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Peripheral CD4 T cells in Vg5 transgenic (Tg) C57BL/6J mice un-
dergo tolerance to an endogenous superantigen encoded by
mouse mammary tumor virus 8 (Mtv-8) by either deletion or T-cell
receptor (TCR) revision. Revision is a process by which surface
expression of the V5" TCR is down-regulated in response to
Mtv-8 and recombination activating genes are expressed to drive
rearrangement of the endogenous TCRp locus, effecting cell rescue
through the expression of a newly generated, non-self-reactive
TCR. In an effort to identify the microenvironment in which re-
vision takes place, we show here that the proportion of T follicular
helper cells (Tfh) and production of high-affinity antibody during
a primary response are increased in VB5 Tg mice in an Mtv-8-
dependent manner. Revising T cells have a Tfh-like surface phe-
notype and transcription factor profile, with elevated expression
of B-cell leukemia/lymphoma 6 (Bcl-6), CXC chemokine receptor 5,
programmed death-1, and other Tfh-associated markers. Efficient
revision requires Bcl-6 and is inhibited by B lymphocyte-induced
maturation protein-1. Revision completes less efficiently in the ab-
sence of signaling lymphocytic activation molecule-associated protein
although initiation proceeds normally. These data indicate that
Tfh formation is required for the initiation of revision and germi-
nal-center interactions for its completion. The germinal center is
known to provide a confined space in which B-cell antigen recep-
tors undergo selection. Our data extend the impact of this selective
microenvironment into the arena of T cells, suggesting that this fluid
structure also provides a regulatory environment in which TCR
revision can safely take place.

Rag-mediated recombination | T-cell tolerance

During T-cell development in the thymus, conventional T
cells undergo recombination-activating gene (Rag)-medi-
ated rearrangement of the gene clusters encoding T-cell receptor
(TCR) a and P chains (1). Developing T cells are subjected to
sequential selection processes survived by 1-5% of cells, such that
the bulk of T cells exiting the thymus express TCRs that are both
useful and safe (2). Rag-mediated rearrangement can induce off-
target mutations, creating a potential risk of oncogenesis, a danger
that is mitigated by precise regulation of Rag expression during
T-cell development (1). It is currently unclear what regulatory
processes are in place to dampen the risks incurred by postthymic
TCR rearrangement, or TCR revision, a process known to occur
in both mice (3-11) and humans (12-15).

TCR revision has been well-studied in V5 transgenic (Tg)
C57BL/6J (B6) mice, in which all T cells exit the thymus with
VB5 paired to endogenous TCRa chains (16). VB5* TCRs in-
teract with an extrathymic superantigen (superAg) encoded by
mouse mammary tumor virus 8 (Mtv-8), a defective retrovirus
(17, 18). Mtv-8 is very poorly expressed and only weakly stim-
ulates T cells (17-19). Most Mtv-8-reactive V5™ CD4 T cells
become anergic and are deleted, leading to an age-dependent
decline in the CD4:CD8 T-cell ratio in VB5 Tg B6 mice (16, 20).
Fewer cells undergo TCR revision, in which interaction of the
V5" TCR with Mtv-8 leads to down-regulation of TCR surface
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expression, induction of Rag and terminal deoxynucleotidyl
transferase (TdT) expression, and rearrangement of endogenous
TCRB-chain genes (21, 22). The newly generated TCRp chain is
expressed on the cell surface, driving age-dependent accumula-
tion of VB5"TCRB" CD4 T cells (20). This accumulation of
postrevision T cells is prevented by deletion of Rag in peripheral
T cells (23), demonstrating that revision depends on extrathymic
Rag expression.

TCR revision is an effective tolerance process, as revised
TCRs are no longer responsive to Mtv-8 and replicate the en-
dogenous TCR repertoire (24, 25). Postrevision T cells respond
to homeostatic signals and generate MHC-restricted antigen (Ag)-
specific responses (25). Given that revision generates a functional
and self-tolerant TCR, the revising T cell is likely subjected to
some form of selection. Indeed, the frequency of revising T cells
is increased in the absence of the proapoptotic molecule Bcl-2—
interacting mediator of cell death (26), and the accumulation of
postrevision T cells is enhanced in the absence of the death
receptor Fas (27). These results suggest that apoptosis plays
a role in the selection of the postrevision T-cell repertoire.

