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Upon antigen (Ag) encounter, B cells require T-cell help to enter the
germinal center (GC). They obtain this help by presenting Ag-
derived peptides onMHC class II (MHCII) for recognition by the T-cell
receptor (TCR) of CD4+ T cells. Peptides are loaded onto MHCII in
endosomal compartments in a process catalyzed by the MHCII-like
protein H2-M (HLA-DM in humans). This process is modulated by
anotherMHCII-like protein, H2-O (HLA-DO in humans). H2-O is a bio-
chemical inhibitor of peptide loading onto MHCII; however, on the
cellular level, it has been shown to have varying effects on Ag pre-
sentation. Thus, the function of H2-O in the adaptive immune re-
sponse remains unclear. Here, we examine the effect of H2-O
expression on the ability of Ag-specific B cells to enter the GC. We
show that when Ag specific WT and H2-O−/− B cells are placed in
direct competition, H2-O−/− B cells preferentially populate the GC.
This advantage is confined to Ag-specific B cells and is due to their
superior ability to obtain Ag-specific T-cell help when T-cell help is
limiting. Overall, our work shows that H2-O expression reduces the
ability of B cells to gain T-cell help and participate in the GC reaction.
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Antigen (Ag) processing and presentation onMHCII is central
to T cell-dependent Ab-mediated immunity. During an im-

mune response, Ag-specific naïve B cells recognize and internalize
Ag via the B-cell receptor (BCR). The Ag is subsequently trans-
ported to late endosomes and lysosomes, where it is degraded into
peptides, some of which are loaded onto MHC class II (MHCII)
(1). These MHCII-peptide complexes are then displayed on the
cell surface for recognition by cognate CD4+ T cells. This recog-
nition event allows B cells to obtain T-cell help from a rare pop-
ulation of T cells known as CD4+ follicular helper T cells (TFH).
The interaction between the Ag-specific B cells and TFH cells is
essential for B-cell entry into the germinal center (GC) (2).
Peptide loading of MHCII is catalyzed by the nonclassical

MHCII-like protein H2-M (HLA-DM in humans) (3–5). H2-M,
which localizes to endosomes (6), promotes the removal of class II-
associated invariant chain peptides (CLIP) from the peptide-
binding groove of MHCII. H2-M also stabilizes empty MHCII
molecules and edits the final MHCII-bound peptide repertoire
that is displayed at the cell surface to ensure that only long-lived
MHCII-peptide complexes are presented (7). Another non-
classical MHCII-like protein, H2-O (HLA-DO in humans), also
localizes to endosomes in B cells (8). H2-O forms a complex with
H2-M and has been shown to inhibit or modulate the ability of H2-
M to catalyze and edit MHCII peptide exchange (9–12). Surpris-
ingly, H2-O–deficient mice exhibit only minor abnormalities in Ag
presentation (11, 13).
Ag presentation is important for many aspects of immunity, in-

cluding initiating the GC response. Admission of B cells into the
GC is a competitive process that is dependent upon help from Ag-
specific TFH cells. The effectiveness of T-cell help is directly de-
pendent upon MHCII-mediated Ag presentation by individual B
cells. B cells expressing BCRs with high avidity for Ag have been
shown to be at an advantage, as higher densities of Ag-derived

MHCII-peptide complexes will be displayed at the cell surface. It is
possible that H2-O, which modulates MHCII peptide loading,
might also influence this critical step in effectorB-cell development.
To test the hypothesis that H2-O affects the ability of Ag-

specific B cells to compete for T-cell help, we developed an
adoptive transfer system in which WT and H2-O−/− Ag-specific
B cells were placed in direct competition. Our results showed that
H2-O−/− Ag-specific B cells preferentially populated the GC in
comparison with WT Ag-specific B cells. This preference was de-
pendent on immunization with cognate Ag and was eliminated
when recipient mice were preimmunized to expand the endoge-
nous population of TFH cells. Finally, the ability of H2-O−/−B cells
to out-competeWTB cells forGCoccupancy was reversed to favor
WT B cells by cotransferring TCR Tg T cells specific for a peptide
that is presented better in the presence of H2-O. Together, these
results show that Ag-specific H2-O−/−B cells preferentially occupy
the GC due to a greater ability to present Ag-derived peptides via
MHCII and obtain T-cell help. Thus, H2-O-mediated modulation
of B-cell Ag presentation regulates the ability of B cells to gain
T-cell help and participate in the GC reaction.

