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FIGURE 4. A, Spleen cells from DKO mice express higher levels of 1121, 1110, and 1gG. RNA prepared from spleens of four 14-wk-old B6Y, Yaa wt and
Yaa DKO mice were evaluated by qPCR. The data were computed using the global pattern recognition normalization algorithm (17). Fold changes at p <
0.05 in comparison with B6Y are noted with an asterisk. B, IL-21 signaling is required for the early mortality of DKO mice. DKO 11217, n = 14; 1121+,
n=15.p < 0.001. C, IL-21 signaling is required for the early mortality of B2m '~ BXSB.Yaa mice. B2m ™’/ lI21r*'~, n=8; I2Ir " ; n = 12. *p < 0.001.

T cells from Yaa mice (Fig. 5B, left panel), with levels of ex-
pression being significantly higher than for cells from B6Y mice
(Fig. 5B, right panel).

The demonstrated importance of IL-15 to disease resistance, and
the fact that CD122 is also the B-chain of the IL-15R, prompted us
to compare the expression of both the CD122 and IL-15a com-
ponents of IL-15R on CD8" T cells of BXSB.Yaa and BXSB.B6Y
mice. As would be expected for cells expressing the IL-15R, there
was a tight correlation between the levels of CD122 and IL-15Ra
expression on splenic CD8* T cells for BXSB mice of both
genotypes (Fig. 5C). Although expression of CD122 and IL-15Ra
was slightly higher on cells from 6-wk-old Yaa as compared with
B6Y mice, expression of both markers as significantly and co-
ordinately increased on CD8" T cells from 14-wk-old Yaa mice
(Fig. 5C). Further analyses showed that Yaa CD8" T cells were
enriched in the subset of CD44"CD62LM central memory (CM)
CD8" T cells (Fig. 5D) and that the levels of CD122 expression on

CM cells were significantly higher than for the comparable subset
of cells in B6Y mice (Fig. SE). This phenotype bears remarkable
similarity to that of CD122*CD44"Ly49"CD8" T, described
recently by Kim et al. (31) in mice mutant in QA1l. Further
analyses of BXSB CD8" T cells showed that Ly49 was uniquely
expressed by a subset of CD122" CD8* T cells from both B6Y and
Yaa mice (Fig. 5F). These Ly49* subsets exclusively expressed the
CM phenotype (data not shown). The substantial expansion of CM
CD8" T cells expressing both components of IL-15R by Yaa mice
is consistent with their dependence on IL-15, and the expression of
Ly49 by a subset of these cells is consistent with the involvement
of the Ly49" subset in the suppression of autoimmune disease (31).

Development of lethal B cell lineage lymphomas in SJL mice is
greatly accelerated in the absence of the CDS/NK axis

To determine if the suppressive functions of the CD8/NK axis un-
covered in studies of the autoimmune disease of BXSB.Yaa mice
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FIGURE 5. BXSB.Yaa mice develop a novel population of splenic CD8" memory T cells. A, Cells expressing Foxp3 and CD25 are increased among
CD4" but not CD8" T cells of BXSB.Yaa as compared with BXSB.B6Y mice. B, CD8" T cells expressing elevated levels of CD122 are expanded in BXSB.
Yaa as compared with BXSB.B6Y mice. C, The expanded population of CD122* CD8* T cells in BXSB.Yaa mice coexpresses IL-15Ra. D and E, CM
(CD44MCD62"™) CD8* T cells expressing CD122 are expanded in BXSB.Yaa mice. F, A subset of the CD122* CD8* T cell population expanded in BXSB.
Yaa mice expresses Ly49. Except where indicated, the samples were from groups of 14-wk-old mice. Results shown are representative of two to three
experiments. n = 4 to 5. *p < 0.05, **p < 0.01.
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might also be active in other CD4* T cell-driven B cell diseases,
we used similar approaches to study B cell lymphoma-prone SJL/J
mice. Earlier studies of female mice of this strain demonstrated
that they develop mature B cell lineage neoplasms of GC or post-
GC origin beginning at <1 y of age and with a penetrance
approaching 100% by 2 y of age (32-34). Development and
progression of disease are both critically dependent on MHC class
1T and CD4" T cells (35, 36).