Formulating a rational hypothesis for the regulation of TCR
revision requires an understanding of secondary Ag receptor
rearrangement in generative compartments. TCR editing in the
thymus and B-cell receptor (BCR) editing in the bone marrow
are regulated by their confinement to specialized environments
(28, 29). The potential requirement for a confined microenvi-
ronment raises the possibility that TCR revision occurs in the
germinal center (GC), a site in which B cells and CD4 T cells
interact, thereby driving B-cell differentiation into high-affinity
antibody-secreting plasma cells or memory B cells (30). In line
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with this notion, TCR revision in most models excludes CD8 T
cells (3) and, unlike deletion, requires B cells, inducible T-cell
costimulator (ICOS), and CD28 (27). In addition, immunohis-
tochemistry of revising T cells, identified in Rag2p-GFP Tg mice
in which GFP is expressed under the control of the Rag2 pro-
moter (22), suggests that revising T cells localize predominantly
in or near splenic GCs (31).

Using these prior studies as a foundation, we hypothesized
that revising T cells are follicular helper T cells (Tfh), the subset
of CD4 T cells interacting with B cells in the GC (32). Because
the generation of Tth requires specific cell interactions and the
specialized GC microenvironment, we investigated whether re-
vising T cells share these features to help determine whether
they are Tth. We demonstrate here that revising T cells have a
Tth-like surface phenotype and transcription factor profile and
that TCR revision is regulated by many of the same factors
known to control Tth differentiation. We now propose that re-
vision occurs in three distinctly localized stages: first, down-
regulation of VB5 and expression of Rag at the T cell-B cell
boundary of the B-cell follicle, followed by surface expression of
an endogenous TCRp in the GC, and, finally, exit from the GC
after revision is complete. Our work indicates that GCs are re-
quired for revision and suggests that GCs may provide the con-
fined regulatory microenvironment needed to mitigate the risks
inherent in extrathymic Rag expression and gene rearrangement.

Results

The Proportion of GC Tfh Increases in Vg5 Tg Mice in an Mtv-8-
Dependent Manner. GC B-cell and Tth populations (defined as
shown in Fig. 14) are elevated as a percent of total B or T cells in
V5 Tg mice compared with their TCR non-Tg littermates (Fig.
1B). Analysis of the same phenotype in VB5 Tg Mtv™ mice
indicates that the increased proportion of GC Tfh is Mtv-8—
dependent, but the GC B-cell phenotype is not (Fig. 1B).

Mtv* VB5 Tg Mice Have Elevated Memory B-Cell Formation and High-
Affinity Ab Production During a Primary Ab Response. CD73"CD80*
memory B cells constitute an elevated percentage of B cells in
V5 Tg Mtv* B6 mice relative to TCR non-Tg and Vp5 Tg Mtv™
mice (Fig. 24). CD35 expression can be used to distinguish
memory B cells with mutated (CD357) and unmutated (CD35%)
Ig genes (33). Memory B cells from V5 Tg Mtv* mice have

GC B cells

VB5 non VB5Tg VB5 non VB5Tg
Tg Tg Mtv Tg Tg Mtv

Fig. 1. The proportion of GC Tfh increases in VB5 Tg mice in an Mtv-8-
dependent manner. (A) Representative flow-cytometric plots show GC gating
on mLN cells from a 22-wk-old VB5 Tg mouse. B cells are gated as CD4~ and
CD19* or B220" and T cells are gated as CD4" and CD19~ or B220~. Numbers
next to gates represent the percent of cells in that gate. (B) mLN cells from
VpB5 Tg Mtv* (black), TCR non-Tg Mtv* (white), and V5 Tg Mtv~ (gray) mice
ranging from 20 to 29 wk of age were analyzed for % GC of B cells and % GC
Tfh of CD4 T cells. Bars indicate mean + SEM from 4 to 12 mice per group in
two to six independent experiments. *P < 0.05, ***P < 0.005.
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Fig. 2. Mtv*" Vp5 Tg mice have elevated memory B-cell formation and high-
affinity Ab production during a primary Ab response. (A, Left to Right) The
% memory (CD62L*MHC class 1I*'CD73*CD80*), % memory with unmutated
Ig (CD35™), and % memory with mutated Ig (CD357) of B220* B cells in mLN
from VB5 Tg Mtv* (black), TCR non-Tg Mtv* (white), and Vp5 Tg Mtv™ (gray)
mice ranging from 28 to 45 wk of age. (B, Left and Center) Titrations of NP-
specific IgM and IgG Ab. (Right) Ratio of high-affinity IgG to total IgG (1:100
dilution) in sera from Vp5 Tg Mtv* (black) and Mtv~ (gray) mice ranging from
15 to 17 wk of age 21 d after primary immunization with NP-KLH (Upper) or
7 d after secondary immunization with NP-CGG (Lower). Bars indicate
mean + SEM from three to seven mice per group in one to five independent
experiments. *P < 0.05, **P < 0.01, ***P < 0.005.

