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Abstract

To test the relative roles of perforin (pfp) vs. FasL in CTL control of autoreactive B cell expansion,
we used the parent-into-F1 model of murine graft-vs.—host disease in which donor CD8 CTL
prevent lupus like disease by eliminating activated autoreactive B cells. F1 mice receiving either
pfp or FasL defective donor T cells exhibited an intermediate short-term phenotype. Pairing of
purified normal CD4 T cells with either pfp or FasL defective CD8 T cell subsets resulted in
impaired host B cell elimination and mild lupus like disease that was roughly equivalent in the two
experimental groups. Thus, in addition to major roles in tumor and intracellular pathogen control,
pfp mediated CD8 CTL killing plays a significant role in controlling autoreactive B cell expansion
and lupus downregulation that is comparable to that mediated by FasL killing. Importantly, both
pathways are required for optimal elimination of activated autoreactive B cells.
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1. Introduction

Systemic lupus erythematosus (lupus) is an immune mediated multi-system disease
characterized by autoantibodies targeted to nuclear antigens. CD4+ T cells are central in
driving B cell autoantibody production in both human and murine lupus [1-5] whereas
CD8+ T cells are one of several potential down regulatory mechanisms in lupus and have
been shown to limit experimental tolerance breaks in normal mice and to fail in lupus mice
[6-9].

A useful model for studying the T cell-B cell mechanisms involved in lupus induction is the
parent-into-F1 (P—F1) model of chronic graft-vs.-host disease (cGVHD) [10]. In this
model, the transfer of parental strain CD4 T cells into semi-allogeneic F1 hosts induces a
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lupus-like disease as a consequence of donor T cell recognition of host allogeneic MHC 11
resulting in cognate help to host B cells. Donor CD8 T cells are critical for limiting host B
cell expansion and lupus-like disease in this model. Specifically, the transfer of both donor
CD4 and CD8 T cells prevents lupus expression because donor CD8 CTL specific for host
MHC I eliminate host lymphocytes, to include B cells, resulting in an immunodeficient
phenotype, acute GVHD (aGVHD). Ex vivo studies demonstrate that perforin (pfp) and Fas/
FasL pathways together account for ~90% of the Killing of host targets by donor CD8 CTL
in this model [11]. In vivo studies also indicate a role for both CTL killing pathways in that
the transfer of either pfp deficient (pfp KO) or FasL deficient (gld) donor T cells results in
impaired elimination of host B cells at two weeks [12, 13]. Interestingly, long term pfp
KO—F1 mice evolve into a lupus-like cGVHD phenotype [12] whereas the long-term
phenotype of FasL defective donor transfers has not been reported in this model.

Taken together, these results suggest that pfp and Fas/FasL play important in vivo roles in
limiting B cell expansion and preventing expression of lupus-like disease. Here we sought to
determine whether both pathways contribute equally to suppression of lupus phenotype or
whether one pathway is dominant. Given the significant roles of pfp in intracellular
pathogen clearance and tumor immunity [14] and of Fas/FasL in homeostatic control of
lymphocytes and retarding lupus [15, 16], it might be expected that the FasL pathway would
have a greater role in limiting autoreactive B cell expansion and eventual lupus-like disease
in the p—F1 model. Our results indicate that, both pathways are required for full control of
autoreactive B cell expansion and contribute relatively equally.

2. Materials and Methods

2.1 Mice.

6-8 week old male and female normal C57BL/6 J (H-2P), FasL defective B6Smn.C3-
FasPd)), pfp defective C57BL/6-Prf1im1542]3 and normal DBA/2 (H-29) were used as donor
mice and B6D2F1J (BDF1) (H-2P/d) mice were used as recipient host mice. All strains were
purchased from The Jackson Laboratory (Bar Harbor, ME). All animal procedures were pre-
approved by the Institutional Animal Care and Use Committee at the Uniformed Services
University of Health Sciences.

