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T cells play a significant role in the pathogenesis of systemic autoimmune diseases, including
systemic lupus erythematosus; however, there is relatively little information on the nature and
specificity of autoreactive T cells. Identifying such cells has been technically difficult because
they are likely to be rare and low affinity. Here, we report a method for identifying autoreactive
T cell clones that recognize proteins contained in autoantibody immune complexes, providing
direct evidence that functional autoreactive helper T cells exist in the periphery of normal
mice. These T cells significantly enhanced autoreactive B cell proliferation and altered B cell
differentiation in vivo. Most importantly, these autoreactive T cells were able to rescue many
aspects of the TLR-deficient AM14 (anti-lgG2a rheumatoid factor) B cell response, suggesting
that TLR requirements can be bypassed. This result has implications for the efficacy of TLR-
targeted therapy in the treatment of ongoing disease.

Introduction

Systemic lupus erythematosus (SLE) was originally thought to be an Ab-mediated disease; however, the
importance of Ab-independent B cell functions and cellular immunity has now been recognized. While
B cell receptor (BCR) transgenic model systems specific for lupus autoantigens (autoAgs) have elucidated
many aspects of autoreactive B cell tolerance and pathogenicity (1, 2), much less is known about the iden-
tity, fate, and function of autoreactive T cells in systemic autoimmunity.

Self-reactive T cells have been identified in the repertoires of both healthy and autoimmune people and
mice — suggesting that pathogenic specificities exist in a normal T cell repertoire but require the appropriate
genetic background and environment for activation (3—5). However, detecting and assessing these cells is chal-
lenging due to thymic deletion of the highest affinity anti-self T cells as well as T cell anergy. Furthermore,
unlike organ-specific autoimmunity, the identity of relevant autoAgs in systemic autoimmunity is less clear.

All studies to date have used a candidate approach to isolate autoreactive T cells, which has not allowed
for the discovery of previously unknown specificities. Autoreactive T cells have been isolated using this
candidate approach in SLE (3, 4, 6), rheumatoid arthritis (7), mixed connective tissue disease (8), and dia-
betes (9). These studies used a specific peptide or protein that was already known to stimulate autoreactive
T cells, such as insulin in the case of diabetes, or used a known B cell antigen (Ag); therefore, providing a
very narrow view into the functional autoreactive T cell repertoire. There has been no method to isolate or
study a more diverse population of antigen specific autoreactive T cells. This is critical in SLE and other
systemic autoimmune diseases because the target T cell antigens are not well defined. This limited under-
standing of the T cell’s role in systemic autoimmunity impedes proper understanding of the basic biology
of these diseases, as well as developing better therapies.

To help bridge this critical gap in knowledge, we developed a method to identify autoreactive T cells
without choosing a specific candidate antigen; we then used these T cells to study the T-B interactions that
are central to SLE pathogenesis. Our strategy had two key components: first, it used IgG2a-specific AM14
rheumatoid factor (RF) B cells as antigen-presenting cells (APCs), and second, it used immune complexes
(ICs) formed from authentic lupus autoantibodies (autoAbs) as Ag (10). As we show, by using AM14 B
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cells, we could stimulate self-reactive T cells without any a priori knowledge of the self-Ag or T cell speci-
ficity, other than that the self-Ag would be contained in the material targeted by bona fide lupus autoAbs.

AM14 B cells are quiescent but not tolerized (“ignorant”) in normal animals but are activated by nucle-
ic acid—containing ICs in vitro and in vivo (11). Since AM14 B cells do not become spontaneously activated
in vitro in the absence of nucleic acid—containing ICs, we could establish Ag-free conditions, which is not
possible typically when stimulating self-specific cells (e.g., if we had used a DNA-reactive B cell).

Stimulatory ICs are composed of an autoAb, such as antichromatin IgG2a, complexed with cellular
debris from dying cells. BCR engagement of these ICs leads to internalization and delivery to MHC class
II-processing compartments — enabling presentation of proteins within the IC (12). While autoAb-con-
taining ICs are the target antigen in this system, they contain hundreds of self-proteins that may activate
autoreactive T cells — allowing for the isolation of previously undiscovered T cell specificities.

The use of B cells as APCs is physiologically relevant, as we recently demonstrated a nonredundant
role for B cells in activating T cells in the lupus-prone strain, MRL.Fas?" (13). Furthermore, B cells are
far more potent APCs for their particular antigen compared with myeloid cells, which gives them the
enhanced ability to activate low-affinity T cells, which is particularly salient in the search for autoreactive
T cells that have escaped central deletion (14-17). RF B cells, which are found in multiple systemic auto-
immune diseases, are unique in their ability to interactive with large and diverse population of T cells
(Figure 1A). They can present self-Ags contained within ICs, which can be formed from any IgG2a Ab:
anti-DNA, anti-RNA, anti-histone, anti-Sm, etc. This unique capacity for T cell activation may give RF
B cells a pivotal role in epitope spreading and disease pathogenesis.

We chose to clone T cells from BALB/c mice, as we wanted to interrogate all potential precursors
rather than just those that were highly selected at the end stage of an autoimmune process in lupus-
prone mice. Previous work in the lab indicated that cognate helper T cells for AM14 B cells exist in the
repertoire of BALB/c mice (18).

Here, we report the identification of self-reactive T cell clones isolated with this approach and the
in-depth characterization of two of them. We show how autoreactive T and B cells differentiate and inter-
act upon stimulation with physiologic self-Ag. We further investigate how TLR and T cell-mediated signals
interact and compensate for each other, with respect to both B cell and subsequent T cell activation. These
studies also have important implications for lupus therapeutic intervention by TLR inhibition, with respect
to whether TLR signaling is required to sustain as well as initiate systemic autoimmunity.