Results
NP-Specific H2-O−/− B Cells Preferentially Populate the GC When
Placed in Competition with WT B Cells. Studies using MHCII-pep-
tide–specific Abs, TCR Tg T cells, or T-cell hybridomas have
shown that H2-O variably and unpredictably affects the pre-
sentation of individual peptides (9, 14, 15). Therefore, rather than
further study T-cell responses to the presentation of individual
peptides, we measured the ability of GC B cells to obtain T-cell
help from the pool of endogenous polyclonal CD4+ T cells. This
sensitive and physiological approach allows the detection of
overall differences in the efficiency of presentation of a polyvalent
Ag by WT versus H2-O−/− B cells.
The GC reaction is constrained by B-cell–extrinsic factors, in-

cluding the size of the TFH population and Ag availability (16, 17).
B cells bearing high-affinity BCR out-compete lower affinity
clones for access to T cell-mediated survival signals (18). Because
of the competitive nature of B-cell entry into the GC and the
dependence on T-cell help for this process, GC entry provides
a sensitive measure of the ability of WT and H2-O−/− B cells to
obtain T-cell help when placed in direct competition.
The affinity of the BCR for Ag is a major contributing factor to

the ability of B cells to enter and compete successfully in the GC
(18). To eliminate differences in BCR affinity, H2-O−/−mice were
crossed with B1-8hi (B1-8) mice, a 4-hydroxy-3-nitrophenyl acetyl
(NP)-specific BCR heavy chain knock-in strain of mice (19). In
these mice, when the B1-8 heavy chain pairs with a lambda light
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chain, ∼5–10% of the total splenic B cells express a BCR specific
for NP.
Splenocytes containing a 1:1 mixture of NP-specific B cells

from congenically marked B1-8 (CD45.1/2) and B1-8.H2-O−/−

(CD45.1) mice were cotransferred into B6 (CD45.2) recipient
mice (Fig. 1A). The following day, recipient mice were immunized
with the T-dependent Ag NP-chicken gamma globulin (CGG).
B-cell responses were monitored by flow-cytometric analysis of
splenocytes on days 3, 7, 10, 14, and 21 to determine the fate of
B1-8 and B1-8.H2-O−/− cells. To identify the transferred NP-
specific B1-8 B cells, splenocytes were stained with fluorphore-
labeled NP to distinguish the NP-binding B cells together with
Abs to define B-cell subsets among the transferred cells (Fig.
S1A). B1-8 B cells made up ∼0.5% of the total B cells in un-
immunized recipients (Fig. S1B).
Analysis of recipient mice on the day of immunization (un-

immunized), confirmed that a 1:1 mixture of B1-8 and B1-8.
H2-O−/− B cells had been transferred (Fig. 1 B and C). At 3 d
postimmunization, a significantly higher percentage of NP+ B1-8.
H2-O−/− (53.1 ± 1.3%) than NP+ B1-8 (45.0 ± 1.6%) B cells were

present in the recipient mice (Fig. 1 B and C). By day 7, the pref-
erential accumulation of B1-8.H2-O−/−B cells increased, and NP+

B1-8.H2-O−/− B cells represented 58.2 ± 6.0% of the total
NP-specific B1-8 B-cell pool. By day 10, NP+ B1-8.H2-O−/−B cells
rose to 74.1 ± 5.1% and were maintained near this level on day 14
(71.16 ± 3.5%) and day 21 (69.2 ± 2.8%). Conversion of percen-
tages to ratios of NP+B1-8.H2-O−/− to B1-8 B cells (normalized to
the input ratio to account for small differences in the transferred
mixtures in individual experiments; Fig. 1D) showed that at 3 and
7 d posttransfer, B1-8.H2-O−/− B cells were found to be 1.2-fold
and 1.5-fold more abundant, respectively, in the total B1-8 NP+