2.2 Induction of GVHD.

Single cell suspensions of donor strain splenocytes were prepared as described [17] and
transferred into age and sex matched BDF1 hosts by tail vein injection. The percentages of
donor CD4" and CD8* T cells populations were analyzed by flow cytometry and donor
inoculum adjusted prior to transfer such that all F1 mice received the number of donor CD4
and CD8 T cells designated in the Figure Legends. For Figs 1-4 this typically required 55-65
x 108 unfractionated donor splenocytes. In Fig. 5, GVHD was induced using purified donor
T cell subsets achieved through negative selection using Dynal mouse CD4 or CD8 negative
isolation kits (Invitrogen, Carlsbad, CA) which deplete B cells, NK cells, monocytes/
macrophages, dendritic cells, granulocytes, platelets, erythrocytes and either CD8 or CD4
respectively. Purity of the donor inocula was confirmed by flow cytometry and was typically
> 95%.
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2.3 Flow cytometric analysis.

Spleen cells were first incubated with anti-murine Fcy receptor 11/11l mAb, 2.4G2 for 10
min and then stained with saturating concentrations of Alexa Fluor 488-conjugated, APC-
conjugated, biotin-conjugated, PE-conjugated, FITC-conjugated, PerCPCy5.5-conjugated,
Alexa Fluor 647-conjugated and Pacific Blue-conjugated mAb against CD3, CD4, CD8,
CD19, B220, H2-KP, I-AP, H-2KY, and 1-AY, purchased from either BD Biosciences (San
Jose, CA), BioLegend (San Diego, CA), eBioscience (San Diego, CA), or Invitrogen
(Carlsbad, CA). Biotinylated primary mAb were detected using PE-Texas Red-streptavidin
(BD Biosciences, San Jose, CA). Cells were fixed in 1% paraformaldehyde before reading.

Multi-color flow cytometric analyses were performed using a BD LSRII flow cytometer (BD
Biosciences, San Jose, CA). Gating strategies: lymphocytes were gated by forward and side
scatter and fluorescence data were collected for a minimum of 10,000 gated cells. Studies of
donor T cells were performed on a minimum of 5,000 cells collected using a lymphocyte
gate that was positive for CD4 or CD8 and either positive (host origin) or negative (donor
origin) for MHC class | of the uninjected parent e.g. for B6—F1 mice donor cells are H-2K¢Y
negative. B cells were gated as positive for B220 and either positive (host origin) or negative
(donor origin) for MHC Class Il of the uninjected parent.

2.4 Cytokine Expression by Real Time PCR.

Real time PCR was performed as described [17]. Briefly, splenocytes (1 x 107) were
homogenized in 1 ml of RNA-STAT-60 (Tel-Test, Friendswood, TX). cDNA was
synthesized from mRNA using TagMan® Reverse Transcription Reagents kit (Applied
Biosystems, Foster City, CA). Real-time PCR was performed using pre-made primers and
probes from TagMan® Gene Expression Assays and TagMan® Universal PCR Master Mix
(Applied Biosystems) for the following targets: 1L-21, OAS, MX-1 with 18s rRNA as an
internal control. The calculation of relative gene expression differences was done by
comparative 2"22CT method. The result was expressed as fold change in the experimental
groups compared to normal uninjected B6D2F1 control mice.

2.5. Serological studies.

Mice were bled at the times indicated and sera tested by ELISA for the presence of 1gG
antibodies to calf thymus DNA (Sigma-Aldrich, Atlanta, GA). Units were calculated as
described [17].

2.6 Proteinuria.

Urine protein was quantitated by dipstick (Albustix, Bayer Pittsburgh, PA).

2.7 Statistical Analysis.

Statistical comparisons were performed using Prism 5.0 (Graphpad Software, San Diego,
CA). Mice were tested individually and data are expressed as group mean + SEM. Statistical
significance between two groups was analyzed using Student’s t-test. For multiple
comparisons, two-way ANOVA with an additional Sidak-Bonferoni post-test was used, p-
values < 0.05 were considered statistically significant.
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3. Results

3.1 Donor T cells require both perforin and FasL to mediate aGVHD phenotype at two

weeks.