To determine if MHC class I molecules play a role in lymphoma
development or progression, we produced SJL mice that carried
null alleles of B2m, Cdidl, Fcgrt, Cd8a, and Prfl and followed
them for survival. In our colony, 95% of wt SJL mice survived to
50 wk of age (Fig. 6A). Paralleling our studies of BXSB.Yaa mice,
the mortality of SJL mice deficient in B2M was greatly acceler-
ated, with a mean survival of ~42 wk. Perhaps predictably, the
introduction of null alleles for CdidI or Fcgrt had no significant
effects on survival (data not shown). In the light of our studies of
BXSB.Yaa mice deficient in these genes, these results are con-
sistent with a role for the CD8/NK axis in suppressing mortality of
SJL mice.

To further test this postulate, we studied SJL mice bearing null
alleles of Cd8a and Prfl (Fig. 6A). The survival curve for mice
deficient in CD8a fell between that of wt and B2M-deficient mice,
again suggesting that of CD8" T cells along with other MHC class
I-dependent cells extend the survival of SJL mice. (The impact of
null alleles of MHC-linked Tapl and H2-K/D could not be studied
because SJIL mice carry the H2® haplotype, whereas the Tapl and
H2-K/D-knockout alleles are H2b.) The survival curve for
perforin-deficient mice was similar to that of mice deficient in
CD8a, suggesting that the overall protective effects conferred by
B2M were largely, but not completely, perforin dependent. Fi-
nally, we examined the effects on survival of SJIL mice deficient in
expression of IL-15. Unexpectedly, this deficit had no effect on
survival (Fig. 6A), indicating that IL-15 plays no obvious role in
protecting SJL mice from early mortality.

It was important to determine if the accelerated mortality
exhibited by SJL mice with a compromised CD8/NK axis was
attributable to the mature B cell lineage lymphomas characteristic
of wt SJL mice or to other pathologies. As a first approach, we
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compared the histopathologic features of moribund wt SJL mice
and SJL mice deficient in B2M or CD8a. In keeping with previous
studies of wt SJL mice (32, 37), mice of all three genotypes were
diagnosed histologically with a spectrum of B cell lineage neo-
plasms including follicular lymphoma, diffuse large B cell lym-
phoma, plasmacytoma, and, in addition, histiocytic sarcoma (data
not shown).

To determine if the histologically defined lymphomas of B2M-
and CD8a-deficient mice were clonal, as documented previously
for B cell malignancies of wt SJIL mice (37), we studied the ge-
nomic organization of IghJ, Tcrb, and ecotropic MuLV envelope-
specific sequences by Southern blot hybridization of DNAs pre-
pared from enlarged spleens or lymph nodes of necropsied mice.
Clonal or oligoclonal rearrangements of IgH genes were identified
in all but one of six mice examined (Fig. 6B). In four cases, there
was equimolar density of two dominant IgJy-hybridizing bands,
suggesting the expansion of a single clone that had rearranged
both IgH alleles. Hybridization using a probe for the Tcrb locus
identified one case with two rearranged bands, which could be
indicative of coexisting T cell and B cell lineage lymphomas or,
more likely, of a nonfunctional TCR gene rearrangement in a
B cell lineage neoplasm. Limited clonality was further supported
by the patterns of somatic ecotropic MuLV insertions (Fig. 6B).
Thus, both histopathologic and molecular studies are consistent
with the conclusion that genetic weakening of the CD8/NK axis
leads to accelerated development of clonal B cell malignancies
characteristic of wt SIL mice.