a higher frequency of mutated than unmutated Ig whereas TCR
non-Tg and V5 Tg Mtv™ mice have the reverse phenotype (Fig.
2A). Three weeks after primary immunization with 4-hydroxy-4-
nitrophenyl acetyl-keyhole limpet hemocyanin (NP-KLH), V5
Tg Mtv- mice produce lower levels of NP-specific IgM and
higher levels of total NP-specific IgG compared with Vp5 Tg
Mtv" mice. Interestingly, of this total NP-specific 1gG, high-
affinity IgG constitutes a lower proportion in VB5 Tg Mtv™
mice (Fig. 2B). However, 7 d after secondary immunization
with NP-chicken gamma globulin (CGG), in addition to higher total
NP-specific IgG, VPS5 Tg Mtv™ mice produce higher levels of high-
affinity IgG (Fig. 2B). Thus, the Mtv-8—dependent increase in GC
Tfh in VB5 Tg mice is correlated with increases in Ab affinity
maturation in primary but not in secondary Ab responses.

Increasing the Frequency of Activated B Cells Does Not Enhance TCR
Revision. Mtv surface expression increases along with MHC class
II expression on activated B cells (34). It is therefore possible
that TCR revision is selectively induced by Mtv"€" activated B
cells and that the apparent GC requirement for TCR revision
simply reflects an activated B-cell requirement. To address this
possibility, expression of RNA specific for the Mtv-8 superAg
was analyzed in nonactivated splenic B cells and lipopolysac-
charide (LPS)-activated blasts from Mtv-8* and Mtv™ mice. Mtv-
8" B cells and blasts express similar levels of Mtv-8 RNA (Fig.
3A). As a proxy for Mtv-8 surface expression, mice were injected
with LPS to identify the effect of elevated B-cell MHC class II
expression on accumulation of postrevision T cells (defined as
VB5-TCRB™" in Fig. S24). Two weeks after a second injection,
MHC class II expression was higher on a per-cell basis on B cells
from LPS-injected than from PBS-injected mice (Fig. 3B).
However, there was no difference in accumulation of post-
revision T cells between LPS- and PBS-injected mice 8 wk after
a third injection (Fig. 3B), indicating that B-cell activation is not
sufficient to enhance TCR revision.
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Fig. 3. Increasing the frequency of activated B cells does not enhance TCR
revision. (A) RNA was isolated from Mtv-8* and Mtv™ B cells and LPS blasts.
Semiquantitative PCR was performed on serial threefold dilutions of cDNA
for expression of Mtv-8, with hypoxanthine guanine phosphoribosyl-
transferase (HPRT) used as a control for quantification (Fig. S1). Numbers
below gel images represent quantification of band intensity. Data are rep-
resentative of three experiments. (B) Mice were injected i.p. with LPS or PBS
at 3-wk intervals. (Upper) Two weeks after the second injection, median
fluorescence intensity (MFI) of MHC class Il was measured on CD19* B cells
from mLN. (Lower) Eight weeks after the third injection, % postrevision of
CDA T cells in mLN was measured. Data are from three to five mice, repre-
sentative of two independent experiments. *P < 0.05.

Revising T Cells Have a Tfh-Like Localization, Surface Phenotype, and
Transcription Factor Expression Pattern. The correlation between
Mtv-8 expression and GC function indicates that GC interactions
may be required for revision, in which case, revising T cells
should have a phenotype similar to that of Tth. Revising T cells
were identified as GFPTVB5™ peripheral CD4 T cells in thy-
mectomized (Tx) Rag2p-GFP Tg V5 Tg mice, cells that have
been shown to express Rag (22), and postrevision T cells were
identified as GFP~VB5 TCRp* peripheral CD4 T cells (Fig. S24).
CCRY7 is a chemokine receptor expressed by cells in the T-cell
zone of secondary lymphoid organs whereas CXCRS is expressed
by cells that migrate into the B-cell follicle, the site of GCs
(reviewed in ref. 35). Intermediate levels of these receptors suggest

localization at the T cell-B cell boundary (Fig. S2B). Although naive
CD4 T cells are primarily CCR7", revising and postrevision T cells
express a range of CCR7 and CXCRS levels (Fig. S2C). Therefore,
revising T cells likely localize to the T cell-B cell boundary
of follicles.

