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Advances in lupus stemming from the parent-into-F1 model
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Abstract

The parent-into-F1 model has led to important advances in our understanding of lupus. Here, we
review previous work in murine lupus which elucidated the role of T cells and supports the conclusion
that the parent-into-F1 model of induced lupus compares favorably with de facto ‘gold standard’
spontaneous models of lupus. The review then focuses on recent work in parent-into-F1 mice, which
has yielded novel insights into unresolved controversies, such as the role of apoptosis in the
pathogenesis of lupus and lupus in patients receiving TNF blockade. The article concludes with
evidence that supports a potential role for CD8 T cells, both cytotoxic and memory cells, in mediating
disease remission.

Parent-into-F1 model: two major disease phenotypes

The basics of the P—F1 model and its resemblance to human lupus have been outlined
previously (reviewed in [1-4]. Briefly, the transfer of homozygous parental strain T cells into
unirradiated semi-allogeneic F1 recipients induces a graft-vs.-host reaction resulting from
donor T cell recognition of host alloantigens. As naive donor T cells mature into effector T
cells, a graft-vs.-host disease (GVHD) ensues taking either a lymphopenic (acute GVHD) or
lymphoproliferative (chronic GVHD) phenotype depending on the donor T cell subsets
involved. If both CD4 and CD8 donor T cells are activated following transfer into an MHC |
+ 1l disparate F1 host, mice develop acute GVHD i.e. a potentially lethal immunodeficiency
in which donor CD8 CTL attack MHC | disparate cells and eliminate immunocompetent host
lymphocytes with B cells among the earliest cells eliminated followed by CD4 T cells, APC
and lastly CD8 T cells which exhibit greater resistance to elimination [5,6]. By contrast, chronic
GVHD requires only the activation of the donor CD4 T cell subset and can be induced either
by depletion of CD8 T cells in the donor inoculum or by transfer of unfractionated donor
lymphocytes into a host differing only by MHC Il. Chronic GVHD is characterized by
expansion of host lymphocytes, particularly B cells due to allo-reactive donor CD4 T cell
activation following encounter with foreign host MHC |1 resulting in cognate polyclonal host
B cell help [7], production of characteristic 1gG lupus autoantibodies and a lupus-like immune
complex glomerulonephritis (ICGN) that can be lethal in some P—F1 combinations.

Acute and chronic GVHD phenotypes can be distinguished as early as two weeks after donor
transfer using flow cytometric analysis of splenocytes (reviewed in [6]. Important two-week
distinguishing features of acute GVHD are: a) engraftment of both donor CD4 and CD8 T cells
and b) near complete elimination of host B cells (< 10% of normal Flvalues). By contrast, the
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key features of chronic GVHD are: a) engraftment of donor CD4 T cells only (i.e. absent or
impaired donor CD8 engraftment); and b) host B cell expansion (=120% of normal F1 values).
These two-week phenotypes (Table 1) reliably the predict long term clinical phenotypes of
acute and chronic GVHD and can serve as early surrogate markers for long-term disease. Two-
week end points are useful for interventional studies and allow for rapid screening of candidates
for therapeutic or immunomodulatory potential. Only those candidates showing promise need
undergo long-term studies to confirm an effect on clinical disease phenotype (e.g. lupus-like
renal disease). An emerging issue with the use of two-week surrogate marker analysis is the
occurrence of intermediate phenotypes (seen with knock out donor strains or biological
intervention) and the empirical determination of the attendant long term phenotypes (reviewed
in [6].

Chronic GVHD strongly resembles human lupus

Early studies demonstrated that chronic GVHD mice resembled several human connective
tissue diseases depending on the parent and F1 strains used (reviewed in [1,8]. A striking
resemblance to human lupus was seen following the transfer of DBA/2 lymphocytes into BDF1
hosts (DBA—F1). It was subsequently shown that due to the lack of MHC Il expression on
murine T cells, a semi-allogeneic F1 recipient is not absolutely required and that transfer of
CD4 T cells into MHC |1 disparate congenic mice such as B6 lymphocytes into the bm12
mutant (B6 —B6bm12) also results in a lupus-like chronic GVHD [4]. Human lupus is highly
heterogeneous and likely represents a syndrome rather than a single disease. As a result,
classification criteria were developed by the American College of Rheumatology (ACR) and
revised [9] to ensure that lupus patients included in published studies actually had lupus. Taken
collectively, the lupus-like features reported in various strain combinations that could be
considered to meet human ACR criteria are: a) immune complex glomerulonephritis (ICGN)
consisting of deposition of 1g and C’ with cellular proliferation and proteinuria [10,11]; b)
lupus-like skin lesions consisting of deposition of Ig and C’ at the dermal-epidermal junction
i.e. positive lupus band test [10,12]; c) anti-RBC ab and Coombs positivity [8]; 4) anti-nuclear
antibodies [10,13]; and 5) characteristic lupus autoantibodies to include anti-dsDNA, anti-Sm
and more recently, antibodies to poly (ADP-ribose) polymerase 1 (PARP-1) [1,4,14].
Importantly, lupus-like features vary depending on the strain combinations used with some
combinations exhibiting only lupus-like autoantibodies and no renal disease [15] while other
combinations such as either Balb/c or A/J—(Balb x A/J)F1 exhibited a closer resemblance to
rheumatoid arthritis, Sjogren’s syndrome and undifferentiated connective tissue disease [16,
17].