Discussion

The normal T cell-dependent B cell response must elicit effective
immunity while minimizing collateral damage to the host. Loss of
control over this finely tuned system can emerge by the failure of
a number of regulatory mechanisms that must balance immune
system development and activation in a manner that limits auto-
reactivity and pathological potential. The goal of this study was
to evaluate the potential roles for regulatory mechanisms governed
by MHC class I proteins in these processes. We chose to study two
models, the severe SLE-like disorder in BXSB.Yaa mice and
terminal mature B cell lymphomas in the SJL mice, both of which
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FIGURE 6. Development of B cell lineage lymphomas is greatly accelerated in SJL/J mice with a genetically compromised CD8/NK axis. A, Absence of

B2M as well as CD8a and PRF1 result in accelerated mortality of SJL mice, but deficiency in IL-15 has no effect. *B2m

/~ versus wt or 11157/’,17 < 0.01;

B2m™’ versus Cd8a™"", p = 0.0512; CdS8a™"" versus Prfl """, p = 0.0427 (Bonferroni corrected). Cohort sizes: SIL wt, n = 54; B2m™’~, n=49; Cd8a™"",
n=41; 1115, n=53. All data are from female mice. B, B2m-deficient SJL mice develop clonal B cell lymphomas. DNAs from enlarged spleens or lymph
nodes of SJL B2m ™/~ mice 26-28 wk of age were hybridized with probes to IghJ, Tcrb, and ecotropic MuLV envelope-specific sequences. Red arrowheads
denote rearranged bands in /gH and Tcrb and newly somatically acquired clonal integrations of ecotropic MuLV. GL, germline locus. Bonferroni corrected
significance values: *significant versus SJL wt at p < 0.01, *significant at p < 0.05, **significant at p < 0.01.
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develop as the result of uncontrolled autoreactive B cell responses
driven in a CD4" T cell-dependent manner. Our approach relied
on analyses of survival using experimental cohorts sized to ensure
robust discriminative power sufficient to detect even subtle effects.
To further maximize the cross-comparability of survival data,
environmental variation was kept to a minimum by performing all
studies in a consistent husbandry environment.

We first assessed the effects on survival of a deficiency in B2M,
a genetic manipulation that obviates expression of the great ma-
jority of MHC class I family proteins. The most striking result
was that BXSB.Yaa and SJL mice deficient in B2M developed
much more aggressive and lethal forms of the distinct diseases
that characterize these strains. These results agree with previous
findings in the (NZB X NZW)F1 SLE model disease (38). In
contrast, studies of B2M-deficient MRL.Fas” and MRL.Fas*
mice showed a reduction in markers of disease, including hyper-
gammaglobulinemia and ANA (39, 40). However, it is worth
noting that other disease phenotypes of MRL.Fas”" mice, in-
cluding vasculitis and dermatitis, were exacerbated in B2M-
deficient MRL.Fas™" mice (40), findings consistent with a pro-
tective role for B2M in these pathological processes.

Discrete deficiencies in the MHC class Ib family members
FCGRT and CD1D1 did not measurably impact the lifespans of
BXSB.Yaa and SJL mice. Studies of mice deficient in FCGRT
support a role for this protein in the exacerbation of humorally
mediated autoimmune processes (7, 41-43). Studies of CD1DI1-
deficient (NZB X NZW)F1 mice and pristane-treated BALB/c
mice contrast with our findings in that the severity of SLE-like
disease was significantly exacerbated (44, 45). The varied phe-
notypic effects on different disease parameters as well as different
autoimmune models are certain to reflect the pleiotropic nature of
B2M on its MHC family partner proteins as well as the genetic
heterogeneity of mouse models of autoimmunity and, likely, of
human autoimmune diseases as well. Given this pleiotropy, the
overriding phenotype of protection from more lethal forms of the
distinct diseases of BXSB.Yaa and SJL mice that we report is
remarkable.