In the p—F1 model of aGVHD, the first week after donor cell transfer is characterized by
donor CD4 T cell help for: 1) host B cell expansion and 2) donor CD8 CTL maturation [10].
Typically, donor CD8 CTL numbers peak at ~10 days after donor transfer and the donor
CDA4 T cell driven expansion of host B cells is checked by donor CD8 CTL specific for host
MHC I which eliminate host B cells. By day 14, near complete donor CD8 T cell
elimination of host splenic B cells is seen and homeostatic down regulation of engrafted
donor CD8 T cells occurs [10, 18]. To determine the relative importance of the perforin and
FasL pathways in donor CD8 CTL elimination of expanding host B cells, we compared the
ability of B6 pfp KO or FasL defective (B6 gld) donor T cells to eliminate host B cells at
two weeks after transfer. Both male and female combinations were tested using donor T cell
numbers that were just above the threshold for aGVHD induction i.e. ~50-55 x 10°
unfractionated donor splenocytes containing ~ 8 x 108 CD4 and 5 x108 CD8 T cells [19].
Controls consisted of age and sex matched, uninjected F1 mice (negative control) and B6
WT—F1 mice (positive control). As shown in Fig. 1, male and female B6 WT—F1 mice
exhibit a typical two-week aGVHD phenotype i.e. relative to control F1 mice, there is
profound elimination of host B cells (Figs. 1A, 1D, bars 2 vs. 1) and significant elimination
of host CD4 T cells (Figs. 1B, 1E, bars 2 vs. 1) in conjunction with substantial engraftment
of donor CD4 and CD8 T cells (Figs. 1C, 1F, bars 1 and 4). By contrast, both GLD—F1 and
pfp KO—F1 mice exhibit impaired host killing as shown by significantly greater numbers of
surviving host B cells (Figs. 1A, 1D, bars 3 & 4 vs. 2) and CD4/CD8 T cells (Figs. 1B, 1E,
bars 3 & 4 vs. 2 and bars 7 & 8 vs. 6). Defective engraftment of both donor CD4 and CD8 T
cell subsets is seen for both GLD and pfp KO donor cells (Figs. 1C, 1F bars 2 vs. 1 and bars
4 & 5 vs. 3) with the exception of male pfp KO—F1 donor CD4 T cell numbers. Taken
together, GLD and pfp KO donor cells do not induce a typical aGVHD phenotype but
instead induce an intermediate phenotype suggestive of cGVHD i.e. impaired elimination of
host B cells in conjunction with reduced donor CD8 T cell engraftment.

3.2 Donor cells defective in perforin or FasL induce an intermediate GVHD phenotype

long term.

To determine whether the intermediate phenotype for pfp KO—F1 and FasL KO—F1 mice
seen at two weeks was maintained long term or whether mice eventually evolve into either
an aGVHD or cGVHD phenotype, GVHD was induced in pfp KO—F1 and gld—F1 mice
and observed for 12 weeks. In these experiments, DBA—F1 mice serve as the positive
control for cGVHD phenotype. Previous work has shown that DBA—F1 mice exhibit
significant sex-based differences with female—Female transfers exhibiting stronger lupus-
like parameters whereas male—male transfers exhibit milder disease that can resolve
[20-22]. Such sex-based differences are reproduced in Fig. 2. For example, compared to
uninjected control male F1 mice, male DBA—F1 mice exhibit no significant expansion of
host B cells or host T cells (Figs. 2A, 2B, bars 2 vs. 1) and donor T cell engraftment is low
level (Fig. 2C, bar 1). By contrast, compared to uninjected control female F1 mice, female
DBA—F1 mice exhibit striking and significant increase in host B cells (Fig. 2D, bars 2 vs.
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1), a modest (but not significant) increase in host CD4 T cells (Fig. 2E, bars 2 vs. 1) and
high level engraftment of donor CD4 T cells that is ~ 4-fold greater than donor CD8 T cell
engraftment (Fig. 2F, bars 1 vs 4). The effect of pfp or FasL defective donor cell transfers for
male—male transfers was primarily limited to significant differences in host CD4 T cells.
Specifically, pfp KO—F1 mice exhibited significant increase in host CD4 T cells vs. all
other groups (Fig. 2B, bar 4). A lesser increase in host CD8 T cells for pfp— F1 mice was
also seen (Fig. 2B, bar 8).

For female transfers, both pfp—F1 and gld—F1 mice exhibited a significant reduction in
host B cell expansion vs. DBA—F1 mice (Fig. 2D, bars 3 & 4 vs. 2) however both pfp—F1
and gld—F1 mice exhibited increased host CD4 and CD8 T cell expansion vs. either
untreated F1 or DBA—F1 mice (Fig. 2E, bars 3 & 4 vs 2; bars 7 & 8 vs. 6+). CD4
engraftment for female gld—F1 was significantly less than that of pfp—F1 mice or
DBA—F1 mice (Fig. 2F, bars 1 & 3 vs. 2). All three female GVHD groups exhibited low
level donor CD8 engraftment that did not differ significantly (Fig. 2F, bars 4-6).

