− B cells was also diminished relative to WT mice, suggesting
that this finding is not specific for the autoimmune B cells. In VH3H9 mice, which do not
exhibit a large shift of B cells to the marginal zone, the frequencies of marginal zone VH3H9/
IL-2 KO λ1+ and λ1− B cells were also decreased compared to their WT counterparts (not
shown). These findings suggest that mechanisms for localizing B cells to the marginal zone
may be impaired in IL-2 deficiency.

Follicular exclusion in IL-2 deficiency
Another mechanism by which autoimmune B cells are constrained is follicular exclusion. In
murine models wherein self-reactive B cells are anergized, the anergic B cells do not enter the
B or T cell follicles but are localized to the T/B interface [17]. To ascertain whether follicular
exclusion is intact in IL-2 deficiency, localization of λ1+ B cells was assessed in spleens from
VH3H9/IL-2 KO mice. As seen in Figure 6A, λ1+ B cells from VH3H9/IL-2 WT mice localized
to the T/B interface, whereas B cells from VH3H9/IL-2 KO mice were spread throughout the
B cell follicle. These results suggest that mechanisms responsible for follicular exclusion are
impaired in IL-2 deficiency.

We next began to address potential mechanisms responsible for the impaired follicular
exclusion observed in IL-2 deficiency. Two chemokine receptors important for proper
follicular exclusion are CXCR5 and CCR7 [17]. We examined the cell surface expression of
CXCR5 and CCR7 on anti-dsDNA B cells from VH3H9/IL-2 KO and WT mice. Anti-dsDNA
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B cells from VH3H9/IL-2 KO mice expressed lower levels of CXCR5 than VH3H9/IL-2 WT
mice (Figure 6B). No clear differences in cell surface expression of CCR7 on VH3H9/IL-2
KO vs WT cells could be discerned (not shown). While interesting, these findings do not
explain the lack of follicular exclusion found in VH3H9/IL-2 KO mice.

Since cell surface expression of CXCR5 and CCR7 did not explain the lack of follicular
exclusion observed in IL-2 deficiency, we asked whether expression of the corresponding
chemokines (CXCL13 and CCL19) was altered in the absence of IL-2. No consistent
differences in the expression of either CXCL13 or CCL19, assessed by semi-quantitative RT-
PCR, were found in the spleens of VH3H9/IL-2 KO and WT mice (not shown).

We have noted that the spleens of IL-2 deficient mice exhibit severely abnormal morphology
over time, primarily in the areas of the marginal zone and follicle (Figure 7A and data not
shown). Given these observations, we asked whether the distribution of CXCL13 or CCL21
was altered in the spleens of IL-2 deficient mice. CCL21 is a second CCR7 ligand with
essentially identical function as CCL19, but higher protein levels of CCL21 are expressed in
tissues [18].

In VH3H9/IL-2 WT mice, CXCL13 protein was widely distributed throughout the B cell area
of the follicle, but nearly absent from the T cell area as noted by the paucity of staining around
the central arteriole (Figure 7B, C). In VH3H9/IL-2 KO mice, the distribution of CXCL13 was
much more disorganized, with no clear demarcation between the T and B areas of the follicle.
The differences in the distribution of CCL21 were even more striking. In VH3H9/IL-2 WT
mice, CCL21 was expressed in a clearly demarcated area immediately surrounding the
arteriole. In the VH3H9/IL-2 KO mice, CCL21 was diffusely expressed over a larger area with
a paucity of staining in the tissue immediately surrounding the arteriole (Figure 7C, central
arteriole is denoted by an arrow). Accordingly, T cells in VH3H9/IL-2 WT spleens were tightly
compacted in a focal area surrounding the central arteriole, whereas in VH3H9/IL-2 KO mice
the T cell area was not well demarcated and the T and B cell areas overlapped considerably
(Figure 7E). Interestingly, brightly staining IgM+ plasma cells were scattered throughout the
follicle in VH3H9/IL-2 KO mice as compared to VH3H9/IL-2 WT mice, in which these cells
are appropriately localized to the red pulp [19].