Three P—F1 combinations that strongly resemble human lupus have been studied extensively:
a) unfractionated DBA/2 lymphocytes into BDF1 hosts (DBA—F1); b) unfractionated
lymphocytes from B6 donors into bm12 hosts or vice versa (B6<—bm12); and ¢) CD8 depleted
B6 or B10 lymphocytes into BDF1 hosts (B6 CD8 depleted—BDF1). The pathology and lupus
criteria met for each model are summarized in Table 2. DBA—F1 mice exhibit the following
features consistent with the ACR criteria: 1) lupus like ICGN; 2) characteristic lupus-like skin
lesions with positive lupus band test; 3) anti-RBC ab; 4) anti-nuclear antibodies; and 5) lupus-
specific antibodies to include anti-dsDNA, anti-histone/chromatin and anti-PARP [1,8,14]. As
with human lupus, organ specific autoantibodies are not observed [8]. Moreover, ICGN in
DBA—F1 mice that in females is histologically more severe and progresses to nephrotic more
often than in males [18,19] making the model useful for the study of sex based differences in
lupus pathogenesis Because chronic GVHD in DBA—BDF1 mice results from defective DBA
CD8 maturation into CTL [20,21], this P—F1 combination is useful for screening in vivo
agents with CTL promoting potential which are detected by conversion of disease phenotype
to acute GVHD. A disadvantage of the DBA—F1 model is the lack of mutant strains on the
DBA/2 background.
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Lupus-like features of B6<—bm12 mice are: 1) ICGN which is mild and without sex based
differences in severity [22]; 2) anti-nuclear antibodies; and 3) characteristic lupus
autoantibodies to include ant-dsDNA, anti-chromatin and anti-Sm [4]. The use of B6 mice as
either donor or hosts is a significant experimental advantage as a large number of knock out
and transgenic mice are available on the B6 background allowing the role of single molecules
or genes in lupus pathogenesis to be probed for their role in either donor or host cells. By using
B6 mice as hosts, this model is readily amenable to the study of host T and B cell responses
in lupus and does not require breeding of a transgenic or knock out F1 as does the P—F1 model.

Lupus-like features of B6 CD8 depleted—F1 model are: 1) ICGN; 2) anti-nuclear ab; and 3)
anti-dsDNA ab; and 4) anti-RBC ab (Coombs positivity) [23,24]. This P—F1 combination is
useful for studying the role of donor T cell molecules by using B6 knock out or transgenic
mice. Additionally, the BDF1 host has the potential to exhibit severe ICGN and sex based
differences in renal disease although the latter have not been reported using in this combination.
Although a number of injection protocols have been used, disease can be reliably induced in
all three combinations with a single dose of donor cells and disease severity is directly
correlated with the number of donor cells transferred [24,25] The use of Balb/c donor cells and
(B6 x Balb/c) F1 hosts also results in lupus-like ICGN however disease onset requires > 6
months compared to 2-3 months for the three combinations in Table 2 [26,27] making this
combination less attractive for experimental study.

As reviewed by Reeves et. al. [28] NZB/W F1 mice meet three ACR criteria for lupus and
Pristane-induced lupus mice meet 4 or 5 criteria depending on the strain. Thus, neither human
lupus patients nor lupus mice exhibit all 11 ACR criteria for lupus, however the combinations
in Table 2 strongly resemble the subset of human lupus with high tittered autoantibodies and
ICGN. Because lupus nephritis is a major cause of morbidity, this a valuable end point.
Moreover, it is important not only that murine models of lupus resemble aspects of human
lupus but also that they have predictive value in elucidating mechanisms and identifying
therapeutic targets in humans. These are discussed further below.

P—F1 GVHD vs. human GVHD

Despite the similar names, chronic GVHD in the P—F1 model has only a moderate
resemblance to human chronic GVHD in allogeneic bone marrow transplant recipients due
primarily to elimination of immunocompetent host B cells in human transfers, whereas host B
cells are intact in the P—F1 model and are the source of lupus-like autoantibodies. Thus,
chronic GVHD in P—F1 mice resembles human lupus more closely than human chronic
GVHD. In contrast, acute GVHD in the P—F1 model exhibits many similarities to acute
GVHD in humans following allogeneic bone marrow transplants [29] and may become of
increasing relevance with the advent of non myeloablative conditioning regimens. Acute
GVHD in P—F1 mice is also a useful model of normal in vivo allo-specific CTL development
which has important implications about both lupus development and potential lupus treatment
(see below).