DBA—F1 cGVHD mice also exhibit the reported sex-based differences in two lupus like
parameters, proteinuria and serum anti-DNA ab. Male DBA—F1 mice exhibit low level
(<2+) proteinuria (Fig. 3A) whereas female DB—F1 mice have significant proteinuria into
the pathologic 3+ range by 10 weeks and sustained through week 14 (Fig. 3B). Both male
and female DBA—F1 mice exhibited a striking increase in serum anti-DNA ab (Figs. 3C,
3D).

Male pfp—F1 and gld—F1 mice exhibited mild proteinuria (Fig. 3A) and elevated serum
anti-DNA ab levels (Fig. 3C) that did not differ significantly from male DBA—F1 mice.
Similarly, female pfp—F1 and gld—F1 exhibited mild proteinuria (Fig. 3 B) and moderate
elevations in serum anti-DNA ab (Fig. 3D) and both were significantly reduced vs. female
DBA—F1 mice. Taken together, the results in Figs. 2 & 3 demonstrate that defects in donor
T cell expression of pfp or FasL result in an intermediate phenotype at two weeks that does
not eventually evolve into aGVHD but rather has features consistent with a mild lupus-like
cGVHD. Importantly, the differences in donor and host T cell numbers seen for gld—F1 or
pfp KO—F1 vs. DBA—F1 mice in Figs. 2B, 2E and 2F are not associated with significant
changes in proteinuria or serum anti-DNA ab.

3.3 Long-term cytokine gene expression:

Sex based differences are seen in IL-21 whereas interferon alpha inducible (IFl) genes
exhibit minimal expression. 1L-21 is important cytokine in lupus pathogenesis (reviewed in
[23]. Similarly, a significant upregulation of type I interferon inducible (IFI) genes is
characteristic of many lupus patients [24]. The cohort shown in Fig. 3 was further examined
at 14 weeks for splenic cytokine gene expression of 1L-21 and the IFI genes Mx1 and OAS.
Significant differences were seen primarily for IL-21 expression. Both female and male
DBA—F1 mice exhibited striking elevations of in IL-21 over uninjected control mice and
female levels were roughly 2-fold greater than males (Figs. 4A vs. 4D, bar 1). For both
sexes, IL-21 expression was significantly reduced in GLD—F1 and pfp KO—F1 vs.
DBA—F1 (Figs. 4A, 4D, bars 2 & 3 vs. 1). Regarding IFI genes, male DBA—F1 mice
showed an ~ 6-fold elevation of OAS expression over control (Fig. 4C, bar 1) whereas the
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OAS and MX-1 were minimally elevated if at all in the remaining male and female groups
(Fig. 4B, 4C, 4E, 4F) over control. Of these cytokines, only the ~ 40-fold increase in IL-21
for female DBA—F1 is associated with greater disease severity.

3.4 Both pfp and FasL play important roles in controlling autoimmune B cell hyperactivity

and cGVHD.

Previous work has shown that CD4 T cells from Fas deficient B6 Ipr mice exhibit defective
helper function for CD8 CTL relative to that of B6 WT [25]. To control for potential strain
differences in CD4 Th cell activity, we paired normal B6 WT CD4 T cells with purified CD8
T cells from either WT, pfp KO or gld mice. Specifically, BDF1 mice received either: a) 8 x
108 B6 WT CD4 T cells alone (cGVHD control) or in conjunction with ~4 x 108 purified
CD8 T from: b) WT (aGVHD control); ¢) pfp KO; or d) gld mice. Mice were monitored
long term for cGVHD parameters. To be sure that we were off plateau, the dose of donor
CD8 T cells used is at the lower limit for aGVHD induction. [19, 25]