Since the distributions of both CXCL13 and CCL21 were altered in IL-2 deficiency, we next
asked whether this reflected an abnormal localization of cells producing the chemokines or an
abnormality in the conduit system that transports the chemokines. CXCL13 is produced by
follicular dendritic cells (FDC) cells, and in tissue sections the highest expression of CXCL13
protein overlaps with these cells [18]. In VH3H9/IL-2 WT spleens, FDCs were appropriately
found in the B cell area of the follicle (Figure 7D). However, in VH3H9/IL-2 KO spleens, the
FDCs appeared to be spread throughout the entire follicle. Gp38+ stromal cells, which are a
source of both CCL19 and CCL21 [20], were positioned appropriately in the T cell zone of the
follicle in both VH3H9/IL-2 KO and VH3H9/IL-2 WT mice (Figure 7D).

Chemokines in the spleen are distributed in the white pulp by a conduit system that is
surrounded by ER-TR7+ fibroblasts [21]. FDCs provide a similar reticular network in the B
cell area of the follicle [21,22]. We therefore asked whether the ERTR7+ conduit system is
disrupted in IL-2 deficiency. As seen in Figure 7, the conduit system (denoted by ER-TR7+
fibroblasts) was markedly disrupted in IL-2 deficiency. The demarcation between red pulp and
follicle was much less clear in VH3H9/IL-2 KO as compared to VH3H9/IL-2 WT spleens, and
the marginal sinus is not seen in the IL-2 KO spleens (Figure 7C, insert). Furthermore, ER-
TR7+ fibroblastic reticular cells were limited to the T cell area in VH3H9/IL-2 WT spleens
but were distributed throughout the follicle in VH3H9/IL-2 KO mice. In their entirety, these
findings suggest that the abnormal distributions of ER-TR7+ fibroblasts and FDCs are
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responsible, at least in part, for the aberrant distribution of CCL21 and CXCL13 in splenic
follicles of IL-2 deficient mice. In turn, the aberrant distribution of these chemokines
contributes to the altered localization of T and B cells within the follicle, and may play a role
in the impaired follicular exclusion exhibited in IL-2 deficient mice.

Discussion
The development of autoimmune hemolytic anemia in mice deficient in IL-2 or its receptor
suggests that IL-2 is important in the regulation of autoimmune B cells; however, the
mechanisms of B cell tolerance affected by IL-2 are unknown. We now demonstrate that IL-2
influences several endogenous mechanisms of B cell tolerance including those of
developmental arrest, follicular exclusion, and apoptosis.

The mechanisms of tolerance used to control autoreactive B cells of differing targets vary
depending on several factors, including the affinity of the autoantigen for the B cell receptor,
the concentration and form of the autoantigen, the availability of T cell help, the presence and
frequency of T regulatory cells, and environmental factors [23–27]. Our initial studies have
examined the influence of IL-2 deficiency on autoimmune B cells of moderate affinity
(VH3H9) to a ubiquitous self-antigen, dsDNA. We have included, for comparison, select
studies using a B cell receptor of high affinity (VH3H9/56R). Our results indicate that IL-2
deficiency impairs mechanisms of B cell tolerance used in both murine models.

Several studies by Erikson and colleagues indicate that both T helper and T regulatory cells
play important roles in the regulation of autoimmune B cells [19,28,29]. Deletion of T cell help
in MRL-lpr/lpr mice expressing the VH3H9 transgene corrected abnormalities in follicular
exclusion and maturational arrest exhibited in these animals [19]. Proper follicular exclusion
was mediated, at least in part, by a decrease in cell surface expression of CXCR5 on the anti-
dsDNA B cells. Since the expression of CXCR5 on IL-2 deficient, anti-dsDNA B cells is very
low at baseline, it is unlikely that depletion of T cell help will correct follicular exclusion by
this means. Although inappropriate T cell help no doubt contributes to the generation of
autoimmune B cells in IL-2 deficiency, our studies suggest that multiple factors play a role in
this process.