B-cell pool. This increased to 3.1-fold on day 10 and then de-
creased to 2.7-fold and 2.4-fold on days 14 and 21, respectively.
These data show that after immunization, NP+ B1-8.H2-O−/− B
cells preferentially accumulate relative to NP+ B1-8 B cells.
To determine whether the preferential accumulation of NP+

B1-8.H2-O−/− B cells was due to a higher percentage of H2-O−/−

B cells populating GCs, we analyzed the relative contribution of
the two populations to GCs. On day 7 postimmunization, at the
beginning of the detectable GC response (Fig. S1C), there was

Fig. 1. H2-O−/− cells preferentially populate the GC. (A) Schematic representation of experimental setup. Mice were transferred with a 1:1 mixture of
congenically marked B-8 and B1-8.H2-O−/− splenocytes and immunized with NP-CGG. Analysis was performed on days 0–21. (B) Contribution of transferred B1-
8 and B1-8.H2-O−/− cells to donor-derived NP+ B-cell population over time, gated as shown in Fig. S1A. Numbers indicate percentage of each gated pop-
ulation. (C) Quantification of plots shown in B for multiple mice and experiments. (D) Ratio of B1-8.H2-O−/− to B1-8 B cells, normalized to ratio present in
transferred mixture for data shown in B. (E) Contribution of transferred B1-8 and B1-8.H2-O−/− cells to donor-derived NP+ GC B-cell populations; gated as
shown in Fig. S1A. (F) Quantification of plots shown in E for multiple mice and experiments. (G) Ratio of B1-8.H2-O−/− to B1-8. GC B cells, normalized to ratio
in transferred mixture for data shown in E. Statistical significance was determined by two-tailed paired t test between B1-8 and B1-8.H2-O−/−.
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a slight but reproducible accumulation of the transferred B1-8.
H2-O−/−GCB cells (CD45.1+CD19+Fas+GL7+) (55.2± 14.1%)
compared with B1-8 GC B cells (38.8 ± 9.4%) (Fig. 1 E and F). At
the peak of the GC response (days 10 and 14) the selective ac-
cumulation of B1-8.H2-O−/− B cells was further enhanced. B1-8.
H2-O−/− B cells represented 78.4 ± 5.4% and 76.3 ± 4.4% of the
GC on days 10 and 14 post immunization, respectively. By day 21,
when the GC response waned, B1-8.H2-O−/− B cells still consti-
tuted the majority of GC B cells (76.8 ± 1.3%). Conversion to
ratios of B1-8.H2-O−/− to B1-8 B cells showed that 7 d after im-
munization there were 1.6-fold more B1-8.H2-O−/− than B1-8 B
cells among the NP-specific GC B cell pool (Fig. 1G). By day 10,
the difference increased to 4.3-fold and wasmaintained at 3.5-fold
on days 14 and 21 (Fig. 1 E, F, and G). These data support that
upon engagement with specific Ag, H2-O−/− B cells have an ad-
vantage in entering GCs. However, once the B cells have entered,
H2-O deficiency no longer imparts a further advantage.
Importantly, B1-8.H2-O−/− B cells contributed normally to the

GC reaction in a noncompetitive transfer system in which B1-8.
H2-O−/− or B1-8 B cells were transferred into separate recipients
(Fig. S2). Analysis of mice 10 d post immunization showed that
there was no significant difference in the mean percentage of total
GC B cells in mice that had received WT or H2-O−/− B1-8 cells
(Fig. S2 A and B). Furthermore, the vast majority of GC B cells in
the recipient mice were derived from the transferred B1-8 B cells
regardless of H2-O expression (Fig. S2 A and C). Thus, in the

absence of competition, similar to WT B cells, B1-8.H2-O−/− B
cells are constricted by the limited availability of Ag and T-cell
help for access to GCs.