The transfer of purified B6 CD4 T cells alone into F1 hosts results in typical features of
cGVHD as previously described [10, 26] i.e., compared to uninjected control F1 mice at 14
weeks, there is significant expansion of host B cells, (Fig. 5A, bars 2 vs. 1), significant
expansion of host CD4 and CD8 T cells (Fig. 5B, bars 2 vs. 1; bars 7 vs. 6), engraftment of
donor CD4 T cells with no detectable donor CD8 T cell engraftment (Fig. 5C, bars 1, 5). B6
CD4—F1 mice also exhibit: 1) significant elevations in serum anti-DNA ab vs. uninjected
control F1 mice with a peak at week 6 (Fig. 5D); and 2) a progressive and significant
increase in proteinuria reaching levels between 2+ to 3+ (Fig. 5E). The transfer of both B6
WTCD4 and WT CD8 T cells converts cGVHD to aGVHD phenotype as previously
described [10, 26] i.e. compared to uninjected control F1 mice, WT CD4 + WT CD8—F1
mice exhibit profound elimination of host B cells and T cells (Figs. 5A, bars 3 vs. 2; 5B,
bars 3 vs. 2, bars 7 vs. 8), engraftment of both CD4 and CD8 B6 donor T cells (Fig. 5C, bars
2, 6), no significant elevation of serum anti-DNA ab levels or proteinuria vs. uninjected
control F1 mice (Figs. 5D, 5E). Co-transfer of CD8 T cells defective in either pfp or FasL
with B6 WT CD4 T cells results in a long term intermediate phenotype. Specifically, host B
cell, CD4 T cell and CD8 T cell levels for either transfer are significantly reduced vs. the
cGVHD control (B6 CD4—F1) but are significantly greater than the aGVHD control (B6
CD4+B6 CD8—F1) and values for host B cells and CD4 T cells are similar to untreated
control F1 mice (Figs. 5A & 5B bars 4 and 5 vs. bars 2, 3 or 1; Fig 5B bars 9 and 10 vs. 6, 7,
8). Interestingly, donor CD8 T cell engraftment was significantly greater for both B6
pfp—F1 and B6 gld—F1 vs. B6 WT CD4+ B6 WT CD8—F1 (Fig. 5C, bars 7 & 8 vs. 6)
despite both experimental groups exhibiting impaired killing of host B cells and killing of
host CD4 T cells compared to that of B6 WT CD4+ B6 WT CD8—FL1 (Figs 5A, 5B, bars 4
& 5 vs 3). Although both B6 CD4 + gld CD8—F1 and B6 CD4 + pfp KO CD8—F1 both
exhibited elevations in serum anti-DNA ab comparable to WT CD4—F1 control cGVHD
mice (Fig. 5D), they did not exhibit significantly elevated proteinuria (>2+) (Fig. 5E). Lastly,
there were no significant differences between B6 CD4 + pfp KO CD8—F1 vs. B6 CD4 +
gld CD8—FL1 in: host B cells, host T cells, donor T cell engraftment, proteinuria or serum
anti-DNA ab (except for weeks 10 and 12). (Fig. 5A-5E). Thus, both pfp and FasL pathways
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contribute relatively equally to aGVHD host lymphocyte elimination and the prevention of
lupus like features.

4. Discussion

A central pathogenic mechanism in both human and murine lupus is CD4 T cell driven - B
cell hyperactivity resulting in the production of autoantibodies targeting nuclear antigens
[1-5]. Following a break in tolerance, autoantibodies are initially low titer and non-
pathogenic [27] however over time, continued activation of autoreactive T and B cells results
in clonal diversification, epitope spreading and eventually high affinity pathogenic
autoantibodies that mediate clinical disease [28-32]. In human lupus, the initiation and
expansion phases can precede clinical disease by years [28] making mechanistic studies of
these early asymptomatic stages problematic.

Given these potent amplification mechanisms, it would seem that tolerance breaks would
invariably lead to autoimmunity, however experimental immunization with nuclear
autoantigens in normal mice results in transient autoantibodies without progression to lupus
[6-9] supporting the idea that following a tolerance break, progression to lupus may
represent a failure of normal down regulatory mechanisms [33]. CD8 T cells are major
contributors to tolerance maintenance and defects in CD8 down regulation have been
reported in NZB/W [7-9], MRL/Ipr [34, 35], BXxSB-Yaa [36, 37] and Yaa-related lupus mice
[38].