Results

Generation of IC-specific T cell lines. To activate and increase the frequency of potential IC-specific T cells, we
cultured RF B cells from AM14 Vk8R BALB/c mice (hereafter referred to as AM14 B cells) with CD4 T cells
from BALB/c mice in the presence of purified autoAbs (Figure 1, A and B). We used PL2-3, an antichro-
matin Ab that stimulates AM14 B cells in a TLR7- and TLR9-dependent manner (19), or Y2, an anti-Sm Ab
precomplexed with Sm, which stimulates via TLR7 (20). Three days after the third round of stimulation, the
cells were fused with BW5147 cells to generate T cell hybridomas, which were tested for reactivity to PL2-3
or Y2:Sm. We selected clones that did not respond to stimulation with AM14 B cells alone, AM14 B cell plus
anti-IgM, and T-depleted splenocytes (SP APCs) alone (data not shown). The T cells were also tested in medi-
um containing mouse serum to rule out bovine-specific reactivity (data not shown). We then sequenced the T
cell receptor (TCR) genes and performed at least 2 rounds of limiting dilution, establishing unique clonal lines
(Supplemental Table 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.90870DS1): 5 T cell lines from 2 fusions from the PL2-3 stimulation cultures (of 960 hybridomas) and
3 T cell lines from 1 fusion from the Y2:Sm stimulation cultures (of 360 hybridomas).

In order to test whether the T cell epitope was from a protein contained within the IC, such as a
DNA- or RNA-binding protein, as opposed to a peptide from PL2-3 or Y2, we stimulated the T cell
clones with a panel of autoAbs of related specificities that originated from multiple mouse strains
and that are composed of a variety gene segments (Figure 1, C and D, Supplemental Table 2). One
clone, 13C2, responded to several autoAbs, including other antichromatin autoAbs and the anti-RNA
autoAb, BWR4 (Figure 1C). Another clone, 1B9, responded to BWR4 and Ha310 in addition to PL2-3
(Figure 1C). These data strongly suggest that 13C2 and 1B9 each recognize Ags that are bound by mul-
tiple autoAbs. The ability of multiple Abs to capture the antigenic proteins recognized by the same T
cell clones is to be expected because these autoAbs bind to debris released from dying cells that would
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Figure 1. Generation of IC-specific T cells using AM14 B cells and autoAb ICs. (A) RF B cells have the potential to interact with a large repertoire of T cell spec-
ificities due to the complexity of autoAb ICs. (B) Experimental strategy. Hybridoma T cell lines originally stimulated with PL2-3 (C) or Y2:Sm (D) were cultured
with SP APC or AM14 B cells in the presence the indicated Ab. IL-2 in the culture supernatant was measured 18 hours later by ELISA. Each graph is representa-
tive of at least 2 independent experiments.

include a complex mix of nucleic acids and associated proteins. Conversely, because the stimulatory
Abs had diverse V region sequences that were also used by nonstimulatory autoAbs, it is highly unlike-
ly that the T cell clones reacted with an Ig-derived peptide (Supplemental Table 2).

In contrast, 3 T cell clones responded only to PL2-3, of which the clone E12 is shown (Figure 1C).
These clones may recognize peptides from Ags that are uniquely captured by PL2-3 but could also recog-
nize V region peptides from the stimulating IgG2a; we chose to not continue with these clones, as they were
likely to be of less general importance. From the Y2:Sm stimulations, one clone, 1F8, exclusively recog-
nized the Y2:Sm complex (Figure 1D), suggesting that 1F8 is specific for an Ag that can only be bound by
Y?2. In contrast, 1G1 and 2D1 reacted to both Y2 and 2G7 and did not require the Abs to be precomplexed
with Sm (Figure 1D), suggesting that they recognize an Ag released from dying cells in the culture.

To investigate whether the chromatin-specific T cells were relevant to in vivo disease, we tested whether
these T cells could respond to AM14 B cells provided with autoAg ICs present in sera from diseased lupus-
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Figure 2. Primary IC-specific T cells

respond to autoAb ICs and enhance AM14 B cell proliferation and differentiation in vitro. AM14 B cells were cultured

with T cells from DO11.10 BALB/c mice or from 13C2 Rg BALB/c mice in the presence of PL2-3 (1 ug/ml) or BWR4 (10 pg/ml). All cells were labeled with VPD450.
AM14 B cells were identified with the anti-idiotype Ab, 4-44. The percentage of divided 4-44" cells (A) was determined by flow cytometry on day 4. (B) Rep-
resentative flow cytometry plots of AM14 B cells on day 3. Cells were first gated as live, surface, and intracellular 4-44*. 4-44* IgM (C) and IgG2a (E) AFCs on

day 4 were determined using ELIspo

t assay. The concentration of 4-44+ IgM (D) and IgG2a (F) in the culture supernatant on day 4 was measured by ELISA. (G)

Representative flow cytometry plots of DO11.10 T cells (TCRVB6 GFP-) and 13C2 T cells (TCRVBE*GFP*) from the same culture on day 5. Cells are first gated as

live, 4-44 CD3e*. The concentrations

of IL-2 (H) and IFN-y (I) in the culture supernatant on day 4 were measured by ELISA. Data are combined from 3 or 4 inde-

pendent experiments. Data are represented as the percentage of maximum for each experiment; mean + SEM. Statistics were calculated with 2-way ANOVA

(A and C-F) or 1-way ANOVA (Hand |
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); multiple testing was corrected with Holm-Sidak’s. *P < 0.05; **P < 0.01; ***P < 0.0071; ****P < 0.0001.

prone MRL. Fas? mice (21, 22). 13C2 and 1B9 responded to 5 and 6 of 6 different pooled sera, respectively
(Supplemental Figure 1, A and B). Notably, T cells did not respond to sera from normal BALB/c mice
or from Tlr7/9”~ or Myd88~~ MRL.Fas” mice — all of which lack nucleic acid—associated ICs (23). Even
though T7r7/9”- or Myd88~~- MRL.Fas” mice lack nucleic acid—associated autoAbs, they have highly elevat-
ed levels of serum IgG2a, 5 and 3 mg/ml, respectively — 3.75 times and 6.25 times higher than BALB/c
mice (23) — further suggesting that the T cells are reacting with components captured by polyclonal antinu-
clear Abs rather than IgG itself. These data indicate that both the autoAgs bound by PL2-3 and these T cell
specificities may represent typical components of a spontaneous systemic autoimmune response.