A normal in vivo alloantigen specific T cell response can cause lupus

In spontaneous murine lupus, neither the exact time of disease onset nor the specificity of the
disease initiating T cells are known. In contrast, both of these variables are known in the P—F
1 model. Because both donor and host cells are normal prior to transfer, the P—F1 model is a
paradigm for a generic in vivo ag-driven immune response taking either a cell mediated form
(acute GVHD) or an antibody (ab) mediated form (chronic GVHD). Because the ag recognized
by donor CD4 and CD8 T cells is host allogeneic MHC Il and MHC | respectively, the
responding T cell frequency is therefore high enough to permit tracking of the cells that initiate
disease (i.e. donor T cells) by flow cytometry without the use of tetramers thereby allowing
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separation of the ag-specific (donor) T cell response from non-specific secondarily activated
(host) T cells response, the latter may be primarily involved in down regulation the GVHR
[5]. Moreover, the use of normal donor splenocytes avoids skewing of the T cell repertoire as
seen with T cell transgenic adoptive transfer models. As opposed to some models of
spontaneous lupus where T cells may exhibit intrinsic abnormalities that result in lupus [30],
disease phenotype in the P—F1 model is a consequence of a normal cell mediated or ab-
mediated response that is abnormally targeted to self-MHC. Thus, normal allo-specific CD4
T cells can initiate lupus if abnormally targeted to all host B cells. Autoantigen specific T cells
are not absolutely required for lupus initiation.

Conceptual advances in pathogenesis of lupus stemming from chronic
GVHD: previous work

Central role of CD4 T cells in pathogenesis of lupus

A well-established concept in the pathogenesis of lupus is that pathogenic autoantibody
production is T-cell driven and that CD4 T cells are necessary and sufficient for disease
(summarized in Ref. [30]). This major conceptual advance in the pathogenesis of lupus was
initially based on mechanistic studies in mouse models. Work in spontaneous murine lupus as
early as the 1980s demonstrated that disease was improved when T-cell function, particularly
CD4 T-cell function, was experimentally impaired or altered by a variety of methods [30—
36]. The crucial role for CD4 T cells in the pathogenesis of lupus was also shown in the 1980s
by using P—F1 chronic GVHD mice [23,37]. An important advantage of the P—F1 model is
that, unlike spontaneous murine lupus models, the T cells responsible for disease initiation are
of donor origin and can be identified experimentally. This operational advantage allowed the
pioneering work by the Morris et al., which demonstrated that the CD4 T-cell help driving host
B-cell autoantibody production is cognate rather than bystander [7] and is more effective if
CD4 help is polyclonal rather than oligoclonal/monoclonal [38]. Cognate T-cell help for
autoantibody production was subsequently demonstrated in Ipr mice [39].

Because mechanistic studies are difficult to design in humans, the evidence supporting a central
role of CD4 T cells from human studies was largely indirect i.e. pathogenic autoantibodies
exhibit all the features of a normal antigen-driven response, including somatic mutation,
affinity maturation and isotype switching to 1gG, all of which are T-cell dependent (reviewed
in Ref.[40]). Clear evidence of the central role of CD4 T cells in human lupus was revealed
not from direct experimental study of human lupus T cells but rather from indirect observational
studies of patients with SLE and co-existing HIV infection. Initial reports that SLE remission
occurred in HIV patients exhibiting CD4 depletion [41] were followed by reports of SLE
relapse in association with successful drug-induced HIV remission [42], which provided
strong, albeit indirect, support for a central role of CD4 T cells in human lupus.

Thus, the importance of murine lupus models, both spontaneous and induced (i.e chronic
GVHD), in advancing understanding of the pathogenesis of lupus is substantiated by the
elucidation in murine lupus models of the crucial role of CD4 T cells, long before this
mechanism could be indirectly corroborated in humans. Not only was the chronic GVHD model
the contemporary of the spontaneous models but it also extended our understanding by
elucidating cognate help as a mechanism.

T cells as therapeutic targets in SLE

The therapeutic implications of the central role of CD4 T cells in lupus support clinical targeting
of T cells in humans. Given the crucial role of T cells in immune responses and the trade off
of immunodeficiency versus active lupus reported in HIV patients, targeting CD4 T cells must
be selective rather than global. One such approach is based on targeting T-cell activation by
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blocking the CD28-mediated co-stimulation pathway using a CTLA-4 fusion protein, CTLA4-
Ig, that binds to CD80 and CD86. A beneficial effect of CTLA4-1g was shown in both
spontaneous murine lupus (reviewed in Ref.[43]) and in lupus-like chronic GVHD [44]. Human
trials using CTLA-41g (abatacept) are currently underway. Although there is optimism that co-
stimulatory blockade with abatacept will be useful as induction therapy in lupus patients [45],
clinical translation of promising agents in mice to humans is unpredictable and further
refinement of T-cell targeting might be necessary. Regardless of the eventual clinical role of
abatacept in lupus, its development for human SLE was predicated on its beneficial role in
murine lupus, and results in the P—F1 model were concordant with results in spontaneous
models.