In p—F1 mice, CD4 T cells drive host B cell hyperactivity and lupus-like features just as in
human and spontaneous murine lupus [39, 40] however only in p—F1 lupus is the identity
and specificity of the disease initiating CD4 T cells known. Specifically, parental strain
donor CD4 T cells specific for host allogeneic MHC 11 provide cognate help (signal 2) to
potentially all host B cells. Autoreactive B cells encountering their cognate ligand and
binding to their B cell receptor (signal 1) then become mature autoantibody producing B
cells/plasma cells. Similarly, donor CD8 CTL specific for host allogeneic MHC | use both
perforin and FasL pathways to eliminate host splenocytes including autoantibody producing
host B cells [10, 41]. In separate independent studies, it has been shown that the transfer of
unfractionated B6 pfp KO or FasL defective C3H/gld donor parental strain splenocytes into
normal BDF1 or B6C3F1 hosts respectively converts the expected aGVHD phenotype to an
attenuated intermediate phenotype short term and in the case of pfp KO—F1 mice, a mild
lupus-like cGVHD long term [12, 13]. Our study sought to determine the relative importance
of these two major CTL killing pathways in lupus down regulation by performing a
simultaneous direct comparison of pfp vs. FasL defective donor CD8 CTL using the same
donor and host strains. Initially we compared unfractionated splenocytes containing equal
numbers of donor T cells. Because Fas defective Ipr CD4 T cells exhibit impaired help for
CD8 CTL [25] in this model, we controlled for any potential differences in CD4 T cell help
in pfp or FasL defective donors by using purified WT CD4 T cells paired with purified pfp
or FasL defective CD8 T cells. Given the well established role of FasL in lymphocyte
homeostasis and AICD [15, 42] and the major role of pfp killing in pathogen elimination
[14], it might be expected that the FasL pathway would be the dominant mechanism by
which B cell hyperactivity and lupus-like disease are controlled. Surprisingly, our results
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demonstrate that: 1) full control of B cell hyperactivity by CD8 CTL requires that both
pathways be intact; and 2) the contributions by either pfp or FasL killing are relatively equal.
With the loss of either donor CD8 CTL killing pathway, F1 mice exhibited incomplete
elimination of host B cells compared to F1 mice receiving WT CD8 T cells. Importantly, it
is the donor CD4 T cells that drive host B cell autoantibody production in this model and
donor CD4 T cells are not targeted by donor CD8 T cells. Consequently, the engrafted donor
CDA4 T cells can continue to provide help to the surviving residual B cells as evidenced by
the elevated serum anti-DNA ab levels seen in both pfp—F1 and GLD—F1, levels that did
not differ significantly from cGVHD control mice receiving WT CD4 T cells alone.
Nevertheless, despite the presence of elevated serum anti-DNA ab, neither pfp—F1 or
GLD—F1 mice developed significantly elevated proteinuria whereas cGVHD control WT
CD4—F1 mice had levels of >2+. We view this lack of proteinuria in the experimental
groups as likely a threshold effect. The severity of cGVHD and elevation of serum anti-DNA
levels in the p—F1 model is directly proportional to the number of donor CD4 T cells
injected [43, 44] and in this study, we chose to use numbers of donor CD4 and CD8 T cells
were just above the threshold for aGVHD and cGVHD induction i.e. 7-8 x 106 CD4 and ~4
x 108 CD8 T cells. Significant lupus-like renal disease in B6 CD4—F1 cGVHD is typically
seen with transfers of 15-20 106CD4 T cells [25, 45]. Our study used donor cell doses just
above the threshold for lupus induction but low enough to remain off plateau. In a previous
study, we observed that the transfer of unfractioned pfp KO splenocytes into BDF1 mice
also resulted in incomplete B cell elimination and autoantibody production however a mild
ICGN was also seen. In that study, the number of donor CD4 and CD8 T cells transferred
was not rigorously enumerated as in the present study. Thus, although neither pfp—F1 nor
GLD—F1 mice exhibited significant proteinuria indicative of ICGN in this study, we do not
conclude that the presence of a single CD8 CTL killing pathway is sufficient to protect
against lupus like ICGN. With a stronger CD4 T cell helper signal (i.e. greater numbers of
donor CD4 T cells transferred), we expect that the impaired CD8 CTL down regulation
would be insufficient to prevent progression to ICGN.