Primary IC-specific T cells are positively selected into the CD4 compartment in vivo. In order to generate pri-
mary IC-specific T cells for functional studies, we created retroviruses (RV) encoding the rearranged TCR
genes from 13C2 and 1B9 and transduced 4G4 T cells (a CD4* TCR™ hybridoma cell line) to test their
specificity (Supplemental Figure 2, A and B). The RV-infected cells recapitulated the reactivity pattern
of the original hybridomas with the autoAb panel (Supplemental Figure 2, C and D). To generate TCR
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Figure 3. 13C2 T cells alleviate the need for intrinsic TLR signaling for AM14 proliferation but not Ab production. VPD450-labeled AM14 B cells (WT, TIr7,
TIr97~, TIr7/97") were cultured with VPD450-labeled T cells from DO11.10 BALB/c mice (top, A-C) or 13C2 Rg BALB/c mice (bottom, A-C, and D-F) in the presence of
PL2-3 (1 pg/ml) or BWRA4 (10 ug/ml). Analysis was performed on day 4. (A) The percentage of divided 4-44- cells was determined by flow cytometry. (B) Total 4-44*
IgM and (C) IgG2a concentration in the culture supernatant. (D) The percentage of divided 13C2 T cells was determined by flow cytometry. (E) Concentrations of IL-2
in the culture supernatant. Data are represented as the percentage of maximum for each of 4 independent experiments; mean + SEM. Statistics were calculated
with 3-way ANOVA (A-C) or 2-way ANOVA (D-F); multiple testing was corrected with Holm-Sidak’s. *P < 0.05; **P < 0.01; ***P < 0.0071; ****P < 0.0001.

“retrogenic” (Rg) mice, we infected bone marrow from Rag2’~ BALB/c mice with either the 13C2- or
1B9-TCR RVs and then reconstituted sublethally irradiated DO11.10 Tcra~~- BALB/c recipients, hereafter
called 13C2 or 1B9 Rg mice. The T cell repertoire of Rg mice contained T cells expressing 13C2 or 1B9
TCRs as well as DO11.10 T cells that reconstituted from the host. Both 13C2 (TCRVB6*GFP*) and 1B9
cells (TCRVB9*GFP*) were found in the thymus and periphery (Supplemental Figure 3, A and B, and data
not shown), and hence were not negatively selected. In BALB/c mice, TCRVB6* T cells and TCRVp9* T
cells become CD4 or CD8 T cells at an approximate ratio of 4:1 and 1:1, respectively (Supplemental Figure
3, A and B, top row). In contrast, TCRVB6*GFP* T cells and TCRVB9*GFP* T cells from the RV-infect-
ed bone marrow were almost exclusively selected into the CD4 compartment, indicating that both TCRs
mediate MHC class II-restricted positive selection (Supplemental Figure 3, A and B, bottom row). Both
13C2 and 1B9 T cells had an increased frequency of CD44*CD62L" cells compared with TCRV-matched
T cells from BALB/c mice and with the endogenous DO11.10 T cells. This population may result from ret-
rogenesis (24) or reflect a degree of self-driven activation, though we have not observed signs of overt auto-
immunity (Supplemental Figure 3, C and D). 15.9% of 13C2 T cells and 9.3% of 1B9 T cells differentiated
into FoxP3*CD25" Tregs, compared with 11.2% and 14.4% of Vp-matched CD4 T cells in BALB/c mice,
arguing against a strong selection into this compartment (Supplemental Figure 3, E and F). 13C2 and 1B9
T cells were also positively selected into the CD4 compartment on a nontransgenic BALB/ ¢ background
(data not shown). However, we proceeded with DO11.10 Tero’”- BALB/ ¢ mice as bone marrow recipients
for retrogenic mice, because they enabled us to use V-specific antibodies to distinguish the T cell clones of
interest and prevented any complications from contaminating endogenous BALB/c T cells, which have
been shown to help the AM14 B cell response (18).

Cognate interactions with 13C2 T cells enhance the AM14 response to autoAb ICs in vitro. AM14 B cells pro-
liferate in response to both PL2-3 and BWR4 in the absence of T cells (18, 25). To assess whether primary
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Figure 4. IC-specific T cells enhance AM14 B cell proliferation and increase AFC formation in vive. (A) Experimental design. (B and C) Represen-
tative flow cytometry plots as indicated. Left columns, cells were first gated as live. (D and E) Total 4-44* cells (D) and 13C2 T cells (E) enumerated
by flow cytometry. (F) Total 4-44* PBs (CD138*CD44*intracellular 4-44") enumerated by flow cytometry. 4-44* IgM (G) and IgG2a (H) AFCs were
determined by ELIspot. Data are from 1 experiment; bars indicate the mean, each point represents a mouse. Statistics were calculated with 1-way
ANOVA; multiple testing was corrected with Holm-Sidak’s. *P < 0.05; **P < 0.01.

13C2 T cells would influence this AM14 response, we cultured AM14 B cells with PL2-3 or BWRA4, either
alone (data not shown) or in the presence of T cells from 13C2 Rg or control DO11.10 mice. 13C2 T cells
significantly enhanced B cell proliferation and accumulation in response to BWR4 but not PL2-3 (Figure
2, A and B). Cultures containing 13C2 T cells and BWR4 also had an increase in IgM Ab-forming cells
(AFCs) and total IgM (Figure 2, C and D). Although 13C2 T cells did not affect the number IgM AFCs
produced by PL2-3 stimulation, the total IgM in the supernatant was increased (Figure 2, C and D). 13C2
T cells promoted a substantial increase in IgG2a isotype-switched AFCs and total IgG2a for both PL2-3
and BWR4 stimulation cultures (Figure 2, E and F). Collectively, these data indicate that, although AM14
B cells can differentiate into IgM AFCs without T cell help, the presence of 13C2 T cells enhanced Ab pro-
duction and strongly promoted isotype switch, especially in response to anti-RNA ICs.