Preferential Expansion of H2-O−/− B Cells Is Specific to Ag-
Experienced B Cells. H2-O modulates H2-M function thereby al-
tering the final set of peptides presented in the context of MHCII
(15). Thus, the advantage that B1-8.H2-O−/− B cells have in
populating the GC is likely due to differences in Ag presentation.
If this is correct, then among the pool of transferred nonspecific B
cells (i.e., B cells that did not carry the B1-8 BCR; NP−), the NP−

B1-8.H2-O−/− and B1-8 B cells should be present at similar ratios.
Indeed, NP− non-GCB cells derived fromNP−B1-8.H2-O−/− and
B1-8 donor splenocytes were present at similar percentages and at
a near 1:1 ratio throughout the 21 d of analysis (Fig. 2 A, B, and
D). In addition, CD4+ T cells derived the individual donor sple-
nocyte populations were present at similar percentages and at
a ratio of ∼1:1 (Fig. 2 A, C, and D). Thus, the selective advantage
of B1-8.H2-O−/− B cells was largely confined to Ag-experienced B
cells, and in particular to NP+B1-8.H2-O−/− B cells that partici-
pated in the GC reaction.
We also confirmed that immunization was required for the

preferential expansion of the B1-8.H2-O−/− B cells. B1-8 and B1-
8.H2-O−/− B-cell (1:1) recipients were either immunized or left
unimmunized. As expected, at 10 d postimmunization, un-
immunized recipients lacked a substantial NP+ GC B-cell pop-

Fig. 2. NP− B cells and CD4+ T cells maintain a 1:1 ratio. (A) Contribution of transferred B1-8 and B1-8.H2-O−/− cells to donor-derivedNP− non-GC B-cell and CD4+

T-cell populations over time. Donor-derived cells were gated as shown in Fig. S1A. Numbers indicate percentage of each gated population. (B and C) Quan-
tification of data shown in A for multiple mice. (D) Ratio of H2-O−/− to WT cells for populations shown in A, normalized to ratio present in transferred mixture.
(E) B1-8 and B1-8.H2-O−/− B cells (1:1 mix) were transferred into recipient mice and either immunized with NP-CGG or not immunnized. Ten days later, the
percentage of WT and H2-O−/− B1-8 cells were measured as shown in Fig. S2B and quantified for multiple mice. (F) Ratio of H2-O−/− to WT cells normalized to
ratio of originalmixture for data shown in E. (G) Purified and irradiated B cells from B1-8, B1-8.H2-O−/−, and nontransgenic (nTg) littermatemicewere pulsed for
30 min on ice with increasing concentrations of NP-CGG, washed extensively, and cocultured for 72 h with NP-CGG–specific CD4 T cells. T cell proliferation was
determined by [3H]thymidine incorporation during the last 18 h of culture. Data are representative of four independent experiments. Statistical significance
determined by two-tailed paired t test for E and a two-tailed unpaired t test for F.
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ulation (Fig. S3A). Among the total NP+ B cells in immunized
recipients, as before, B1-8.H2-O−/− B cells constituted a greater
percentage and a higher ratio (3-fold more) of the transferred
NP+ B cells than B1-8 B cells (Fig. 2 E and F and Fig. S3B). In
contrast, in unimmunized recipients, B1-8 B cells and B1-8.
H2-O−/− cells were present at similar percentages and ratios
among the transferred NP-specific B cells (Fig. 2 E and F and
Fig. S3B). These data support that B-cell interactions with Ag
are necessary for NP+ H2-O−/− B cells to expand relative to WT
NP+ B cells. Furthermore, these data confirm that a homeostatic
expansion of the B1-8.H2-O−/− B cells does not account for the
preferential skewing of H2-O deficient B cells.
Finally, we directly measured the ability of B1-8.H2-O−/− and

B1-8 B cells to process and present peptides derived from NP-
CGG. Purified B1-8.H2-O−/− and B1-8 B cells were pulsed with
various concentrations of NP-CGG for 30 min on ice, washed,
and cocultured with purified polyclonal CD4+ T cells that were
generated by injecting mice 7–10 d prior with NP-CGG in alum.
The B1-8.H2-O−/− B cells stimulated NP-CGG-specific T cells
∼2-fold better than B1-8 B cells (Fig. 2G). Low levels of pre-
sentation by nontransgenic littermate control B cells demon-
strate that Ag presentation was mediated by the B1-8 BCR.
Collectively, our data support that the preferential expansion of
B1-8.H2-O−/− B cells is likely due to enhanced MHCII pre-
sentation of CGG peptides in the absence of H2-O.