A role for FasL in controlling autoimmunity is supported by the observation that crossing
the Ipr mutation onto lupus prone MRL+ mice, accelerates lupus-like renal disease [16]. The
mechanism is thought to involve impaired Fas mediated deletion of both autoreactive CD4+
T cells and B cells [46-49] resulting in excessive CD4+ T cell help for intrinsically abnormal
B cells [16]. Of note, crossing the Ipr or gld mutations onto a non-autoimmune prone strain
e.g., B6, results in lymphoproliferation similar to MRL/Ipr mice but the lupus phenotype is
attenuated with minimal/milder renal disease and a more restricted autoantibody profile that
does not include the lupus-specific anti-Sm antibody [16, 50]. These results demonstrate that
in the setting of a loss of tolerance (e.g., in MRL/+ mice), Fas/FasL mediated apoptosis is an
important down regulatory mechanism which acts to retard autoimmunity. In the absence of
a break in tolerance (e.g., in B6 mice), defective Fas function by itself may result in mild
humoral autoimmunity but not florid lupus-like renal disease. Similarly, humans with
defective Fas pathway function (Autoimmune Lymphoproliferation Syndrome) exhibit
lymphoproliferation but lupus-like features are described in only a small subset [51]. In fact,
most SLE patients do not have Fas/FasL mutations [52, 53] or defective in vitro Fas function
but instead exhibit increased Fas expression on T cells [52, 54]. These results support the
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idea that Fas functions normally in SLE patients and acts in a down regulatory role aimed at
normalizing the increased immune system activation characteristic of the disease.

Perforin gene inactivation impairs resistance to tumors and viruses [14] but does not result in
lupus in otherwise normal mice e.g. B6 pfp KO. However in Fas-intact MRL/+ mice, pfp
gene inactivation accelerates humoral autoimmunity and lupus-like disease compared to Fas-
intact, pfp-intact control MRL/+ mice [34] consistent with a major role for perforin, separate
from Fas, in retarding autoimmunity in MRL/+ spontaneous lupus. Additionally, combined
perforin-deficient, MRL/Ipr mice exhibit greater accumulation of double negative T cells
and accelerated mortality compared to perforin-intact MRL/lpr mice indicating that perforin
also down regulates autoreactive T and B cells. These results in combination with the
present study support the idea that, in addition to Fas mediated cytotoxicity, perforin
mediated mechanisms, e.g., CD8 cytotoxicity play an important role in down regulating
lupus.

Despite our results demonstrating that CD8 CTL use both perforin and FasL pathways to
control B cell hyperactivity and previous reports that pfp and FasL are not defective in lupus
patients, a large body of evidence demonstrates that in vitro and in vivo CTL function in
both human and murine lupus is defective [35, 55-59]. For example, CD8 CTL are
absolutely required for control of EBV and SLE patients exhibit defective EBV control [60].
Given the critical role of IL-2 in Th1/CTL responses, defective CD8 CTL in lupus is likely
due not to defective Fas or pfp but rather to the well described 1L-2 defect in human and
murine lupus [61, 62]. A secondary, disease associated defect in IL-2/CTL is well
recognized [62, 63] whereas a primary, pre-existing defect in IL-2 has long been suspected
but difficult to address in either spontaneous murine lupus or human lupus since it is not
clear when disease starts and secondary IL-2 defects begin. Moreover, the presence of a
secondary defect hinders testing for a primary defect.

Recent work in the p—F1 model supports the concept that a primary defect in CD4 IL-2
production may predispose to lupus following a break in tolerance. Specifically, the transfer
of DBA CD4 T cells into BDF1 hosts results in a more severe lupus-like disease than does
the transfer of equal numbers of B6 CD4 T cells as shown by: a) greater numbers of DBA
donor CD4 T follicular helper (Tfh) cells and greater help for B cell autoantibody
production; b) more severe lupus-like renal disease; and ¢) fewer DBA donor CD4 Th1 cells
resulting in reduced help for down regulatory CD8 T cells [64]. Importantly, DBA CD4 T
cells exhibit defective in vitro IL-2 production prior to transfer and defective ex vivo IL-2
production following transfer whereas the B6 CD4 T cell IL-2 response is robust both in
vitro and ex vivo.