We also examined the T cell responses. Strikingly, 13C2 T cells but not DO11.10 T cells proliferated and
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produced IL-2 and IFN-y when cultured with AM14 B cells and PL2-3 or BWR4 (Figure 2, G-I). Hence,
cognate interactions with AM14 B cells produced a vigorous response to self-derived antinuclear ICs.

13C2 T cells bypass the need for intrinsic TLR signaling for AM14 proliferation but not differentiation in vitro. The
AM14 response to autoAb ICs is dependent on TLR7/9 (11, 20, 25, 26). We hypothesized that IC-specific T
cells could substitute for TLR signals. To test this, we stimulated AM14 B cells that were deficient in 777, Tl9, or
both in the presence of DO11.10 T cells or 13C2 T cells. While proliferation was almost absent in the 7/r7/9/-B
cells cultured with DO11.10 T cells (Figure 3A, upper), the presence of 13C2 T cells completely alleviated the
need for TLR signaling for B cell proliferation (Figure 3A, lower). However, IC-specific T cells did not restore Ab
production to the level of that of TLR-intact B cells. Nonetheless, the presence of IC-specific T cells signaled an
increasing trend compared with control cultures with DO11.10 T cells (Figure 3, B and C, and data not shown).
Surprisingly, T cell proliferation and IL-2 production were unaffected by the TLR genotype of the B cell, indicat-
ing that TLR activation in the B cell is not necessary for Ag presentation (Figure 3, D and E).

IC-specific T cells amplify the AM14 response and alter B cell fate decisions in vivo. To study the effect of 13C2
T cells on the AM14 B cell response in vivo, we transferred AM14 B cells and 13C2 T cells into DO11.10
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Tero’- BALB/c recipients (Figure 4A). With PL2-3 treatment, AM14 B cells that were cotransferred with
13C2 T cells divided to a greater extent and yielded more total cells; there was no division in the absence of
PL2-3 (Figure 4, B and D). 13C2 T cells also only proliferated with PL2-3 treatment; mice that received the
higher dose of T cells had significantly more total 13C2 T cells after PL2-3 treatment (Figure 4, C and E). In
addition, transfer of 13C2 T cells increased the magnitude of the plasmablast (PB) response, and the lower
dose of T cells resulted in more IgM and IgG2a AFCs compared with AM14 B cells alone (Figure 4, F—H).

AM14 B cells preferentially differentiate into PBs rather than germinal center (GC) B cells both in the
spontaneous response in lupus-prone MRL.Fas?” mice and when induced by PL2-3 in vivo (10, 25, 27, 28).
The reason for this has been unclear but could include the dual BCR/TLR signals provided by the IC or a lack
of optimal T cell help to drive GC B cell differentiation. We found that the percentage of AM14 cells with a
CD38°CD95*Bcl6" GC phenotype was substantially enhanced in the presence of cognate IC-specific T cells
(Figure 5, A and B). Commensurate with the differentiation of AM14 B cells into GC cells, a proportion
of the 13C2 T cells differentiated into follicular helper T cells (Tth cells, PD-1"CXCR5*Bcl6*) (Figure 5C).
Regardless of T cell transfer, 4-44-bright PBs could be found in the T cell zone, clustered around the periarteri-
olar lymphoid sheath and on the border of the follicle and red pulp (Figure 5, D and E). However, 4-44*PNA*
GC cells were only detected when 13C2 T cells were cotransferred (Figure 5, F and G). Thus, 13C2 T cells
alter AM14 B cell fate, converting a PB-only response into one that contains both PBs and GC cells.

The increased PB response and GC differentiation in the presence of IC-specific T cells could be the
result of a number of factors, including increased frequency of cognate T cells, altered kinetics of T cell
help availability, or the quality of the T cell help. To test whether the quantity of 13C2 T cells altered the
AM14 B cell response, we titrated the number of 13C2 T cells transferred (Figure 6A). 5 x 10°to 0.5 x 10°
transferred 13C2 T cells induced a robust GC phenotype at day 7 (Figure 6, B and C). We did an additional
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JClinsicHT

RESEARCH ARTICLE

AM14 Vk8R 5x10° W U—) 0 2 4 7
BALB/ —
¢ Cell transfer: Analysis
> PL2-3 DO11.10 B cells
200ug iv TeroBALB/c -/+ T cells
5
13C2 Rg 2x10 PL2-3 PL2-3 PL2-3
DO11.10 TeraBALB/c
*

B 13C2 T cell transfer 50 % D 15
Day 0 Day 2 » %40 A o

T 310
o4 30 i _I_ o 3
D5 20 £s

g Q = & v 3 S
Q O 10{m, & 2

o 0 v 0

PL2-3 - + + + PL2-3 - + + +
13C2 Day 0 Day 2 13C2 Day 0 Day2
CD95 T cells @ Txt T cells Txt  Tat

Figure 7. AM14 GC B cell development is not dependent on early T cell help. (A) Experimental design. (B) Representative flow cytometry plots.
Cells were first gated as live and 4-44*. 4-44* germinal center (GC) cells (C) and PBs (D) enumerated by flow cytometry. Data are presented as mean
+ SEM from 2 independent experiments; each point represents a mouse, with 3-7 total mice per group. Statistics were calculated with 1-way ANO-
VA; multiple testing was corrected with Holm-Sidak’s. *P < 0.05.

insight.jci.org

experiment transferring 0.2 x 10° 13C2 T cells per mouse, which did not result in a AM14 GC population,
indicating this was below the threshold needed to alter B cell differentiation (data not shown). 13C2 T cells
had a slightly suppressive effect on PB differentiation, as measured by the portion of 4-44* cells; however,
the total PB population, measured as percentage of live cells, was increased with the highest dose of T cells
(Figure 6, D and E). Transfer of 2 x 10° or 5 x 10° 13C2 T cells enhanced isotype switch to IgG2a AFCs but
did not reach statistical significance with IgM (Figure 6, F and G).