Several convergent lines of evidence indicate that the accel-
erations of disease and mortality seen in B2M-deficient mice of
these and related genetic backgrounds can be ascribed to a marked
weakening of a normally potent CD8/NK suppressor axis. First, the
development of severe autoimmune disease in (NZW X BXSB.
Yaa)F1 mice was accelerated in mice depleted of CD8" T cells by
treatment with anti-CD8 mAb (46). Second, weakening of this
axis caused by deficiencies in CD8a, TAP1, and H2K/D in BXSB.
Yaa mice and in CD8a in SJL mice resulted in acceleration of
their diseases. Third, BXSB.Yaa mice deficient in IL-15, a cyto-
kine that supports both NK cells and memory CD8" T cells (24,
25), exhibited a similar acceleration of disease. Finally, as illus-
trated most forcefully by studies of BXSB.Yaa mice deficient in
both CD8a and IL-15, crippling of this axis resulted not only in
the halving of lifespans but also in the precocious development of
an autoimmune disease that is very similar to that found in B2M-
deficient mice and is phenotypically indistinguishable from the
more protracted disease characteristic of wt BXSB.Yaa mice.

The commonalities between the accelerated disease of CD8a/IL-
15—deficient DKO mice and the more protracted wt BXSB.Yaa
disease are exemplified by the transcriptional signature that they
share, including upregulated class-switched IgG isotypes and the
canonical CD4" Tgy cytokines 1121 and 7/10. In addition, the strict
requirement for IL-21 signaling, previously shown to be critical
for the autoimmune disease of wt BXSB.Yaa mice (10), was
mirrored by absolute dependence on signaling through the IL-21R
for the accelerated diseases of DKO and B2M-deficient BXSB.Yaa

mice. Finally, the precocious appearance of ICOSMCD4* T cells,
activated B cells, elevated serum levels of IgG and ANAs, and the
accumulation of extrafollicular plasmablasts and plasma cells all
lead us to conclude that the CD8/NK axis, absent in DKO mice,
is highly proficient at retarding the earliest stages of disease. We
note, however, that the eventual development of autoimmunity in
BXSB.Yaa mice, as well as lymphomas in SJL mice, indicate that
this suppression is eventually overwhelmed, either by exhaustion
of the regulatory population(s) or by their failure to cope with
progressively expanding numbers of target cells.

Parallels between the CD8 component of the regulatory CD8/
NK axis described in our studies and CD8" Tregs previously shown
to influence a range of autoimmune disorders are readily apparent
(reviewed in Ref. 47). Although the phenotypes of CD8* Tregs
vary greatly both in rodent models and humans, certain pop-
ulations express CD122 (29-31, 48, 49). The expanded population
of CD122*IL-15Ra™CD8* T cells detected in spleens of BXSB.
Yaa mice as early as 6 wk of age also expressed markers char-
acteristic of CM CD8" T cells. This putative CD8" T, pop-
ulation, which does not express Foxp3, is remarkably similar to
a recently described population of CD122*CD44*CD8" T, that
are dependent on expression of the MHC class Ib molecule QA1
and on IL-15 for their development and function (31, 49). These
naturally arising CD8" T, are thought to respond through their
TCR to QA1-bound QDM-like peptides. They also exert perforin-
mediated cytotoxic activity against Ty (31, 49), a cell type that is
a key source of IL-21 that drives BXSB.Yaa disease (10). Taken
together, these findings are most consistent with the active in-
volvement of these CD8" T, driven by IL-15 and operating at
least partially by perforin-mediated lysis, to eliminate autoreactive
IL-21-expressing Tgy-like cells that drive the severe SLE-like
syndrome of BXSB.Yaa mice. We note that the survival of
BXSB.Yaa mice deficient in TAP1 or CD8a alone, or doubly
deficient in TAP1 and CD8a, were all shortened to nearly the
same extent (Supplemental Fig. 1A). The failure of TAP1 and
CD8a deficiencies to complement suggests that the development
and/or function of this CD8" T, population is dependent on
peptides processed by the TAP pathway.