Providing Extra T-Cell Help Allows WT and H2-O−/− B Cells to Populate
GC More Equally.B-cell entry into theGC is normally limited by the
availability of TFH (17). Thus, if the preferential accumulation of
B1-8.H2-O−/− B cells in GCs is due to their superior ability to
obtain T-cell help, then eliminating the competition for T-cell
help should allow WT and H2-O−/− B cells to compete more ef-
fectively. Previous studies have shown that preimmunization of
mice to expand the endogenous TFH population before the in-
troduction of Ag-specific B cells resulted in the activation of more
Ag-specific B cells (20). Therefore, expansion of the polyclonal
TFH population by preimmunization should eliminate B1-8 B-cell
competition for T-cell help and entry into GCs.
B6 mice were preimmunized with NP-CGG in alum (Fig. 3A).

One week later, B1-8 and B1-8.H2-O−/− splenocytes (1:1) were
transferred into the preimmunized mice or as a control, into mice
that had not been preimmunized (“naïve”). The following day,
recipient mice were immunized with NP-CGG, and 10 d later, the
GC composition and the size of the TFH cell pool were measured.
The frequency of the TFH population (CD4+ CXCR5+ PD-1+)

was similar in recipients that had been immunized once (naïve) or
twice (preimmunized), but significantly larger than in un-
immunized mice (Fig. 3 B and C). Thus, the expanded TFH pop-
ulation was present in preimmunized recipients when B1-8 cells
were transferred, whereas in naïve mice TFH cells developed
during the GC response of the transferred B1-8 B cells.
In mice that were immunized only after B1-8 transfer (naïve),

80.2 ± 6.4% of the transferred NP+GC B cells were derived from
B1-8.H2-O−/− B cells. In preimmunized mice, the percentage
NP+ B1-8.H2-O−/−GCB cells decreased to 61.2 ± 8.5% (Fig. 3D
and E). Although there was a significantly higher percentage of
NP+B1-8.H2-O−/− GC B cells than B1-8 B cells in preimmunized
recipients, the difference was reduced compared with that in
recipients that had not been preimmunized to generate more TFH
cells (Fig. 3 D and E). Conversion of the percentages to ratios
showed that there were 3.3-fold more B1-8.H2-O−/− B cells in the
mice immunized once, whereas the ratio for preimmunized mice
decreased to 1.2 (Fig. 3F). Once again, this change in relative
abundance was confined to NP+ B cells (Fig. S4). Similar results
were obtained when mice were preimmunized with azobenzene
arosonate (ABA)-CGG so that no prior NP-specific B-cell re-
sponse was in progress at the time of B1-8–cell transfer (Fig. S5).
These data support that H2-O−/− B cells have an advantage at

entering GCs due to a superior ability to obtain T-cell help in
a competitive environment, because in the presence of an ex-
panded CGG-specific TFH cell population, the advantage is lost.

B-Cell Population That Preferentially Populates the GC Is Determined
by B-Cell Ag Presentation. The experiments presented above col-
lectively support that T-cell help mediates the selective advantage
that H2-O−/− B cells have in populating the GC. We reasoned,
therefore, that this advantage could be altered to favorWTB cells
if an excess of TFH cells specific for an Ag that is presented better
by WT B1-8 B cells were present. The ovalbumin (OVA) peptide
recognized by CD4+ OT-II TCR Tg T cells is presented better by
Ag-specificWTB cells than byH2-O−/−B cells (14) (Fig. 4A). TFH
cells develop from T cells with high affinity for Ag only upon Ag