Secondary, induced T-cell abnormalities are early predictors of disease severity

A long-standing observation in both human and murine lupus is that T cells exhibit functional
abnormalities consisting of evidence of activation in conjunction with depressed function and
aberrant signaling (reviewed in Refs [46,47]). It has not been clear whether T-cell defects have
a primary, causative role or have a secondary role as a consequence of immune activation.
Results from the P—F1 model provide insight into this controversy and have been reviewed
in detail [48]. Briefly, in DBA—F1 mice, both donor and host immune systems are normal
before transfer and, importantly, neither strain is lupus prone. A mild in vitro defect in T helper
(Th)-cell function (i.e. reduced IL-2 production and impaired IL-2-dependent CTL generation)
is observed as early as 10 days after donor transfer. Similar in vitro defects were found in
spontaneous murine lupus [49] and in humans with lupus [50]. Importantly, the clinical severity
of human SLE was found to correlate with the severity of Th-cell dysfunction in vitro [51].
Thus, in vitro defects in IL-2 production in T cells are inducible secondary events that are
valuable early and sensitive marker of ongoing lupuslike T-cell-B-cell collaboration. These
results do not exclude the existence of primary intrinsic T-cell defects in some cases of lupus;
however, such primary defects are not required for the development of a secondary defect.

Recent implications of chronic GVHD and lupus pathogenesis

Role of apoptosis

Pre-existing defects in apoptosis clearance mechanisms are associated with lupus in both
humans and mice (reviewed in Ref. [52]). Moreover, apoptotic blebs contain nearly all of the
autoantigens targeted by the humoral immune system in SLE [53,54], which led to the postulate
that abnormalities in apoptosis predispose to lupus. However, hereditary defects in clearance
or apoptosis account for only a minority of cases of SLE in humans. Thus, the exact role of
altered apoptosis in the pathogenesis of lupus remains controversial.

Recent work in DBA—F1 mice provides a mechanism by which lupus autoantibodies target
apoptosis-related molecules [14], particularly antigens cleaved by caspases, e.g. poly (ADP
ribose) polymerase 1 (PARP-1). After 4 weeks of disease, female F1 recipients exhibited
increased splenic apoptosis (TUNEL positive cells) and serum levels of anti-PARP-1
antibodies. Values for males were significantly lower but could be increased by experimentally
increasing the apoptotic burden through co-administration of UVB irradiated syngeneic F1
splenocytes. BDF1 host mice have no known defects in complement or apoptotic clearance.
Moreover, donor CD8 CTL development is defective in DBA—F1 mice with minimal anti-
host activity prior to day 14 after which donor CD8 T cells exhibit contraction, well before the
appearance at 4 weeks of increased splenic apoptosis and anti-PARP-1 ab. Thus, it is unlikely
that excessive apoptotic material results from CD8 CTL kKilling of host cells or due genetic
defects in clearance. Instead, our results support the conclusion that lymphocyte activation i.e
CDAT cell driven B cell hyperactivity and attendant cell turnover characteristic of active lupus
in the DBA—F1 model is of sufficient strength and duration that otherwise normal apoptosis
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clearance mechanisms can be saturated, particularly in females, thereby permitting the antibody
response to target apoptotic autoantigens.

Conceptual advances in pathogenesis of lupus stemming from acute GVHD:
previous work

Crucial role of CD8 T cells

The crucial role of donor CD8 T cells in preventing lupus-like phenotype was shown by the
demonstration that depletion of CD8 T cells but not of CD4 T cells from the donor inoculum
converts acute GVHD in B6—BDF1 mice to chronic GVHD both in the long term [23] and at
two weeks [20]. Further underscoring the crucial role of CD8 T cells is the demonstration that
DBA—BDF1 mice exhibit a lupus phenotype rather than the expected acute GVHD as a result
of a naturally occurring defect in CD8 T-cell maturation. Typically, the transfer of parental
CD4 and CD8 T cells into MHC | and Il disparate F1 BDF1 mice results in acute GVHD;
however, the transfer of DBA CD4 and CD8 T cells into BDF1 mice (DBA—BDF1)
paradoxically results in chronic GVHD and lupus-like disease in the long term. The mechanism
involves both an intrinsic CD8 defect (i.e. reduced anti-F1 precursor CTL frequency) [20] and
an extrinsic defect (i.e skewing of CD4 T-cell help to Th2 cytokines) [21]. Importantly, CD8
CTL defects in DBA—BDF1 mice can be circumvented by in vivo manipulations that promote
CTL function, such as rlL-12 treatment resulting in acute rather than chronic GVHD [55].
Acute GVHD can also be induced in DBA—F1 mice by treatment with anti-CD80 mAb which
results in impaired down regulation of CD8 CTLs [56].

Thus, the DBA—F1 model not only attests to the crucial importance of donor CD8 CTL
effector function in spelling out the difference between acute or chronic GVHD but also serves
as a useful model for screening of agents that promote CTLs and thereby prevent lupus-like
disease.