One such factor that likely contributes to the breakdown of B cell tolerance in IL-2 deficiency
is the aberrant morphology of the spleen (Figure 7). In the absence of IL-2, anti-dsDNA B cells
improperly localize to B cell follicles rather than be excluded to the T/B interface. Our results
suggest that this lack of follicular exclusion may be related to an altered distribution of the
chemokines important for localization of T and B cells. Abnormalities in the conduit system
that disseminates these chemokines is likely responsible, at least in part, for their aberrant
distribution (Figure 7).

Sequestration of B cells to the marginal zone is another mechanism of B cell tolerance likely
impacted by the aberrant splenic morphology observed in IL-2 deficiency. Using a model of
B cell tolerance in which a large shift to the marginal zone occurs, we found that this shift was
greatly diminished in IL-2 KO mice. Both autoimmune and non-autoimmune marginal zone
B cells were affected, however, suggesting either a defect in the generation of marginal zone
B cells, decreased expression of cell surface receptors (such as sphingosine-1-phosphate)
important for localizing B cells to the marginal zone [30], or a defect in the marginal zone
itself. Our finding that spleens of IL-2 deficient mice have extremely aberrant marginal zones
supports the latter possibility (Figure 7).

In summary, our results demonstrate that IL-2 contributes to several mechanisms of B cell
tolerance. Because patients with systemic lupus erythematosus (who produce anti-dsDNA
antibodies) exhibit diminished IL-2 production [31], it is possible that this decrease contributes
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to autoantibody production in lupus. In fact, administration of IL-2 abrogated anti-dsDNA
antibody production in MRL mice [32]. Further studies delineating the contribution of IL-2 to
B cell tolerance mechanisms may lead to new therapies for lupus and other autoimmune
diseases.
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Figure 1.
Influence of IL-2 deficiency on the frequency and number of anti-dsDNA B cells in VH3H9-
KI mice. The frequency (A) and total number (B) of anti-dsDNA-producing B cells
(CD19+λ1

+), and all other (CD19+λ1
−) B cells in spleens of VH3H9/IL-2 WT (WT) or 3H9/

IL-2 KO (KO) mice were determined by flow cytometry. The frequencies shown in (A)
represent the percentages of CD19+λ1

+ or CD19+λ1
− cells within the total splenocyte

population. The results shown are the average ± SD of 3 mice per group in a single experiment,
and are representative of 3 experiments in mice 10–16 weeks of age. The frequencies of T cells
expressing the transgenic TCR in these mice were as follows: VH3H9/IL-2 WT 20 ± 1%;
VH3H9/IL-2 KO 20 ± 4%. Statistical differences were as follows for 3 pooled experiments
(n=8): %λ+ B cells, p=0.04; %λ− B cells, p=NS; #λ+ B cells, p=0.0001; #λ− B cells, p=0.04.
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Figure 2.
Anti-nuclear antibody production in VH3H9/IL-2 KO mice. Titers of IgM and IgG anti-nuclear
antibodies were measured by ANA assay in the sera of 8- to 16-week-old VH3H9/IL-2 WT
(WT) or VH3H9/IL-2 KO (KO) mice. Serum samples were serially diluted by 1:10, beginning
at a dilution of 1:100 (for IgM) or 1:10 (for IgG). The ANA titer was defined as the reciprocal
of the last dilution with detectable ANA staining. The numbers shown indicate the number of
mice with that titer.
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Figure 3.
Apoptosis of anti-dsDNA B cells in VH3H9/IL-2 KO mice. The frequency of Annexin V+

cells within the propidium iodide negative population of CD19+λ1
+ B cells was assessed by

flow cytometry in splenocytes of VH3H9/IL-2 WT or VH3H9/IL-2 KO mice. A representative
histogram is shown. Cells incubated with buffer alone (dotted line) were negative. The
frequency of Annexin V+ cells was decreased in the VH3H9/IL-2 KO mice as compared to the
VH3H9/IL-2 WT mice (n=8, p=0.001).
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Figure 4.
Maturational arrest of autoimmune B cells in IL-2 deficiency. The frequency of transitional
(T1 – CD21loHSAhi or T2 – CD21hiHSAhi) and mature (M – CD21loHSAlo) B cells was
determined by flow cytometric assessment of CD21 and HSA expression on CD19λ1