Fig. 3. B1-8 and B1-8.H2-O−/− B cells populate the GC equally in the pres-
ence of abundant T-cell help. (A) Schematic representation of experiment
setup. Marked B1-8 and B1-8.H2-O−/− cells were mixed at a 1:1 ratio and
transferred into either naïve hosts or hosts that had been immunized 7 d
prior with NP-CGG. The next day, mice were immunized with NP-CGG in
alum for the first time (naïve) or second time (preimmunized), or were left
unimmunized. (B) Size of TFH population was examined on day 10 post-
immunization. Plots shown are gated on CD4+ T cells. Numbers indicate size
of gated population as percentage of CD4+ cells. (C) Quantification of data
shown in B for multiple mice. (D) Contribution of WT and H2-O−/− B1-8 cells
to NP+ GC B-cell pool upon preimmunization. (E and F) Quantification of
population defined in D as percentage of donor-derived NP+ GC B cells (E),
and as a ratio of H2-O−/− to WT populations, normalized to the ratio in the
transferred mixture (F). Statistical significance was calculated using two-
tailed paired t test in E and a two-tailed unpaired t test in C and F.
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encounter (16). Therefore, OT-II T cells cotransferred with WT
B1-8 and B1-8.H2-O−/− B cells into recipient mice should join the
TFH cell pool and preferentially provide T-cell help toWT B1-8 B
cells after immunization with NP-OVA. To test this idea, B1-8
and B1-8.H2-O−/− B cells were cotransferred into B6 recipients
together with OT-II T cells or, as a nonspecific T-cell control, Eα-
specific TEa TCR Tg T cells (21). As before, recipient mice were
immunized the next day, but this time with NP-OVA.
After immunization with NP-OVA, control mice cotransferred

with TEa T cells, had greater percentages of NP+ B1-8.H2-O−/−

GCB cells (65.0± 5.3%) than B1-8GCB cells (32.1± 6.3%) (Fig.
4 B and C). After normalization to the input population, there
were 1.7-fold more H2-O−/− thanWTB1-8 B cells in the NP+GC
population (Fig. 4D). WhenOT-II T cells were cotransferred with
the WT and H2-O−/− B1-8 B cells, a larger percentage of B1-8
(59.8 ± 7.7%) than B1-8.H2-O−/− B cells (38.4 ± 7.2%) were
present in the NP+ GC population (Fig. 4 B and C). In the
presence of OT-II T cells, the NP+ B1-8.H2-O−/− B cells were
exceeded by WT B1-8 B cells in the GC at a ratio of 0.66:1 (H2-
O−/−:WT) (Fig. 4D). This result was confined to NP+ GC B cells,
and there was no change in the percentages or ratios of the
transferred NP− GC− B cells or CD4 T cells (Fig. S6).
These results support that the mechanism that promotes

H2-O−/− B-cell entry into the GC is directly related to the ability
of the B-cell to present the specific peptides that result in TFH cell
help.When T cells specific for a peptide that is presented better in

the presence of H2-O than in its absence are overrepresented, the
advantage that H2-O−/− B cells previously had in entering the GC
is lost. Instead, H2-O–expressing B cells gain an advantage in
entering the GC, because they more efficiently present the pep-
tide recognized by the predominant population of TFH cells.

Discussion
We found that placing Ag-specific WT and H2-O−/− B cells in
direct competition in an environment where Ag presentation on
MHCII plays an important role revealed an important functional
difference in H2-O−/− cells. H2-O−/− B cells had a distinct T cell-
dependent advantage over WT cells in populating the GC after
immunization. The advantage was evident as early as 7 d post-
immunization but remained constant from day 10 on (Fig. 1).
These data show that, upon Ag encounter, H2-O−/− B cells have
an advantage in entering the GC; however, once they have en-
tered, H2-O−/− andWT B cells have a similar ability to contribute
to the expanding GC B-cell pool. This is consistent with data
showing that H2-O is down-regulated in WT GC B cells, making
them functionally more similar to H2-O−/− B cells (22–24).
Importantly, the relative expansion of cells from B1-8.H2-O−/−