To investigate whether early availability of T cell help promoted GC differentiation, we delayed the
transfer of 13C2 T cells for 2 days (Figure 7A). However, 13C2 T cells were equally capable of inducing GC
differentiation if they were cotransferred with AM14 B cells on day 0 or transferred 2 days later (Figure 7,
B and C). 13C2 T cells given on either day did not enhance the proclivity to differentiate into PBs (Figure
7D). Taken together, these results show that 13C2 T cells induce AM14 B cells stimulated with PL2-3 to
differentiate into GC cells, increase the magnitude of the PB response, and promote isotype switching.

To investigate whether the capability to skew cognate B cell responses toward GC differentiation was
unique to the 13C2 clone, we analyzed the effect of an additional IC-specific T cell clone, 1B9 (Figure
8A). The transfer of 1B9 or 13C2 T cells resulted in an equivalent proportion of GC AM14 B cells (Fig-
ure 8, B and C). Strikingly, the cotransfer of 1B9 T cells resulted in a substantial increase in PB differen-
tiation compared with AM14 B cells transferred alone or cotransferred with 13C2 T cells (Figure 8D).
Cotransfer of the 1B9 T cells resulted in 7.5-fold more AM14 B cells compared with AM14 B cells trans-
ferred alone and 2.25-fold more compared with 13C2 T cells; this resulted in both substantially more GC
B cells and PBs (Figure 8, E-G). 1B9 T cells increased IgM AFCs by approximately 7-fold compared
with AM14 B cells alone and by almost 5-fold compared with 13C2 T cells (Figure 8H). Finally, 1B9 T
cells resulted in 100 times more IgG2a AFCs compared with AM14 B cells transferred alone and almost
40 times more compared with 13C2 T cells (Figure 8I).

The differential effects of the two clones on the AM14 B cell response could be due to a number of
factors, including the quality and quantity of activated T cells generated by each clone. Indeed, only
13C2, and not 1B9, required the cotransfer of AM14 B cells in order to proliferate in response to PL2-3
(Figure 9, A and B). 1B9 T cells proliferated more than 13C2 T cells, as shown by increased VPD450
dilution, generating 10 times more IC-specific T cells (Figure 9, A and B). Qualitatively, however, both
1B9 and 13C2 T cells differentiated into an equivalent frequency of Tth cells (Figure 9, C and D).
These data suggest that the antigenic peptide for 1B9 can be presented in vivo by endogenous APCs
that take up ICs, but the specific peptide recognized by 13C2 may be uniquely created or concentrated
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s. *P < 0.05; **P < 0.01; ****P < 0.0001.

by AM14 B cell antigen processing.

IC-specific T cells partially bypass the requirement for intrinsic TLR signaling for the AM14 response in vivo. To
test whether IC-specific T cells could rescue TLR-deficient AM14 B cell responses in vivo, we transferred
AM14 B cells that were WT, Tlr7/-, Tlr9'-, or Tlr7/9~~ alone or with 13C2 or 1B9 T cells, with or with-
out PL2-3 (Supplemental Figure 4). In the absence of T cells, T/r7/97/- AM14 B cells almost completely
disappeared. In the presence of 13C2 T cells, the frequency of TIr7/9”~ AM14 B cells increased 7-fold; in
the presence of 1B9 T cells, the frequency increased 30-fold (Figure 10, A and B). There was little effect
of single TLR deficiency, except that, in the presence of T cells, TLR9-deficient AM14 B cells actually
yielded an even greater number of cells than did TLR-intact AM1 B cells.

The loss of both TLR7 and TLR9 or TLR7 alone resulted in significant decreases in the percentage
of AM14 B cells with GC phenotype in the presence of either T cell clone (Figure 10C). Nonetheless,
T cells could partly rescue TLR deficiency, since, even in the absence of both TLRs, transfer of 13C2
or 1B9 cells resulted in more AM14 GC B cells than were produced without T cells. These results
indicate that AM14 differentiation into GC cells in the context of sufficient T cell help is partially
dependent on intrinsic TLR7, but not TLRY, signaling.

For AM14 B cells transferred alone, either TLR was sufficient to support PB differentiation (Figure 10D);
in contrast, the few Tlr7/9'- AM14 B cells that survived did not become PBs. In mice that received 13C2 T
cells and Tlr7/97- AM14 B cells, PB differentiation was also impaired, but this did not reach statistical signifi-
cance. The transfer of 13C2 T cells with 777/~ AM14 B cells led to an increasing trend in PBs — the opposite
effect from that observed on GC differentiation. Strikingly, 1B9 T cells completely bypassed the need for TLR
signaling for PB differentiation. While 1B9 T cells enabled 77r7/9/~ AM14 B cells to differentiate into pheno-
typic PBs, these B cells were impaired in their ability to become IgM AFCs and lost the ability make IgG2a
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AFCs (Figure 10, E and F). Collectively, these results demonstrate that cognate IC-specific T cells can partial-
ly overcome the need for TLR signaling in response to PL2-3 in vivo, particularly with respect to GC differen-
tiation and, in the case of 1B9, PB differentiation. However, even in the presence of T cell cognate help, TLR
stimulation significantly contributes to expansion and complete differentiation in response to a native autoAg.

On the other hand, consistent with the in vitro data, the TLR genotype of the AM14 B cells did not
affect the total number of IC-specific T cells (Figure 10G). Thus, although there were fewer T/r7/9”- AM14
B cells by day 7 to present Ag to T cells, the initial population must have been sufficient to initiate T cell
activation and proliferation. Lack of TLR7 and TLR9 on AM14 B cells did, however, reduce the differen-
tiation of 13C2 but not 1B9 T cells into Tth cells (Figure 10H).