Revising T cells display a Tth phenotype (Fig. 44) for the
markers programmed death-1 (PD-1), B- and T-lymphocyte at-
tenuator (BTLA), ICOS, OX40, and IL-6 receptor (IL-6R) a
(32, 36). Postrevision T cells also express high levels of PD-1 and
ICOS (Fig. 44). Expression of IL-6Ra on naive T cells (Fig. 44)
is consistent with previous data (37). Production of the cytokine
IL-4 by Tth promotes Ab class switch (32). Revising T cells ex-
press IL-4 RNA at a higher level than naive T cells, but at
a lower level than Th2-skewed T cells (Fig. 4B). Tth differenti-
ation requires the transcriptional repressor B-cell leukemia/
lymphoma 6 (Bcl-6) and is inhibited by B lymphocyte-induced
maturation protein-1 (Blimp-1), its mutually antagonistic re-
pressor (38). Revising T cells and Tth have similar high Bcl-6 and
low Blimp-1 RNA expression patterns (38) whereas postrevision
T cells have lower Bcl-6 and higher Blimp-1 expression (Fig. 4B).
In line with this RNA expression, revising T cells express Bcl-6
protein (Fig. 4B). Thus, revising T cells have a phenotype re-
sembling that of Tth.

Bcl-6 Is Required for Efficient Revision Whereas Blimp-1 Inhibits It.
Given the antagonistic relationship between Bcl-6 and Blimp-1
and the impact of these transcription factors on Tfh formation,
revision was studied in the absence of both proteins. Because
Bcl-67/~ B6 embryos die late in gestation (39), recipients were
reconstituted with a mixture of congenically marked V@5 Tg WT
and Bcl-67~ fetal liver (Fig. 54). The kinetics of revision are
impacted by high levels of irradiation (27) so chimeras were
made in sublethally irradiated T cell-deficient (TCR p&~'") hosts.
To evaluate the effect of Bcl-6 deficiency on Tfh formation,
two stages of Tfh differentiation were analyzed: pre-Tfh
(PD-1"CXCR5™) localize to the T cell-B cell boundary, and
more differentiated GC Tth (PD-1"CXCRS5™) are found in the
B-cell follicle (32). In mixed fetal-liver chimeras, both populations
are dramatically reduced in the absence of Bcl-6 (Fig. 5B).

To analyze revision in the absence of Bcl-6, we took advantage
of the fact that VB5'°TCRp* cells are revision intermediates that
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Fig. 4. Revising T cells have a Tfh-like phenotype. (A) Shown are % revising (gray), postrevision (black), naive (white), or Tfh (striped) CD4 T cells expressing
the indicated Tfh-associated markers. Naive CD4 T cells were defined as CD44'° VB5* CD4 T cells from 5- to 8-wk-old V5 Tg mice. Tfh control was GC Tfh from
mLN of VB5 Tg mice 7 d after NP-CGG immunization i.p. (B, Left) Experimental scheme. (Center) IL-4, Blimp-1, and Bcl-6 RNA levels were measured using qPCR.
The 27T values were calculated for triplicate samples and normalized to HPRT. Th control is OT-II T cells ~7 d after NP-ovalbumin immunization in vivo.
(Right) The graph depicts protein expression of Bcl-6. Naive control (white) was splenic CD44'° CD4 T cells from TCR non-Tg mice. Bars indicate mean + SEM
from pools of two to nine mice per group in two to four independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005.
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become postrevision T cells in adoptive hosts (26). Thus, we an-
alyzed VB5°TCRB* revising cells and V5 TCRB* postrevision
T cells, which are subpopulations confined to CD4 T cells from
Mtv" mice (Fig. S3). Both the revising and postrevision T-cell
populations are decreased in the absence of Bcl-6 (Fig. 5C), in-
dicating that efficient initiation and completion of revision require
this transcription factor.