Thus, following a loss of tolerance, the impaired IL-2 default response of DBA CD4 T cells
skews towards lupus whereas the high IL-2 default B6 response skews towards milder lupus
and eventual tolerance re-establishment. These results support a new paradigm in which a
pre-existing, intrinsic defect in CD4 IL-2 contributes to lupus susceptibility both by
promoting CD4 Tth cell driven autoantibody formation and impairing the generation of
down regulatory CD8 T CTL. Lastly, the view that defective IL-2 is central to lupus
pathogenesis has recently been further supported by work in humans and mice
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demonstrating lupus improvement with low dose IL-2 supplementation [65, 66]. The
presumed mechanism is due to improved Treg function however given the link between IL-2
and CD8 CTL induction, exogenous IL-2 could also be beneficial by boosting CD8 T cell
down regulation to include CTL formation.
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Highlights

. CD8 cytotoxic T cells are one of several down regulatory mechanisms in
lupus that limit B cell expansion.

. Both perforin and FasL pathways are required for optimal cytotoxic T cell
elimination of activated autoreactive B cells.

. Both killing pathways contribute relatively equally.
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Fig. 1. Donor T cells require both perforin and FasL to mediate aGVHD phenotype at two weeks.
BDF1 mice received B6 WT, B6 GLD or B6 pfp KO donor splenocytes containing 7 x108

CD4 T cells and 4-5 x 10% CD8 T cells as described in Methods. Donor and hosts were both
either male (A-C) or female (D-F). Spleens were assessed at two weeks after donor transfer
by flow cytometry for numbers of: (A, D) host B cells; (B, E) host CD4 and CD8 T cells and
(C, F) donor CD4 and CD8 T cell engraftment. Values represent group mean + SE (n= 5/
grp). For all figures, *p<0.05, **p<0.01, ***p<0.001.
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Fig. 2. Defects in donor CD8 T cell perforin or FasL result in an intermediate cGVHD-like
phenotype long term.

BDF1 mice received DBA, B6 GLD or B6 pfp KO donor splenocytes containing 7 x10°
CDA4 T cells and 4-5 x 108 CD8 T cells as described in Methods. Donor and hosts were both
either male (A-C) or female (D-F). Spleens were assessed 12 weeks after donor transfer by
flow cytometry for numbers of: (A, D) host B cells; (B, E) host CD4 and CD8 T cells and
(C, F) donor CD4 and CD8 T cell engraftment. Values represent group mean + SE (n= 5/
arp).
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Experimental protocol and groups are as shown in Fig. 2. Serial proteinuria is shown for
males (A) and females (B). Serial serum anti-DNA levels are shown for males (C) and

females (D).
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Fig. 4. Increased splenic IL-21 gene expression is seen long term.
Experimental protocol and groups are as shown for Fig. 2. Host F1 spleens were assessed at

12 weeks for cytokine gene expression as determined by real time-PCR for IL-21 and the IFI
genes Mx1 and OAS.

Clin Immunol. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Soloviova et al.

cell#(10°)

-
(=3
1

(=2}
o
1

»H
o
1

N
o
1

o
I

@
=] -
1

Page 20

Host B cells Host T cells Donor T cells
B C.
dekk 2 L 81 sk Ak
Fekdk o sess Fkk ok *kk
Fkk —_— k| * Fekk
201 R .z A 6 &* ke
*kk & akk —axE N
! 2% T 2
¥ - ¥4
T 104 e ]
(3] o
5 I Fokk 24
§ Ty
o N i
CcD4 | CD8 CD4 CD8
= Normal F1
== WT CD4 >F1
om WT CD4 + WT CD8 >F1
=z WT CD4 + GLD CD8 ->F1
== WT CD4 + pfpKO CD8 >F1
40D anti-DNA LE. Proteinuria
-
304 ==+ Normal F1
H WT CD4 >F1 3+

* 4 WT CD4 + WT CD8 >F1
© WT CD4 + GLD CD8 >F1 2+
- WT CD4 + pfpKO CD8 >F1

1+

Relative units
N
<

-
o
1

o
"
1
)
)
)
]
]
]

o

I

2

»
(2]
©
-
o
-
N

Fig. 5. Both perforin and FasL are important in long term prevention of cGVHD.
BDF1 mice were either uninjected or received 8 x 10° purified CD4 from B6 WT spleens

alone or in conjunction with ~4 x 10° purified CD8 T cells from either B6 WT, B6 GLD or
B6 pfp KO splenocytes. Mice were assessed at 12 weeks for (A) splenic host B cells; (B)
splenic host CD4 and CD8 T cells; (C) splenic donor CD4 and CD8 T cells; (D) serum anti-
DNA ab; and (E) proteinuria. Values represent group mean + SE (n= 5/grp).
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