donors was confined to the pool of NP+ B1-8 GC B cells. NP+ B
cells in B1-8 mice constitute only 5–10% of the total B cells (18,
19). Therefore, large numbers of donor-derived nonspecific B
cells were present in recipient mice. The nonspecific B cells
provided an excellent point of comparison because they were
largely not exposed to their cognate Ags and thus did not par-
ticipate in the GC reaction. Further supporting the importance
of GC entry, the very small pool of B1-8–derived NP− B cells
that did take on a GC phenotype (most likely CGG- or OVA-
specific cells) displayed a trend similar to that of the NP+ B1-8
cells in that more H2-O−/− cells than WT cells were present in
the GC population. In contrast, the ratio of nonspecific, non-GC
B cells from B1-8 WT and H2-O−/− mice remained similar to
the input ratio throughout the course of the immune response
(Fig. 2). These data highlight the importance of Ag encounter in
the process that allows the specific expansion of the H2-O−/−

B-cell population. This was confirmed when unimmunized re-
cipient mice were examined (Fig. 2 and Fig. S3). In the absence
of immunization, Ag-specific B cells did not encounter their
cognate Ag and the H2-O−/− B cells did not selectively expand;
rather, the H2-O−/− B-cell population remained similar in size to
the WT B-cell population. In addition, upon immunization, the
ratio of donor-derived CD4 T cells, which do not express H2-O,
remained constant throughout the course of the experiment.
To determine the mechanism that favored entry of H2-O−/−

cells into the GC, we manipulated the pool of TFH cells. In-
troducing B1-8.H2-O−/− and B1-8 B cells into an environment
containing an expanded population of polyclonal CGG specific
TFH cells equalized theWT andH2-O−/−B-cell content of the GC
(Fig. 3 E and F). This shows that H2-O−/− cells have an advantage
only when TFH cell help is limiting, and thus a competitive envi-
ronment was necessary to uncover the phenotype. Furthermore,
inducing GC formation in the presence of a clonal T-cell pop-
ulation that recognized a peptide that is presented better byWTB
cells allowed WT cells to populate the GC more efficiently than
H2-O−/− cells (Fig. 4). Collectively, these data support that the
mechanism determining which B-cell population enters and
proliferates in GCs is the T-cell–B-cell interaction mediated by
MHCII-peptide complexes. Direct measurement of Ag pre-
sentation of CGG derived peptides by B1-8 and B1-8.H2-O−/− B
cells showed that B1-8.H2-O−/− B cells were ∼2-fold better at
presentation than WT B1-8 B cells (Fig. 2G). Thus, together our
data show that H2-O modulates the ability of B cells to obtain
T-cell help, and that the mechanism of the modulation is de-
pendent on Ag presentation on MHCII.
These experiments have furthered our understanding of the

physiological function of H2-O. During the course of an immune

Fig. 4. WT B cells preferentially populate the GC when T cells specific for
a peptide presented better byWT cells are available to provide help. (A) B1-8 B
cells present OVA peptide better than B1-8.H2-O−/− B cells to OT-II T cells. B1-8
and B1-8.H2-O−/−mice were primed in vivo by immunization i.p. with NP-OVA.
Forty-eight hours later, level ofOVApresentationwasmeasured by incubating
titrated numbers of purified and irradiated NP+B1-8.H2-O−/− and WT B cells
with purifiedOT-II T cells. T cell proliferationwas determined by [3H]thymidine
incorporation during last 18 h of culture. Data are representative of four in-
dependent experiments. (B–D) Mixture of splenocytes containing equal
numbers of NP+ B cells from B1-8 and B1-8.H2-O−/− mice were transferred into
B6hosts, alongwith either Eα-specific TEa (control) orOVA-specificOT-II T cells,
and mice were immunized with NP-OVA. Ten days later, GC composition was
examined. (B) Contribution of each donor to donor-derived Ag-specific GC
population. (C) Quantification of data shown in B for multiple mice. (D) Ratio
of H2-O−/− to WT B cells, normalized to ratio in transferred mixture, for the
populations shown in B. Statistical significances were calculated using two-
tailed paired t test for C and a two-tailed unpaired t test for A and D.
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response, Ag presentation takes place in the context of many
peptides derived from many Ags; thus, an experimental system
that allows us to probe overall levels of Ag presentation, rather
than presentation of single peptides, clarifies the cellular and
immunological function of H2-O in a way that measuring pre-
sentation of single peptides has not. H2-O−/− B cells out-
competedWTB cells by∼2- to 5-fold, but did not completely take
over the GC niche. This suggests that H2-O–dependent modu-
lation of Ag presentation may be subtle, which is supported by
previous studies that examined presentation on the cellular level
and found varying effects of H2-O depending on the specific
epitope examined (9, 11–15, 25). Nevertheless, small differences
in Ag presentation, especially when considering a complex Agmix
containing many individual epitopes, could have a considerable
impact on the immune response. Recent studies from our lab have
shown that modulation of Ag presentation by DO expression in
NOD DCs results in the prevention of the autoimmune disease,
type 1 diabetes (26). The mechanism of protection was likely due
to an alteration of the MHCII presented on the surface of DCs in
these mice. These findings further support that subtle alterations
in MHCII peptide presentation can have a profound impact on
the immune response and, in this case, an autoimmune response.
Our experiments also show that H2-O inhibits Ag presentation