The effect of Blimp-1 on revision was analyzed in VB5 Tg
Blimp-18"* mice (40). Revising T cells are not affected, but there
is an increase in postrevision T cells in Blimp-18™* mice (Fig.
5D). Consistent with the congruence between Tfh and revising T
cells, Bcl-6 and Blimp-1 regulate TCR revision antagonistically.

SAP Is Required for Efficient Completion, but Not Initiation, of Revision.
SAP is an intracellular adaptor protein that interacts with SLAM
receptors to stabilize interactions between B and T cells in the
GC (41). Mice deficient in SAP have reduced Tth formation and
a severely diminished GC Tfh compartment (42). Analysis of VB5
Tg WT and SAP™~ mice confirms the reduction in both Tfh
populations (Fig. 64). The postrevision T-cell population is di-
minished in the absence of SAP (Fig. 6B), indicating that the
completion of revision requires long-lived interactions between B
cells and T cells.

Irradiated recipients were reconstituted with congenically
marked Vp5 Tg WT and SAP~/~ bone marrow (Fig. S44).
VPS5 CD4 T cells become activated (CD44™) by exposure to Mtv-8
and can then be deleted or undergo revision (Fig. S4B). The
proportion of VB5* CD4 T cells that are CD44™ is increased in
the absence of SAP (Fig. S4 B and C), and the revising T-cell
population is not affected (Fig. S4D), indicating that initiation
of revision proceeds normally in the absence of SAP.

Discussion

This work demonstrates that revising T cells congregate at the T
cell-B cell boundary of B-cell follicles, have a Tfh-like pheno-
type, and can function as Tth. Efficient revision requires Bcl-6
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Fig. 6. SAP is required for efficient completion of revision. (A) mLN CD4 T
cells from 20- to 29-wk-old V5 Tg WT (black diamonds) and SAP~/~ (gray
circles) mice were analyzed for % pre-Tfh and GC Tfh. (B) mLN CD4 T cells
from 5- to 34-wk-old Vp5 Tg WT and SAP~'~ mice were analyzed for total
number of postrevision T cells. Data are from three to seven mice per group
in five to nine independent experiments. *P < 0.05, **P < 0.01, ***P < 0.005.
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and SAP but is inhibited by Blimp-1. These data localize TCR
revision to the GC, a microenvironment in which this tolerance
process can be regulated, preventing DNA damage and pro-
moting the generation of cells expressing TCRs that are both
useful and safe.

TCR revision is not the only example of Ag receptor modifi-
cation after initial receptor gene rearrangement. There is evi-
dence of secondary TCRa rearrangement or TCR editing in the
thymus after encounter with a cortical Ag recognized by the TCR
(28). Immature B cells undergo a similar BCR editing process,
confined to the bone marrow (29). The BCR evolves further
through somatic hypermutation, which also creates some risk of
genomic instability, and is precisely regulated in the GC through
activation-induced deaminase (AID) expression (reviewed in ref.
43). These processes are examples of Ag receptor alteration that
can reduce autoreactivity or fine-tune a response. The potential
dangers of Ag-receptor manipulation can be diminished by lim-
iting the expression of Rag, TdT, and AID to a controlled mi-
croenvironment. Similarly, the GC localization and Bcl-6 and
SAP requirements of TCR revision suggest that revision is in-
duced by GC-specific B cell-T cell interactions, providing a
means for regulating Rag expression and imposing selection for
the newly expressed TCR.

An alternate explanation for the GC requirements would
suggest that TCR revision is induced selectively by activated B
cells, given that surface expression of Mtvs is increased upon LPS
stimulation, along with MHC class II expression (34). However,
our data indicate that activating B cells to up-regulate Mtv-8
surface expression does not enhance TCR revision, demon-
strating that the GC localization we observe is not simply the
result of a requirement for activated B cells. Our results showing
no effect of LPS stimulation on Mtv-8 superAg RNA expression
are surprising in light of evidence that LPS stimulation enhances
expression of Mtv-8 envelope RNA (44). However, superAg and
envelope are encoded by different portions of the Mtv-8 locus
and are differentially regulated (19, 45).