Partial defects in donor CD8 CTL function

In the B6—F1 model of acute GVHD nearly all of the CTL activity in vivo can be accounted
for by perforin (pfp) and Fas/FasL pathways [57]. The use of donor T cells with a partial defect
in parental CD8 CTL activity (i.e. perforin knockout (pfp KO—F1) or FasL defective
(gld—F1) donor T cells) results in an attenuated acute GVHD phenotype at two weeks [58,
59] such that host B-cell elimination is impaired compared with WT B6—BDF1 mice because
of the loss of either the FasL or pfp pathway, respectively. This finding confirms ex vivo data
indicating that both pathways are important in eliminating and controlling activated B cells in
vivo. It might be expected that a defect in a single killing pathway simply delays the onset of
the acute GVHD phenotype; however, in pfp KO—F1 mice, the opposite occurs and mice
develop lupus long term. This surprising outcome is a result of normal homeostatic contraction
of activated CTL effectors from days 10-14 after donor cell transfer [5,6], a time when host
B-cell elimination is typically complete for F1 mice receiving wild-type B6 donor T cells but
is incomplete using pfp KO or gld donor B6 T cells. Donor CD8 T-cell contraction allows the
persisting donor CD4 T cells to provide cognate help to residual host B cells resulting in their
re-expansion, autoantibody production and eventually ICGN. Thus, in the presence of impaired
but not completely defective CD8 CTL function, F1 mice develop an initial two week
phenotype consistent with an incomplete acute GVHD but over time mice evolve into a lupus-
like phenotype (reviewed in Ref. [6]).

These results have important implications for the role of CTLs in lupus. Firstly, effector CTLs
can contract after a finite period regardless of whether foreign antigen has been completely
eliminated. In the setting of persistent foreign antigen and contracted CD8 CTL, the immune
response shifts to an antibody-mediated response with the potential for lupus-like disease in
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the long term. Thus, not only are antigen-specific CD8 CTLs important in initially limiting
lupus-like B-cell hyperactivity by eliminating activated B cells, but their failure, either
complete or partial, to eliminate B cells in a timely fashion can permit the development of a
lupus phenotype. The sequence of events is schematically illustrated in Figure 1 in which the
acute GVHD phenotype using wild-type B6 donor cells (Figure 1a) is compared with the effect
of selective perforin or FasL deficient donor cells (Figure 1b).

TNF blockade in acute GVHD: links to human lupus

Therapeutic TNF blockade in humans has been associated with autoantibody production and,
less commonly, clinical lupus (reviewed in Ref. [60]). The mechanism involved is incompletely
understood; however, results of in vivo TNF blockade in mice with acute GVHD provide a
possible mechanism [61] in that the expected acute GVHD phenotype is converted to a chronic
lupus-like GVHD two week phenotype due to a dose-dependent block in donor anti-host CTL
maturation. Importantly, TNF blockade acted not at the effector CTL level but rather blocked
the activation and induction phase of CTLs (days 0-7). Moreover, TNF blockade selectively
impaired production of the Th1 cytokine IFN-g, however there was no inhibition of cytokines,
such as IL-6, IL-4 or IL-10, that are important in antibody production. Thus, in an ongoing
primary immune response in which both cell-mediated and antibody-mediated responses are
initiated, TNF blockade selectively blocks Th1 cytokines and impairs CD8 CTL maturation
resulting in unopposed function of cytokines important in antibody responses, thereby skewing
the immune response towards humoral immunity. Because the association of TNF blockade
treatment and autoantibody production is relatively uncommon and the development of clinical
lupus is even less common, other factors are probably involved, for example the nature of the
underlying pathogen, its cellular tropism and the genetics of the host response. This previously
unknown crucial role of TNF in a primary CD8 CTL response provides not only a mechanism
by which humoral autoimmunity could occur in patients receiving TNF blockade but also
raises questions about the long-term trade offs in anti-viral and anti-tumor immunity,
particularly in juvenile patients who may not have a fully developed memory CD8
repertoire. Supporting this latter concern, the FDA has recently issued an alert that TNF
blockade may be associated with an increased risk of leukemia and lymphoma, particularly in
children [62].