primarily in naïve B cells, limiting their ability to receive T-cell
help and enter the GC. This suggests an important immuno-
logical function for H2-O in which H2-O establishes a higher
threshold of Ag presentation for cells to commence the GC re-
action. Down-regulation of H2-O upon GC entry allows Ag
presentation to proceed more efficiently after the entry check-
point has been passed (22–24). The GC reaction, albeit a vital
part of the immune response, is also inherently dangerous be-
cause it combines the active mutagenic mechanisms of somatic
hypermutation with rapid cellular proliferation (27). If cells were
to enter the GC unnecessarily, without sufficient stimulus and
immunological need, the result could be increased risk of B-cell
lymphomas and leukemias or autoimmunity. H2-O may mitigate
this risk by dampening Ag presentation in naïve B cells.

Methods
Mice. H2-O−/−mice (11) were provided by Lars Karlsson (Johnson and Johnson
Pharmaceutical Research and Development, San Diego, CA). B1-8 mice (19)
were shared by Michel Nussenzweig (Rockefeller University, New York, NY).
B1-8 mice were crossed to the B6.SJL and H2-O−/−.SJL strains. TEa mice (21)
were provided Jonathan Bromberg (Mount Sinai Medical Center, New York,
NY). C57BL6/J (B6) and B6.SJL mice were obtained from the Jackson Labora-
tory, and OT-II.2a/Rag1 mice were obtained from Taconic Farms through the
National Institute of Allergy and Infectious Diseases Exchange Program, Na-
tional Institutes of Health (28). Mice were used at 6–16 wk of age. Experi-
ments were performed in accordance with protocols approved by the
Memorial Sloan-Kettering Cancer Center Institutional Animal Care and
Use Committee.

Immunizations. Immunizations were performed 1 d after cell transfer, except
where noted. Recipient mice were immunized i.p. with 50 μg NP-CGG, ABA-
CGG, or NP-OVA (Biosearch Technologies) in 200 μL as an alum precipitate.

Cell Transfers. Single-cell suspensions were made from spleens of B1-8 mice or
pooled lymph nodes and spleens of OT-II or TEa TCR Tg mice. Red blood cells
were lysed from splenocytes. Cells were stained to determine the percent-
age of NP+ B cells or T cells, mixed and resuspended in PBS for injection. For
competitive transfers, splenocytes containing 106 NP+ B1-8 and 106 NP+ B1-8.
H2-O−/− were transfered per recipient. For noncompetitive transfers, 106 NP+

B1-8 or 106 NP+ B1-8.H2-O−/− were transferred per recipient. For T-cell co-
transfer, 5 × 105 OT-II or TEa T cells per recipient were added to the B1-8
splenocyte mixture. Mixtures were stained and examined by flow cytometry
to confirm the cellular ratios. Cells were transferred into recipients by i.v.
injection (200 μL).

Flow Cytometry and T-Cell Assays. Flow cytometry and T-cell assays were
performed using standard approaches and as detailed in SI Methods.
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