When taken together, the GC and Mtv-8 requirements for
TCR revision could suggest that revision is induced only by B
cell-expressed antigens. However, although superAg-induced
revision models predominate, revision can be driven by con-
ventional self Ag as well (3, 6, 7, 11). The demonstration that
TCR revision can be induced by conventional Ag indicates that
this process is limited neither to Ag expressed by B cells nor to
superAg presented outside the peptide-binding groove of MHC
class II (46).

Consistent with the Tfh-like phenotype of revising T cells, the
enhanced proportion of Tth in VB5 Tg mice is Mtv-8—dependent.
The Mtv-8 independence of the enriched GC B-cell population
was surprising. However, the memory B-cell phenotype and high-
affinity antibody levels indicate that Mtv-8 does influence GC
function. The combination of enhanced primary response and
diminished secondary response in VB5 Tg Mtv* mice suggests
that the T cells activated in the primary response either are
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deleted or undergo revision and consequently no longer pro-
vide Ag-specific help for a secondary Ab response. Vf5 Tg
Mtv™ mice undergo normal secondary responses, presumably
because their CD4 T cells neither delete nor revise. Our data
on IL-4 and IL-6R expression by revising T cells also suggest that
these cells function as Tth. GC Tth express IL-6R, and IL-6
produced by Ag-presenting cells contributes to Bcl-6 expression
and differentiation and maintenance of Tth (32, 35). IL-4 pro-
duction by GC Tth promotes Ab class-switch, GC B-cell survival,
and GC maintenance (32, 36). Overall, these data indicate that
revising T cells are functional Tth that promote affinity matura-
tion, plasma-cell formation, and GC maintenance.

The requirement of Bcl-6 for both initiation and completion of
revision and SAP only for completion is consistent with previous
research on the differentiation of Tth. Bcl-6 expression is up-
regulated during the initial stages of Tfh differentiation (47)
whereas SAP is required only for GC Tth formation (42).
Analysis of revision in SAP™~ mice is complicated by the fact
that Mtv-8—dependent deletion of CD4 T cells (16) is reduced in
the absence of SAP (Fig. S4C). The elevated CD44 expression by
SAP™~ V5t CD4 T cells indicates that Mtv-8—induced T-cell
activation is not affected, but the deletion defect complicates direct
comparison of the proportion of WT and SAP™~ postrevision
T cells in the same mouse. However, our data do suggest that Bel-6*
pre-Tth initiate revision and that the transition from revising to
postrevision T cell requires sustained SAP-mediated inter-
actions in the GC.

Although revising T cells have a distinctive Tfh phenotype,
cells that complete revision become functional memory T cells.
They undergo lymphopenia-induced proliferation and respond
to microbial Ag in chronically lymphopenic mice (25). In addi-
tion, they recognize Ag in a self-MHC restricted manner and
become effectors after pathogen challenge (25). However, post-
revision T cells are unusual in that they are skewed to a Th17
phenotype, do not become regulatory T cells (48), and have el-
evated steady-state proliferation compared with other memory T
cells (25). Our data are consistent with the memory phenotype of
postrevision T cells and show that they have a phenotype distinct
from that of revising T cells. In particular, chemokine-receptor
expression suggests that they exit the GC and traffic to other
tissues, consistent with previous findings (16, 25).

The existence of postrevision T cells in SAP™~ mice raises the
question of whether cells that revise in the absence of SAP have
the same phenotype as their WT counterparts. SAP™~ post-
revision T cells express reduced CCR7 and elevated CXCRS5
levels (Fig. S54), indicating that they are likely to remain in the
B-cell follicle. However, the chemokine receptor phenotype (Fig.
S54) and Bel-6 and Blimp-1 RNA levels (Fig. S3B) of SAP™~ re-
vising T cells mirror those of their WT counterparts. These data
indicate that revising T cells acquire a pre-Tfh phenotype and lo-
calize normally in the absence of SAP, but that homing of cells
after revision is affected. GC defects in the absence of SAP are
T cell-intrinsic (49), and SAP contributes to signaling within
T cells (50), raising the possibility that this homing phenotype
may result from changes in T-cell signaling in the absence of SAP.