Recent implications of acute GVHD and lupus pathogenesis

Memory CD8 T cells and lupus remission

Agonist CD40 mAb has both B-cell and T-cell stimulatory properties and is beneficial against
mouse tumors because of its CTL-promoting ability [63,64]. Similarly, a single dose of agonist
anti-CD40 mAb in DBA—F1 mice at the time of donor cell transfer exhibited both strong B-
cell stimulatory and CTL promoting effect and successfully converted the two week disease
phenotype from chronic to acute GVHD [5]. Promotion of DBA CD8 CTLs was due to the
ability of anti-CD40 mAb to bypass donor CD4 T-cell help and license APCs to activate donor
CD8 CTLs directly [5]. So effective was anti-CD40 mAb treatment of DBA—F1 mice that
early development of the acute GVHD phenotype was accelerated compared with acute GVHD
in B6—F1 mice. Although lupus-like renal disease was prevented at 12 weeks in anti-CD40
treated DBA—F1 mice, all mice in this group exhibited serological relapse (i.e. rise in
autoantibodies) associated with donor CD8 T-cell engraftment and host B-cell numbers that
were intermediate between acute and chronic GVHD. Thus, although anti-CD40 mAb induces
an accelerated form of acute GVHD in DBA—F1 mice initially, this phenotype is not sustained
in the long term, and host B cells re-expand and serum autoantibodies rise in association with
a waning of donor CD8 T cells.
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The mechanism of relapse in anti-CD40-treated mice very likely relates to the development of
memory CD8 CTLs, which are crucially dependent on CD4 T-cell help during the initial
activation of naive CD8 precursors [65]. Although memory phenotype CD8 T cells were not
directly examined in this study, it is possible that the reduced numbers of donor CD8 T cells
in anti-CD40 mAb treated DBA—F1 mice in the long term reflects impaired CD8 memory T
cell generation that in turn is a consequence of CD40-mediated CD4 helper T-cell bypass.
B6—F1 acute GVHD mice exhibit significantly greater numbers of donor CD8 T cells long
term compared to anti-CD40 treated DBA—F1 mice and do not exhibit delayed expansion of
host B cells or a rise in serum autoantibodies. By contrast, in DBA—F1 mice, primary donor
anti-host CD8 CTL development is minimal and transient [5] which likely underpins the
significantly reduced long term donor CD8 T cell engraftment vs. anti-CD40 treated DBA—F1
mice and their persistent host B cell activation and expansion.

Thus, in addition to the well-described role of donor CD8 CTLs in the initial (< day 14)
prevention of autoantibody production in the P—F1 model, these results raise the novel
possibility that CD8 T cells, to include memory cells, may also be required in the long term
for maintaining disease remission through continued surveillance and elimination of
autoantibody-producing host B cells. The sequence of events is schematically illustrated in
Figure 2 in which the DBA—F1 chronic GVHD phenotype (Figure 2a) is compared with the
effect of agonist anti-CD40 mAb (Figure 2b).

Prolonging CD8 T-cell activation by preventing Fas-mediated down regulation

It has been proposed that the acceleration of spontaneous lupus-like autoimmunity in Fas-
defective Ipr mice reflects: (i) defective Fas expression on B cells allowing persistence of
pathogenic autoreactive B cells [66]; and (ii) impaired Fas-mediated CD4 T-cell down
regulation resulting in excessive help to pathogenic B cells [67]. Fas-defective non-
autoimmune prone strains (e.g. B6.Ipr mice) exhibit some lupus like autoimmune phenomena
but do not exhibit lupuslike ICGN. Thus, Fas defects act not to cause lupus necessarily but
rather to accelerate underlying disease. Conversely, intact Fas functioning can act to retard
disease expression. By transferring Fas-defective donor cells into Fas-intact hosts, the P—F1
model allows a fine dissection of the role of Fas on antigen-specific T cells and can test whether
Fas-defective CD4 T cells provide excessive or prolonged help to potentially pathogenic B
cells. Moreover, the role of Fas on donor T cells in generating a CTL response in vivo (i.e.
acute GVHD) can be further addressed by mixing or matching purified Fas-intact or Fas-
defective donor CD4 and CD8 T cells. With this approach, it was shown that Fas expression
on CDA4 T cells plays a crucial role in providing help to CD8 CTL maturation but had no
demonstrable role in increasing or decreasing help for CD4 driven-B cell production of IgG
autoantibodies or in long term renal disease severity. [68]. Not surprisingly, Fas played a major
role in the contraction of effector CD8 CTLs. Substituting normal CD4 T cells for Fas-defective
CDA4 T cells resulted in prolonged and enhanced effector function by Fas-defective CD8 CTLs
because of impaired Fas-mediated contraction. These results support the concept shown by
anti-CD80 mADb treatment [56] that in vivo CTL function can be enhanced by delaying
homeostatic contraction.

These results also provide a new interpretation of the role of Fas defects in accelerating lupus
in MRL/Ipr mice. Both Fas and perforin are important in controlling B- cell expansion and
autoimmunity in spontaneous MRL/+ mice and chronic GVHD models of lupus, because the
loss of either of these pathways promotes B- cell expansion and accelerates disease [58,59,
69]. A role for CD8 CTL controlling autoreactive B cells is also supported by the observation
that MRL/Ipr mice exhibit an age-related defect in CTL generation and IL-2 production in
vitro, due in part to excessive CD4 down regulatory function, possibly mediated by regulatory
T cells (Treg) [49]. Because Fas plays a more important role in CD8 CTL contraction than it
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does in CD4 help to B cells [68], the results from Ipr—F1 mice support a role for CD8 CTL
not only in chronic GVHD but also in MRL/ lupus. Specifically, it is possible that the ability
of MRL CD8 CTLs to limit aberrant B-cell expansion is defective not only because of a lack
of Fas expression on expanding B cells (thereby eliminating the FasL pathway of control) but
also that Ipr CD4 T cells provide defective help for CTL in MRL/Ipr mice as shown in Ipr—F1
mice [68] thereby compromising the remaining perforin pathway of autoreactive B-cell control.
Itis not known to what extent this compromise in CTL function is offset by a prolonged effector
phase due to defective Fas-mediated homeostatic contraction.

Do CD8 T cells shape lupus disease expression?