Discussion

Although autoreactive T cells play a key role in the pathogenesis of systemic autoimmunity, relatively
little is known about their origin, specificity, phenotype, fate, and function. Here, we have used what
we believe to be a novel method to identify relevant autoreactive T cells that help autoAb-producing
B cells. Our results directly confirm that autoreactive helper T cells exist in the periphery of normal
mice and extend this notion by showing how they can function. Upon encounter with Ag in the appro-
priate form, they can be activated to break functional tolerance (or clonal “ignorance”), in a process
that does not require any non-self adjuvant. Both T cell clones significantly enhanced the magnitude
and altered the quality of the AM14 response in vivo. Perhaps most critically for our understanding
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and (F) 1gG2a AFCs were determined

of systemic autoimmunity pathogenesis, we found that IC-specific T cells could rescue many aspects
of the TLR-deficient AM14 B cell response in vivo. Thus, the requirement for intrinsic B cell TLR

signaling may depend on the stage and type of immune response and may be overridden, in substantial

part, by sufficient cognate T cell help. This has implications for the efficacy of TLR-targeted therapy

in interrupting ongoing disease.

Our studies complement other examples — mostly derived from models of organ-specific autoimmunity

— of self-reactive T cells that escape central deletion, exist in a normal repertoire, and can become activated.
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Such cells can exist for multiple reasons: peptides that bind MHC weakly cannot mediate deletion in the
thymus but can induce activation in the periphery, presumably through increased local concentration, either
naturally or through immunization (29-31). Incomplete thymic expression of protein splice variants can also
result in thymic escape (32, 33). How autoreactive T cells escape tolerance and are activated in lupus has
been investigated but is not well understood. Immunization with native snRNPs, a target of lupus autoAbs,
did not elicit a response from normal mice; however, administration of specific snRNP peptides led to T cell
activation and Ab production — indicating that some self-peptides are not naturally processed and presented
(4). Notably, when Ag-specific B cells were present, T cell responses from normal mice to murine snRNPs
were detectable — further demonstrating that normal mice harbor autoreactive T cells and suggesting a spe-
cial role for B cell presentation in the activation of such “ignorant” autoreactive T cells (34).

Our T cell clones provide greater insight into the ontogeny of lupus-related autoreactivity. Both
clonotypes were positively selected and appeared mainly quiescent in the periphery at steady state.
However, they differed in terms of their activation requirements and function in the periphery. Since
13C2 T cells required AM14 B cells for activation in vivo, their specific epitope may be the result of
unique processing by these Ag-specific B cells (35). In contrast, 1B9 T cells did not require the cotrans-
fer of AM14 B cells for their activation, indicating that their epitope can be presented by endogenous
APCs. Since 1B9 T cells were not spontaneously activated in BALB/c mice in the absence of ICs,
at steady state their endogenous Ag must not be presented at a sufficient concentration and/or in
immunogenic context. It is also possible that the stimulatory epitope may result from altered peptide
processing of the parent protein due to its inclusion in ICs.

The exogenous addition of antichromatin, similar to the accumulation of serum IC over the course of
lupus, may be necessary to overcome barriers to T cell activation. Autoreactive T cells that are activated
later in disease progression could fall into this category (i.e., they can be stimulated by high titers of serum
self-ICs); they would be activated by any FcR-bearing APC, perhaps like 1B9 but not 13C2. In this regard,
it is interesting that we saw that autoreactive T cells that help autoreactive B cells are diverse in function and
activation requirements, even though identical conditions were used to isolate them. Despite these differ-
ences, it is important to note that many aspects of these two different clones were similar, revealing general
themes concerning the interplay of T cells, B cells, and TLR signals in systemic autoimmune responses.

Of greatest mechanistic and therapeutic significance, we found that AM14 B cells could induce T cell
activation completely independently of TLRs. This was unexpected, since B cell-specific MyD88 deletion
in MRL.Fas” mice resulted in a significant decrease in T cell activation (36). To reconcile this, we suggest
that TLR-driven activation of autoreactive B cells is necessary at the onset of spontaneous systemic auto-
immunity in order to expand low-frequency autoreactive B cells. Without such expansion, an encounter
with naive cognate autoreactive T cells would be unlikely. However, once expanded, RF B cells (and by
extension anti-DNA/RNA B cells) would not need TLR signals to stimulate cognate autoreactive T cells.
The fact that initial activation of autoreactive T cells in vivo was TLR independent in our system likely
reflects that we transferred sufficient numbers of cells to make initial T-B interactions possible from the
start. Nonetheless, these results show clearly that naive autoreactive B cells can activate unprimed autore-
active T cells in the absence of a TLR signal.

Conversely, the presence of IC-specific T cells rescued several functional defects of TLR-deficient AM14 B
cells. Both proliferation and survival of 7777/9~~ B cells were complemented by IC-specific T cells, such that final
yields approached WT levels in the case of 1B9 and approached about one-third of WT in the case of 13C2. The
inability of the IC-specific T cells to fully restore expansion of 77r7/9~ B cells may reflect that only a fraction
of AM14 B cells were able to interact with a cognate T cell in a timely manner after Ag encounter and hence
be rescued from the lack of a TLR signal. Alternatively, it could reflect an inferior quality of T cell versus TLR
signals in this context. The fact that AM14 B cell proliferation was completely restored in the presence of 13C2
T cells in vitro supports the former possibility. Furthermore, 1B9 T cells significantly enhanced differentiation of
PBs; however, TLR signaling was still required for the development of IgG2a AFCs.

Collectively, these data suggest a positive feedback model in which small numbers of autoreactive B
cells are autonomously activated by engagement of their BCR and TLRs by self-Ag; this expanded popula-
tion of B cells can present highly concentrated self-peptides to rare and low-affinity T cells in the periphery.
Once activated, autoreactive T cells can provide help, resulting in the TLR-independent activation and
proliferation of naive autoreactive B cells and enhancement of the differentiation and expansion of those
already activated; however, TLR signaling may play a unique role in isotype switching.
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The ability of IC-specific T cells to induce GC differentiation of AM14 B cells may be reflective of events
in later stages of disease. We found that a threshold number of cognate T cells was needed to elicit GC for-
mation in response to antichromatin ICs; such frequencies of self-reactive T cells are not likely achieved until
later phases of disease. These results suggest that ICs normally promote an extrafollicular (EF) PB response
because endogenous T cell help is limiting. Of note, only a minority of activated T cells became Tth cells.
Thus, in the context of an autoimmune response in which B cells receive joint TLR/BCR stimulation, we
directly show that there are diverse T cell outcomes. This could in turn drive multiple outcomes for B cells as
well. The EF PB response is enhanced by Bcl6-expressing Tth-like (T extrafollicular helper) CD4 cells (37,
38). We found that IC-specific T cells enhanced the EF PB response while also promoting GC differentiation.
This heterogeneity of both B and T cells was striking since these experiments were performed with clonal cell
populations. It suggests that cell fate decisions are in part determined stochastically.