TCR revision has been depicted as a two-step process. First,
interaction of TCRp with Mtv-8 causes down-regulation of the
TCR and up-regulation of Rag expression. Then, transcription
and translation of the new endogenous TCRp leads to surface
expression of the TCR and transition into a postrevision T cell
(51). This model is consistent with in vitro data (52) and studies
on TCR editing (28) showing that surface TCR down-regulation
promotes Rag expression. Our current data indicate that the first
step occurs at the T cell-B cell boundary of the B-cell follicle and
is Bcl-6-dependent but SAP-independent (Fig. S64). The sec-
ond step, occurring in the B-cell follicle, is dependent on both
Bcl-6 and SAP and inhibited by Blimp-1 (Fig. S6B). The SAP™~
Tth phenotype data suggest that exit from the B-cell follicle is
a separate step usually completed by postrevision T cells (Fig.
S6C). Overall, these results indicate that revision is a three-step
process affecting cells with a Tth-like phenotype, with each stage
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occurring in a distinct microenvironment, identifying the GC as
the site of Ag receptor modification for T cells as well as B cells.
Overall, results from our laboratory and others demonstrate that
these processes have evolved to occur in confined micro-
environments to preserve the potential benefits while minimizing
the risks associated with Ag receptor modification.

Materials and Methods

Mice. WT B6 (B6 CD45.2%), B6.SJL—PtprcaPepcb/BoyJ CD45.1* (B6 CD45.1%), and
B6.129P2-Tcrb™'MemTcrdt™1Memy ) (TCR p5~/~) mice were purchased from The
Jackson Laboratory or bred under specific pathogen-free conditions at the
University of Washington. Vp5 Tg and OVA-specific OT-Il Tg B6 mice were
bred in-house and maintained as heterozygotes. Rag2p-GFP Tg mice (53)
have been backcrossed at least 12 generations on the B6 background in our
laboratory. Mtv-8* and Mtv~ mice were derived by intercross/backcross
breeding of Vp5 Tg mice to a male WLC-0 mouse provided by D. Morris
(University of California, Irvine, CA). WLC-0 mice are wild-derived and Mtv™~
whereas B6 mice express Mtvs -8, -9, -17, and -30 (16). Bcl-6*~ B6 (54) mice
were provided by A. Dent (Indiana University, Indianapolis, IN). BIimp—1‘3“p’+
B6 mice, in which a knock-in allele expresses GFP and nonfunctional Blimp-1
protein (40), were provided by P. Greenberg (University of Washington,
Seattle, WA). SAP™'~ B6 (41) mice were provided by P. Stein (Northwestern
University, Chicago, IL). Tx were performed as described previously (31) and
verified upon euthanizing by staining for CD4 and CD8 expression in cells
from any tissue remaining in the thymic region. All experiments were con-
ducted in accordance with the University of Washington Institutional Animal
Care and Use Committee.

Mixed Radiation Chimeras. Bone marrow was isolated from donors, dispersed
into a single-cell suspension, and T cell-depleted by incubation with Ab to
Thy1.2 (13.4.6), CD8 (3.168.6), and CD4 (RL172K) followed by Low-Tox-M
rabbit complement (CedarLane). For fetal-liver chimeras, Vp5 Tg CD45.1" Bcl-6+
control embryos and those from Vp5 Tg CD45.2* Bcl-6"'~ intercross matings
were collected on approximately embryonic day 16. Livers were teased
into single-cell suspension and resuspended in HBSS. Tail DNA was isolated
using the Gentra Puregene Tissue Kit (Qiagen), and Vp5 and Bcl-6 genotypes
were identified by PCR (S/ Materials and Methods, PCR Protocols and Primers
for V35 and Bcl-6 Genotyping). For both bone-marrow and fetal-liver chi-
meras, VB5 Tg WT and null samples were mixed at the indicated ratios and
resuspended in HBSS. Then, 5 x 10° cells were injected into the lateral tail
vein of sublethally irradiated (400 rad) CD45.2* TCR p5~'~ B6 mice.