Donor CD4 T cells are necessary and sufficient for lupus-like disease induction in P—F1 mice
however donor CD8 T cells play an important role in ultimate disease expression in this model.
Firstly an intact initial CD8 CTL response can prevent the onset of lupus-like disease early
after donor cell transfer. Secondly, CD8 T cells (possibly memory) are important in preventing
an acute GVHD from evolving into a lupus phenotype long term. Thirdly, an impaired initial
CD8 CTL response results in an intermediate phenotype at two weeks that can evolve to lupus-
like disease [58]. Lastly, we have recently observed that greater renal disease severity in female
vs. male DBA—F1 mice is absolutely dependent on the transfer of DBA CD8 T cells [19].
Thus, despite the profound defect in initial DBA anti-host CD8 CTL response, donor CD8 T
cells can still shape disease expression long term in a sex based fashion. Taken together these
results support that idea that CD8 CTL may be an important mechanism in the control of
autoreactive B cells and clinical lupus might in some cases result from a failure of CD8 CTL
control of B cell autoreactivity.

Translating these observations regarding CD8 T cells to human lupus remains speculative.
Recent work by Blanco et. al. [70] indicates that despite the well described lupus-associated
in vitro defect in human CD8 CTL function [48], SLE patients with active disease can exhibit
phenotypic evidence of CD8 CTL activation to include increased perforin and/or granzyme B
expression. Moreover, such CD8 CTL are capable of generating high amounts of soluble
nucleosomes. As with many studies in human SLE, it is not clear whether the observed
phenomena are a secondary and possibly beneficial compensatory mechanism or a primary
event serving to worsen disease. Results from the P—F1 model are most consistent with the
former postulate i.e. a secondary beneficial or compensatory response. Specifically, CD8 CTL
appearing during flare could be responsible for achieving disease remission by eliminating
autoreactive B cells thereby preventing them from responding to a potentially increased
nucleosome burden. Alternatively, increased CD8 CTL activity could be a primary event and
further exacerbate disease by increasing chromatin/apoptotic substrates without reducing the
ability of B cells to respond to these substrates. Clearly, successful unraveling the role of CD8
CTL in humans will be difficult and will likely be based on novel testable hypotheses stemming
from mouse models. Regardless of the actual role of CD8 CTL in human SLE, the P—F 1
model supports the idea that targeted enhancement of CD8 CTL function resulting in selective
elimination of autoreactive B cells could be beneficial in lupus.

Unresolved issues relating to human lupus

Type | interferons—Overproduction of type I IFN (IFN-1) is a characteristic feature of
human lupus [71]. In murine lupus, the pristine model of induced lupus is the only model thus
far to exhibit the characteristic IFN-1 signature [28]. In the P—F1 model, we have recently
observed that neither male nor female DBA—F1 mice exhibit significant elevation of IFN-1
inducible genes e. g. Mx-1 at a time when significant ICGN is present [19]. The role of IFN-1
in acute and chronic GVHD in the P—F1 model is currently under investigation in our lab.
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Tregs—The pathogenic role and therapeutic potential of Tregs in human lupus are the focus
of active investigation [72,73]. Only a few studies have examined Tregs in the P—F1 model.
Zheng et. al. demonstrated that co administration of ex vivo generated Tregs with DBA/2
splenocytes could block lupus-like features in DBA GVHD mice [74]. By contrast, lupus-like
GVHD in DBA—F1 mice could be converted to acute GVHD by either: 1) depleting CD25+
DBA donor cells prior to transfer [75]; or 2) stimulation of glucocorticoid-induced TNFR-
related protein with an agonist mAb [76]. With the recent description of heterogeneity among
Treg subsets and more specific Treg markers e.g. Foxp3 [77], the exact implications of these
studies with regard to Treg function in the P—F1 model is unclear and will require further
studies.

Important advances in our understanding of lupus have been derived from murine models. Past
results from the P—F1 model exhibit a striking concordance with spontaneous models. The
experimental advantages of the P—F1 model are that it allows mechanistic approaches not
possible in spontaneous models providing novel insights into unresolved aspects of the
pathogenesis of lupus. A recent direction stemming from this model is that therapeutic
enhancement of CD8 CTLs and possibly memory cells is both feasible and potentially
beneficial in lupus.
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Fig. 1A Development of acute GVHD in B6—F1 mice
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Fig. 1B
Conversion of acute to chronic GVHD using CTL defective donor cells
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Figure 1.