The specific need for TLR7, but not TLRY, in AM14 GC differentiation mirrors reports in oth-
er systems (39-41). The connection between TLR7 and GC cells is interesting because B cells with
RNA-related specificities appear more T cell dependent. For example, in MRL.Fas?" mice in which
B cells lack MHC class II, and hence are unable to present antigen to CD4 T cells, the most affect-
ed autoAb was anti-Sm (13). In both patients and lupus-prone mice, RNA-related autoAbs were not
affected by B cell depletion (42, 43). Such treatment does not deplete long-lived plasma cells, which
derive from GC cells, suggesting that B cells with RNA-related specificities derive from GC cells (44).
In agreement, AM14 TIr9~ B cells stimulated in vitro with PL2-3, which signals through TLR7, are
more dependent on T help than are 7/r7/~ B cells.

In the larger picture, the approach we have described is valuable in allowing us to clone self-reactive T
cells from a polyclonal repertoire without any genetic manipulation and without having to choose a candidate
Ag. This permitted us to work with authentic self-reactive clones and not (as is often done) TCR Tg mice with
specificity for nominal Ags, such as ovalbumin, that are then engineered to be part of “self.” The use of natural
autoAgs allowed us to evaluate the requirement of endogenous TLR ligands in autoreactive B cell activation and
discover that T cell help can bypass the need for TLR stimulation to a substantial degree. We further were able
to determine the natural fate of self-reactive T cells, showing that they were positively selected and not skewed
to a Treg pathway. By studying more than one clone, we found divergent behavior in some functional settings
that points to considerable natural heterogeneity. In the future, this method will allow us to further characterize
the natural autoreactive T cell repertoire and greatly expand our currently narrow view of T cell autoreactive
specificities and functions. Furthermore, with these T cells in hand, the next important but challenging task will
be to identify the specific proteins from which the stimulatory peptides are derived.

Methods

Mice. AM14 Vi8R, AM14 Vk8R Tlr7/-, AM14 Vk8R Ti9”/-, and AM14 Vk8R TIlr7/9”~ mice were
described previously (10, 19, 45, 46). DO11.10 Tera/- BALB/c mice were previously described (18). Rag2 /-
BALB/c mice were from Jackson Laboratories.

Cell culture. Primary splenic B cells and T cells were enriched by negative selection according to the
manufacturer’s instructions (Stemcell Technologies). Total SP APCs were prepared by depleting T cells
with anti-Thyl.2 Ab (30H12) and rabbit complement (CedarLane) and then them irradiating with 2,000
cGy. Abs for in vitro stimulation were made in-house as previously described (47). The cell lines were gen-
erated in-house or were gifts from Mark Monestier (Temple University, Philadelphia, Pennsylvania).

For cultures detailed in Figure 1B, AM14 B cells and T cells were cultured together at a ratio of 2:1 at
10 cells/ml in 10% complete Click’s media with BAFF (Peprotech). On the third day, half of the media
were replaced with fresh 10% complete Click’s media with BAFF and 10 ng/ml human IL-2 (Peprotech).

For in vitro stimulation tests with hybridoma T cells, 7.5 x 10° AM14 B cells (or SP APCs) and 5 x
10* T cells were cultured in 96-well plates in 10% complete Click’s media with BAFF. For in vitro stim-
ulation tests with primary Rg T cells, 3 x 10° AM14 B cells and 3 x 10° T cells were cultured in 12-well
plates in 10% complete Click’s media with BAFFE.

Abs for in vitro stimulation. The following Abs were added at 1 ug/ml: Hy1.2, PL2-3, PL2-8, PL9-2,
PL9-3, PL9-9, PR1-3, LG4-1, PA1, PA4, 8D8, MRA12, LG2-1, and LG2-2. The following Abs were
added at 10 pg/ml: Ha310, BWR4, Y2, and 2G7. The Y2:Sm complexes were formed by mixing 10
ug/ml of Y2 with purified Sm (Immunovision SMA-3000) at a 1:250 ratio based on the final culture
volume. Anti-IgM was used at 15 pg/ml.
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Hybridoma fusion. Three days after the third stimulation, cultured T cells were fused with BW5147 cells
as previously described (48).

Sequencing TCR genes. RNA was extracted using Qiagen RNeasy mini kits according to the manu-
facturer’s instructions. The RNA was reverse transcribed into cDNA using the iScript kit from Bio-Rad
(170-8890). The Tcra and Terff genes were amplified as described previously (49). The PCR products were
sequenced using constant region primers.

Generation of TCR-encoding RVs. The 13C2 Tcra gene was amplified with forward primer, GCG-
CCAGATCTACCATGAACACTTCTCCAGCTTTAGTGACTGTG (5'-3’), and reverse primer,
CTTCCACGTCTCCTGCTTGCTTTAACAGAGAGAAGTTCGTGGCTCCGGAGCCACTG-
GACCACAGCCTCAGCGTCATGAG (5'-3"). The 13C2 Tcrf gene was amplified with forward
primer, CTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCCGGTCCCATGAA-
CAAGTGGGTTTTCTGCTG (5'-3"), and reverse primer, GCGTCGCAATTGGGATCCTCAG-
GAATTTTTTTTCTTGACCATG (5'-3"). The 1B9 TCRa gene was amplified with forward primer,
GCGCCAGATCTACCATGAACTCTTCTCCAGGCTTCATG (5'-3'), and reverse primer, CTTC-
CACGTCTCCTGCTTGCTTTAACAGAGAGAAGTTCGTGGCTCCGGAGCCACTGGACCA-
CAGCCTCAGCGTCATGAG (5'-3"). The 1B9 TCRp gene was amplified with forward primer,
GAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCCGGTCCCATG-
GATCCTAGACTTCTTTGCTGTGTG (5'-3'), and reverse primer, GCGTCGCAATTGCTC-
GAGTCAGGAATTTTTTCTCTTGACCATGGC (5'-3").