Although the above arguments support the involvement of
suppressor CD8" T, in controlling the BXSB.Yaa disease, the
highly aggressive autoimmune phenotype of B2M-deficient
BXSB.Yaa mice was fully recapitulated only in mice lacking
both CD8a and IL-15. This result implies that MHC class I-
dependent, IL-15—dependent suppressor cells not accommodated
within the CD8" T, paradigm also contributed to disease sup-
pression. One possible explanation for this observation is based on
the fact that MHC class I-restricted T cells that resemble con-
ventional CD8" T cells (CD8 T cell “wannabes”) develop and
function in CD8a-deficient mice (50, 51). The IL-15-dependent
disease restriction observed in the absence of CD8* T cells may be
mediated by CD8" T cell wannabes with suppressor activity.

Alternatively, the IL-15 dependence of suppression found even
in the absence of CD8* T cells may be attributed to conventional
NK cells. NK cells dependent on MHC class I molecules are
greatly reduced in IL-15-deficient mice and operate through a
balance of stimulatory and inhibitory innate receptors (24, 25).
Activated and potentially stressed lymphocytes that promote au-
toimmune disease may induce effector function of NK cells. It is
noted that the reconstitution of a B2M-deficient mice with a hu-
man B2M transgene (TG) only partially recapitulates the disease
resistance observed with wt BXSB.Yaa mice (Supplemental Fig.
1B), despite the fact that the human (h)B2M TG allows for robust
positive selection of CD8* T cells (52). Human [3,-microglobulin
impairs the recognition of mouse MHC class I proteins by Ly49
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(53, 54). The inability of hB2M TG mouse B2M-deficient BXSB.
Yaa mice to fully recapitulate the disease phenotype B2M-
competent BXSB.Yaa mice is consistent with the involvement of
Ly49 as well as conventional NK cells in suppression of auto-
immunity in ways that are not currently understood.

Similar to the SLE-like disease of BXSB.Yaa mice, the late-
onset, mature B cell lymphomas of SJL mice develop as a con-
sequence of MHC class II-dependent interactions between auto-
reactive CD4" T cells and B cells. The increased risk for the
development of B cell non-Hodgkin’s lymphoma in patients with
SLE is suggestive of overlapping mechanisms in the pathogenesis
of these disorders (55-57). Our findings that a CD8/NK axis
normally restricts the development of both autoimmunity and
lymphomas provide another unifying link between these disorders
and, by extension, the potential of common strategies for inter-
vention.

However, a significant difference between the mechanisms
governing disease suppression in BXSB.Yaa and SJL mice is that
IL-15 retarded the development of BXSB.Yaa autoimmunity but
not the development of SJL lymphomas. We interpret these dif-
fering results to indicate that the cytokine signals that drive the
suppressor CD8/NK axis can vary dependent on the nature of the
pathological processes and, quite likely, the genetic compositions
of the hosts.

Finally, the demonstrated activity of a potent CD8/NK axis in
both models of MHC class II-dependent, CD4™" T cell-driven B cell
diseases causes us to reconsider the factors that determine auto-
immunity and lymphoma. As best exemplified in our detailed
studies of BXSB.Yaa mice but extending to the SJL lymphoma-
prone mice, any of a variety of mutations that weaken the CD8/
NK axis (e.g., the null alleles of Cd8a, H-2K/D, Tapl, Prfl, and
1115 studied in this paper) result in a clinical readout of accelerated
and more profound autoimmune disease or precocious develop-
ment of lymphomas. Given the potent, suppressive effect of the
MHC class I-dependent CD8/NK axis described in this study, any
number of genetic or environmental factors that weaken this sup-
pressor axis may shift the tenuous balance toward disease.
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Table SI. Source of KO alleles, genotypic and antibody markers used to produce BXSB
and SJL stocks