Conversion of acute to chronic GVHD phenotype in B6—F1 mice. (a) Mechanics of acute
GVHD induction. Transfer of wild-type B6 T cells into normal B6D2F1 mice results in B6
CDA4 T cell activation that in turn provides help to host B cells and to donor CD8 T cells (days
0-5), leading to expansion and maturation of both host B cells (with transient anti-ssDNA ab
production) and donor CD8 T cells into CTLs (days 5-10). Donor CTL effectors eliminate
activated host B and T cells through both perforin (Pfp) and FasL pathways (days 10-14) and
then undergo homeostatic contraction (days 12-14). Host mice exhibit a profound
immunodeficiency that gradually recovers with donor lymphocyte re-population. Despite the
presence of donor CD4 T cells in the long term, host B cells do not re-expand, possibly because
of the presence of memory donor CD8 T cells. (b) Partial defects in CTL killing convert acute
to chronic GVHD. The transfer of B6 donor cells defective in either Pfp (pfp KO) or FasL (gld)
results in impaired donor CD8 CTL elimination of host B cells during days 10-14. As a result,
homeostatic of donor contraction of donor CD8 CTL (days 12— 14) is associated with a
significant number of residual host B cells capable of re-expansion in the presence of donor
CDA T cells. Both gld—F1 and Pfp KO—F1 exhibit an intermediate 2 week phenotype
consisting of impaired elimination of host B cells. Only pfp KO—F1 mice have been shown
to develop lupus long term. It is not known whether Pfp or FasL play a role in long- term
inhibition by donor CD8 T cells of B-cell expansion. For all figures, donor cells are shown as
clear and host cells are shaded.
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Figure 2.

Conversion of chronic to acute GVHD phenotype in DBA—F1 mice. (a) Mechanics of chronic
GVHD induction. Transfer of DBA splenocytes into normal B6D2F1 mice results in donor
CD4 T-cell activation that in turn provides help to host B cells but defective help for donor
CD8 T cells which also are intrinsically defective. As a result, host B-cell expansion proceeds
unchecked by mature donor CD8 CTL effectors. Early (day 7-10) B cell expansion and
production of anti-ssDNA ab persists long term allowing evolution to lupus specific
autoantibodies and lupus-like ICGN. (b) Conversion of chronic to acute GVHD with agonist
anti-CD40 stimulation. Administration of agonist anti-CD40 mAb at the time of donor cell
transfer directly stimulates host B-cell expansion and bypasses the donor CD4 T cells to
stimulate donor CD8 CTL maturation by licensing of host antigen-presenting cells (APCs),
resulting in an accelerated acute GVHD phenotype (i.e. host B-cell elimination) in the short
term; however, in the long term, mice exhibit a rise in serum anti-ssDNA ab in conjunction
with reduced numbers of donor CD8 T cells compared with WT B6—F1 mice consistent with
reversion to lupus-like disease possibly as a consequence of defective donor CD8 T cell
memory function.
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Table 1

Three common donor (parent) strains using the B6D2F1 mouse as recipient and the resulting short and long term
phenotypes.

DBA—F1 B6—F1 B6 (CD8)—F1
Donor strain DBA B6 B6
Lymphocytes injected?® Unfractionated ~ Unfractionated CD8 depleted

Host BDF1 BDF1 BDF1
GVHD type Chronic Acute Chronic
Long-term phenotypeb Lupus-like Lethal Lupus-like

immune deficient

Short term phenotype Stimulatory® Cytotoxicd Stimulatory

(10-14 days)

aLI'ypical injection doses are 80-90 x 106 DBA donor cells and 50 x 106 B6 donor cells (undepleted or CD8-depleted).
bLupus-like disease in chronic GVHD mice is characterized by (i) ICGN, (ii) lupus specific autoantibodies, (iii) anti-nuclear antibodies, (iv) Ig and
complement deposition in skin and (v) anti-RBC antibody. Mice with long-term acute GVHD exhibit an early mortality at 2—4 weeks, and survivors

exhibit persistent immunodeficiency and a disease resembling acute GVHD in humans after a bone marrow transplant [29].

C.,. A . .
Stimulatory phenotype: significant engraftment of donor CD4 T cells only, host B-cell expansion (=150% versus control), low level IFN-g production,
low lever host B-cell Fas expression and no detectable donor anti-host CTL activity.

dCytotoxic phenotype: significant engraftment of both CD4 and CD8 donor T cells, host B-cell reduction (< 20% versus control), striking increase
in both IFN-g production and host B-cell Fas expression, and detectable donor anti-host CTL activity.
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Lupus-like features of three common donor and host strains used to induce chronic GVHD.

Donor strain

lymphocytes injected2

Host

Lupus criteria met

1) ICGN

2) Anti nuclear ab

3) Lupus specific ab
Anti-dsDNA
Anti-chromatin/histone
Anti-Sm

4) Anti-RBC ab

5) Skin disease

(+ lupus band test)¢

DBA—F1
DBA/2
unfractionated

BDF1

yes
yes

yes

nr.
yes

yes

B6—bm122
B6

unfractionated

bm12

yes
yes

yes

n.r.

n.r.

Table 2

B6 (CD8)—F1
B6
CD8 depleted

BDF1

yes
yes

yes

nr.
yes

n.r.

aLI'he reverse transfer bm12—B6 gives similar results.

bsplenocytes or lymph node cells

Page 19

lupus-like immune complex glomerulonephritis with 1g and complement deposition and cellular infiltration consistent with either proliferative
glomerulonephritis or membranous glomerulonephritis

4 " . R
deposition of Ig and complement at the dermal-epidermal junction n.r., not reported

(see text for references)
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