Cell Preparation, Flow Cytometry, and Sorting. Single-cell suspensions were
prepared from spleen and peripheral (axial, brachial, inguinal) and mesen-
teric (mLN) lymph nodes. RBCs were removed from spleens by water lysis. For
flow cytometry, Fc receptors were blocked with anti-CD16/32 (2.4G2; BD
Pharmingen). Cells were surface-stained in HBSS containing 1% BSA using
fluorochrome-conjugated or biotinylated Abs, all purchased from BD Bio-
sciences, BioLegend, or eBioscience. Abs were specific for mouse CD4 (RM4-5),
CD8a (53-6.7), CD19 (1D3, MB19.1), CD35 (8C12), CD44 (IM7), CD45R/B220
(RA3-6B2), CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), CD73 (TY/11.8),
CD80 (16-10A1), CD95 (Jo2), GL-7 (GL7), PD-1 (J43), CCR7 (4B12), CXCR5
(2G8), IL-6Ra (D7715A7), BTLA (8F4), ICOS (7E.17G9), MHC class Il (M5/115.15.2),
OX40 (OX-86), panTCRp (H57-597.13), and VA5 (MR9-4). Staining with
biotinylated Abs was followed by FITC-conjugated (eBioscience), allo-
phycocyanin-conjugated (eBioscience), or Brilliant Violet 421-conjugated
(BioLegend) streptavidin. Abs recognizing V5 and TCRB do not cross-
block. For CXCR5 and CCR7 only, cells were stained for 30 min at 37 °C. For
detection of Bcl-6, surface-stained cells were stained with Alexa Fluor 647-
conjugated anti-Bcl-6 (K112-91) using the Foxp3 Staining Buffer Set and
protocol (eBioscience). Alexa Fluor 647-conjugated IgG1x (BD Biosciences)
was used as an isotype control. Flow cytometry data were collected on
a FACSCanto or LSRII (Becton Dickinson) and analyzed using FlowJo soft-
ware (Tree Star). For cell sorting, enriched CD4 T cells were obtained using
an EasySep Negative Selection Mouse CD4* T-cell Enrichment Kit (Stem
Cell Technologies), surface stained, and sorted using a FACSAria Il (Becton
Dickinson). Th2-differentiated CD4 T cells were prepared as described
previously (55).

Immunizations and Ab Quantification. V5 Tg Mtv* B6 and Mtv™ mice were
immunized i.p. with 100 pg of NP-KLH or NP-CGG (Biosearch Technologies) in
a 1:1 solution with Imject Alum (Thermo Scientific). Secondary Ab responses
were induced by immunization with 20 pg of NP-CGG 21 d later. B6 recipi-
ents of 1-3 x 10° OT-II T cells were immunized with 100 pg of NP-ovalbumin
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in alum at the base of the tail, and responding OT-II T cells sorted from the
draining inguinal nodes 6.5-7.5 d later. Then, 96-well ELISA plates (Thermo
Scientific) were coated overnight with NP(4)-BSA and NP(23)-BSA (Biosearch
Technologies) and blocked overnight with PBS/1% BSA. Sera from day 21
post primary immunization or day 7 post secondary immunization were
added to plates in triplicate at dilutions of 1:100, 1:1,000, and 1:10,000. Anti-
NP Abs were detected with goat anti-mouse IgG and IgM (Southern Biotech)
conjugated to HRP. TMB substrate reagent (Becton Dickinson) was used for
detection, and plates were read at OD450 and OD570 on an iMark micro-
plate reader (Bio-Rad).

LPS Blast Formation. V5 Tg mice were injected i.p. with 50 pug of LPS (Cal-
biochem) or 200 pL of PBS. Injection was repeated 3 and 6 wk later. For in
vitro blast formation, B cells were enriched from Mtv-8* and Mtv~ spleno-
cytes using an EasySep Negative Selection Mouse B-cell Isolation Kit (Stem
Cell Technologies) and cultured for 3 d in complete RPMI medium 1640
containing 10% (vol/vol) FBS, 10 mM Hepes, 4 mM L-GIn, and 50 uM 2-
mercaptoethanol at 37 °C in the presence of 50 pg/mL LPS.
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Quantitative PCR and Semiquantitative PCR. Total RNA was extracted from
purified cells using the RNeasy Micro kit (Qiagen), and first-strand cDNA
synthesis was performed with oligo(dT) primers using the SuperScript Ill Re-
verse Transcriptase kit and protocol (Invitrogen). Quantitative PCR (QPCR) was
performed using an ABI 7300 Real Time PCR System (Applied Biosystems) and
Power SYBR Green PCR Master Mix (Applied Biosystems) using the primers
and settings indicated (S/ Materials and Methods, Quantitative PCR Protocol and
Primers). Semiquantitative PCR was performed on serial threefold dilutions of
cDNA starting with 150 ng cDNA using the primers and settings described (S/
Materials and Methods, Semiquantitative PCR Protocol and Primers).

Statistics. P values were calculated using an unpaired or paired (mixed chi-
meras in Fig. 5 and Fig. S4 only) Student t test.
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