RV production and infection. Rearranged Tcra and Tcrf genes from 13C2 and 1B9 were amplified and
cloned into the pMIG II vector (a gift from Dario Vignali, University of Pittsburgh, Pittsburgh, PA) as
previously described (24). Platinum-E cells were transfected with pCL-Ecohelper and either 1B9 TCR
pMIG II or 13C2 TCR pMIG II plasmids using Lipojet (Signagene). The media were replaced with 10%
Click’s media with BAFF for infection of CD4*TCR™ 4G4 T cells (gift from Li Wen, Yale University,
New Haven, CT) or 20% DMEM for bone marrow cells. Platinum-E cells were grown at 32°C for RV
production. After 18 hours, the RV-containing medium was harvested and added to the cells for infection
(CD4'TCR 4G4 cells or bone marrow cells) with polybrene (6 pg/ml). Cells were spin transduced at
1258 xg at 37°C for 90 minutes in 6-well plates. On the following day, a second viral harvest and spinning
infection were performed. The next day, the cells rested and were fed with fresh medium.

Generation of Rg mice. Bone marrow was harvested from Rag2”- BALB/c mice and enriched for hematopoi-
etic progenitor cells using EasySep kits per the manufacturer’s instructions (Stemcell Technologies). The cells
were cultured overnight in 20% FCS complete DMEM with 20 ng/ml IL-3, 50 ng/ml IL-6, and 50 ng/ml stem
cell factor (Peprotech). Cells were infected with TCR-encoded RV as described below. Five to ten million cells
were transferred into DO11.10 Tera~- BALB/c mice that had been irradiated 3 hours prior with 4.5 Gy.

Adoptive transfer. Splenic B cells and T cells were enriched by negative selection according to the manu-
facturer’s instructions (Stemcell Technologies). Cells in PBS were injected i.v. at the indicated concentration.

Ascites preparation and immunization. PL2-3 ascites was produced as previously described (50). 200 pg
was injected i.v. on days 0, 2, and 4.

Flow cytometry. Staining was performed as previously described (36). PD1 and CXCRS were stained at room
temperature. Live/dead discrimination was determined using Ghost Dye Violet 510 (TONBO). For VPD450
labeling, cells were incubated at 37°C for 5 minutes in the dark with 3.5 pM VPD450 (BD Biosciences) in PBS.

Ab clones used for surface staining were as follows: anti-CD19 (1D3, BD Biosciences), anti-CD138
(281-2, BD Biosciences), anti-CD44 (1M7, BD Biosciences), anti-CD38 (90, Biolegend), anti-TCRp
(H57-597, Biolegend), anti-CD4 (GK1.5, Biolegend), anti-CD8 (TIA 105, Shlomchik laboratory), anti-
CD62L (Mel-14, Biolegend), anti-CXCR5 (2G8, BD Biosciences), anti-CD95 (Jo2, BD Biosciences),
anti-CD25 (PC61, Biolegend), anti-CD3e (145-2C11, Shlomchik laboratory), anti-TCRVB6 (RR4-7,
Biolegend), TCRVB9 (MR10-2, Biolegend), 4-44 biotin (Shlomchik laboratory), anti-PD1 (RMP1-30,
Biolegend), anti-CD162(2PH1, BD Pharmigen), anti-Bcl6 (K112-91, BD Biosciences).

Cytokine ELISAs. 96-well Immulon 4 HBX plates were coated overnight at 4°C with 1 pg/ml anti-
mouse IL-2 (JES6-1A12, Biolegend) or anti-mouse IFN-y (XMG2.1, Biolegend), blocked for 2 hours with
1% bovine serum albumin in PBS, and incubated with supernatant overnight at 4°C. Biotinylated anti-
mouse IL-2 (JES6-5H4, Biolegend) or anti-mouse IFN-y (R4-6A2, Biolegend) was added to the plates and
incubated for 2 hours at room temperature, followed by streptavidin—horseradish peroxidase (Southern
Biotech) for 1 hour at room temperature. Plates were developed with o-phenylenediamine dihydrochloride.
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4-44 ELISA and ELISpot. ELISA assays were performed similarly to those previously described (45).
Biotinylated anti-4-44 was used as the secondary Ab. Plates were developed with o-phenylenediamine dihy-
drochloride. ELISpot assays were performed as previously described (18, 50).

Immunofluorescence. Sections of spleens were prepared and stained as described previously (51). Ab
clones used for staining were stained with 4-44-biotin (Shlomchik laboratory), anti-TCRB-BV421 (H57-
597, Biolegend), anti-CD45R-Alexa 488 (RA3-6B2, Shlomchik laboratory) or anti—-peanut agglutinin (Vec-
tor Laboratories), anti-F4/80-Alexa 647 (CI:A3-1, Shlomchik laboratory), and streptavidin-AF555 (Invi-
trogen). Images were captured on a IX83 fluorescent microscope (Olympus) using a x20 objective; image
analysis was performed using CellSens Dimension software (Olympus).

Statistics. All statistics were calculated using Graphpad Prism software. Each figure lists the statistical
test used (1-way, 2-way, or 3-way ANOVAs); multiple hypothesis testing was corrected with Holm-Sidak’s.

Study approval. All mice were maintained under specific pathogen—free conditions and handled accord-
ing to protocols approved by the Institutional Animal Care and Use Committees at Yale University, Uni-
versity of Pittsburgh, and University of Massachusetts School of Medicine.
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