GeneN" Allele Source | DNA Typing FACS Typing
B2m™!Une (57) Neo247F CTTGGGTGGAGAGGCTATTC Anti-H2K/D-specific
Neo248R AGGTGAGATGACAGGAGATC M1/42 + anti-Cd8a
cdldl™"e (5) Ne0247F CTTGGGTGGAGAGGCTATTC Anti-Cd1(Ly38)
Neo248R AGGTGAGATGACAGGAGATC
Cd8a™™ ™Mk (58) NeoF GAATGGGCTGACCGCTTCC Anti-H2K/D-specific
NeoR TCATATCCTCTGCACCTTGAC M1/42 + anti-CD8a
Fegrt™Per 9) WT FegrtF GGGATGCCACTGCCCTG
WT FegrtR CGAGCCTGAGATTGTCAAGTGTATT
FcRn™"F GGAATTCCCAGTGAAGGGC
H2-K/D (23,59) | Neo247F CTTGGGTGGAGAGGCTATTC Anti-H2K/D-specific
Neo248R AGGTGAGATGACAGGAGATC M1/42 + anti-CD8a
115" (24) WT 1115 Ex3F GAGGGCTAAATCTGATGCGTGTG
WT 1115 Ex3R GAGCTGGCTATGGCGATGG
NeoF GAATGGGCTGACCGCTTCC
NeoR TCATATCCTCTGCACCTTGACTG
1217 (60) WT I121rF Anti-IL21R + anti-CD4 +
CATTTCCAAAGAGCTCCAGTAAACAG anti-B220
WT I121rR CTTGGCCTGCAGTTCTGACG
Ne0247F CTTGGGTGGAGAGGCTATTC
Neo0248R AGGTGAGATGACAGGAGATC
Prf]TmSE (22) WT PrflF TACCACCAAATGGGCCAAG
WT PrfIR GGA GGC TCT GAG ACA GGC TA
Prf1™"R GCT ATC AGG ACA TAG CGT TGG
Tapl™*? (61) Neo0247F CTTGGGTGGAGAGGCTATTC Anti-H2K/D-specific
Neo248R AGGTGAGATGACAGGAGATC M1/42 + anti-CD8a
(B2M)55HpITG | (62) Anti-huB2m BBM1
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Table SII. Log Rank Analysis of Survival Data from BXSB mice (p values)

Strains Cohort Yaa Female Yaa Yaa Yaa Yaa Yaa Yaa Yaa Yaa Yaa Yaa Yaa
Size wt Cd8a™ B2m”™  B2m™ Cdldl™  Cd8a”  Cd8a”  H2-K'D™ 115"  Prfl”™ Tapl-/- Cd8a”  Fegrt”
nis" hB2M™* nis" Tapl™
Yaa wt 93
Femal
et 115+ 15 <0.001
Yaa B2m™ 117 <0.001 <0.001
E;;lﬁz,m 148 0002 <0001  <0.001
Yaa Cd1d1™” 132 0.6 <0.001 <0.001 0.001
-
Efgfdsa 53 <0.001  <0.001 0255  <0.001  <0.001
Yaa Cd8a™ 142 <0.001 <0.001 0.003 0.028 <0.001 0.001
Yaa H-2K”" D™ 131 <0.001 <0.001 0.003 0.13 <0.001 0.001 0.564
Yaa 11157 73 0.044 <0.001 0.002 0.785 0.016 <0.001 0.06 0.223
Yaa Prfl” 153 0.134 <0.001 <0.001 0.219 0.042 <0.001  0.001 0.012 0.468
Yaa Tapl™ 88 0.026 <0.001 <0.001 0.682 0.016 <0.001  0.028 0.113 0.832  0.523
/-
}r(:;lc_/(_ifﬁa 104 <0.001  <0.001  <0.001 0292 <0.001  <0.001  0.339 0.616 0419 005 0237
Yaa Fegrt” 71 0.78 <0.001 <0.001 0.001 0.84 <0.001  <0.001 <0.001 0.013  0.051 0.01 <0.001
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Figure S1.

A, Null alleles of both CD8a and Tap! do not act additively to reduce the lifespans of BXSB.Yaa
mice. CD8a” Tapl™” vs. Tapl”, p=0.23; CD8a” Tapl™ vs. Tapl™”", p=0.34.

B, A human B2M transgene only partially rescues BXSB.Yaa mice with a null allele of mouse
B2m from early mortality. *, significant vs. Yaa wt at p<0.01; +, significant vs. B2m™ at p<0.01

(Bonferroni corrected).
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Figure S1
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