+ or
CD19λ1

− splenocytes from VH3H9/IL-2 WT or VH3H9/IL-2 KO mice. The results shown are
from a single representative experiment. Isotype controls were negative. The frequency of
mature CD19λ1

+ B cells was decreased in VH3H9/IL-2 WT mice as compared to VH3H9/IL-2
KO mice (n=16, p=0.0002). Mature CD191

− B cells were not statistically different between
these mice (n= 16, p=0.7). In addition, the frequency of mature CD19λ1

+ B cells in VH3H9/
IL-2 WT mice was decreased compared to mature WT λ1

− B cells (n=16, p=0.0001). These
latter populations were not statistically different in VH3H9/IL-2 KO mice (n=16, p=0.7).
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Figure 5.
Frequency of λ1

+ marginal zone B cells in VH3H9/56R-KI/IL-2 KO mice. The frequency of
marginal zone (MZ – CD21hiCD23lo) and follicular (FO – CD21intCD23+)B cells was
determined by flow cytometric expression of CD21 and CD23 on CD19+λ1

+ or CD19+λ1
−

splenocytes isolated from VH3H9/56R-KI/IL-2 WT or VH3H9/56R-KI/IL-2 KO mice. Results
shown are from a single representative experiment. Isotype controls were negative. The
frequency of marginal zone CD19λ1

+ B cells was greater in VH3H9/IL-2 KO (n=10) as
compared to VH3H9/IL-2 WT (n=14) mice (p=0.0005). Marginal zone CD19λ1

− B cells were
also statistically different between these mice (p=0.03).
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Figure 6.
Follicular exclusion of autoimmune B cells in IL-2 deficiency. (A) The distribution of λ1

+ B
cells in the spleens of VH3H9/IL-2 WT or VH3H9/IL-2 KO mice was determined by
immunohistochemistry, using FITC-labeled IgM and biotinylated anti-λ1 antibodies. Tyramide
amplification was then applied using SA-HRP and tyramide-labeled phycoerythrin per the
manufacturer’s recommendations. Original objective magnification: 10X. (B) Cell surface
expression of CXCR5 was assessed by flow cytometry in CD19+λ1

+ splenocytes from VH3H9/
IL-2 WT or VH3H9/IL-2 IL-2 KO mice. The results shown are representative of 5 experiments.
Expression of CXCR5 was decreased in VH3H9/IL-2 IL-2 KO (n=15) as compared with
VH3H9/IL-2 IL-2 WT (n=14) mice (p=0.0005).
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Figure 7.
Aberrant morphology and distribution of chemokines in spleens of IL-2 deficient mice. (A)
The marginal zones of VH3H9/IL-2 WT and VH3H9/IL-2 KO mice were delineated by the
monoclonal antibody MOMA-1, which recognizes metallophilic macrophages present in the
marginal zone. (B, C, D) The distribution of CXCL13 (B), CCL21 (C), gp38 (D), and FDC-
M1 (D) in the spleens of VH3H9/IL-2 WT and KO mice was determined by
immunohistochemistry, using tyramide amplification (CXCL13 and CCL21) to enhance the
signal. In (C), the central arteriole is denoted by an arrow. In (B) and (C), fibroblastic reticular
cells were identified by the monoclonal antibody ERTR-7. In C, the insert demonstrates the
marginal sinus (*). Secondary antibody alone controls were negative (see right lower quadrant
inserts, B and D). The same secondary antibody was used for CXCL13 and CCL21. (E) The
distribution of B cells and T cells within splenic follicles of VH3H9/IL-2 WT and VH3H9/
IL-2 KO mice was visualized via antibodies recognizing IgM and Thy 1.2. Original objective
magnification for A – E: X10, C insert: X20.
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