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Abstract
Bone marrow (BM) and lymphocyte samples from aplastic anemia patients show up-regulated Fas
and Fas-ligand (FasL) expression respectively, supporting a relationship between immune-
mediated BM destruction and the Fas apoptotic pathway. Mice with spontaneous
lymphoproliferation (lpr) and generalized lymphoproliferative disease (gld) mutations exhibit
abnormal expression of Fas and FasL; serving as potential models to elucidate underlying
mechanisms of BM failure. We examined cellular and functional characteristics of lpr and gld
mutants on the C57BL/6 (B6) background. Lymph node (LN) cells from lpr and gld mice
produced less apoptosis when co-incubated with C.B10-H2b/LilMcd (C.B10) BM cells in vitro.
This functional difference was confirmed by infusing lpr, gld, and B6 LN cells into sub-lethally
irradiated CB10 mice; all donor LN cells showed significant T cell expansion and activation but
only B6 LN cells caused severe BM destruction. Mice infused with gld LN cells developed mild to
moderate BM failure, despite receiving FasL-deficient effectors, thus suggesting the existence of
alternative pathways or incomplete penetrance of the mutation. Paradoxically, mice that received
Fas-deficient lpr LN cells also had reduced BM failure, likely due to down-regulation of pro-
apoptotic genes, an effect that can be overcome by higher doses of lpr LN cells. Our model
demonstrates that abnormal Fas or FasL expression interferes with the development of
pancytopenia and marrow hypoplasia, validating a major role for the Fas/FasL cytotoxic pathway
in immune-mediated BM failure, although disruption of this pathway does not completely abolish
marrow destruction.
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The key cellular events in the development of aplastic anemia (AA) and other bone marrow
(BM) failure syndromes are the expansion and activation of self-reactive pathogenic T cells
that are polarized towards a Th1-type response and hypersecrete inflammatory cytokines,
such as interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α)1–3. The
autoimmune response results in direct and bystander destruction of hematopoietic stem and
progenitor cells in the BM by cytotoxic lymphocytes, as well as stem cell suppression by
inhibitory cytokines4–6. The clinical outcome is peripheral pancytopenia and severe marrow
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aplasia that, untreated, is fatal due to bleeding and infection. Immune-mediated BM failure
has been modeled in the mouse by infusion of allogeneic donor lymph node (LN) cells into
major- or minor-histocompatibility antigen-mismatched recipients, for the purposes of
understanding the underlying disease mechanisms as well as to test novel treatments7–10.
The murine models mimic many features of human disease, including significantly up-
regulated Fas expression on residual BM cells11 as well as modulation of lymphocyte
expansion and clinical symptoms with immunosuppressive agents such as cyclosporine,
anti-thymocyte globulin (ATG), anti-gamma-interferon (IFN-γ), and anti-tumor necrosis
factor-alpha (TNF-α)9,11. While the inciting auto-antigen(s) remains unknown, considerable
research into the underlying pathophysiology has implicated the Fas system as the
predominant pathway in immune-mediated BM failure12–14.

Engagement of Fas, a 48-kDa type 1 transmembrane protein, by its natural ligand Fas-
Ligand (FasL), results in a signal transduction cascade that culminates in apoptosis15. Mice
with autosomal recessive spontaneous mutations at the lymphoproliferation (lpr) or
generalized lymphoproliferative disease (gld) locus, abnormally express Fas and FasL,
respectively, and similarly accelerate systemic autoimmunity16–18. One characteristic
feature of these animals is massive lymphadenopathy, associated with the proliferation of
aberrant T cells that are composed predominantly of a unique population of
TCRαβ+CD4−CD8−B220+ T cells (DN T cells). DN T cells are presumed to be resting19,20,
although recent studies suggest they may be capable of suppressing proliferation of
autologus and syngeneic T cells through a Fas-independent mechanism21. In addition, a
small proportion of another unique Ly-5(B220)+ T cell population is present and expresses
low levels of CD4 resulting in increased total cell numbers of CD4+ and CD8+ T cells
because of the extent of lymphadenopathy22. Historically, lpr and gld mice have been useful
models for studying systemic lupus erythematosus (SLE) and autoimmune
lymphoproliferative syndrome (ALPS), although only ALPS patients can have homozygous
mutations within the Fas gene23,24. Hematopoietic development has also been probed in
these mice, with the observation of increased peripheral clonogenic progenitors secondary to
extramedullary hematopoiesis from splenomegaly25. The utility of lpr and gld mice in
testing the contribution of the Fas/FasL pathway in immune-mediated BM failure has not
been explored. Lymphocytes isolated from AA patients, although expressing low-levels of
surface FasL, demonstrate very high levels of intracellular FasL that are released upon
stimulation26,27. T cells12 and BM CD34+ cells from patients with AA show upregulated
Fas expression13,28,29 that is inducible in the presence of IFN-γ and TNF-α and modulated
by immunosuppressive therapies28–31, reinforcing the requirement of FasL-bearing effectors
and Fas-bearing targets in the promotion of marrow cell death. Since Fas-mediated cell
apoptosis is not always up-regulated in AA32–34, alternative pathways such as granzyme and
perforin may also be involved.

The aim of our study is to define the effectiveness of effector T cells lacking expression of
Fas or FasL in the induction of BM failure in a minor-H mismatched model, and thus assess
the contribution of Fas/FasL-mediated apoptosis in the development of immune-mediated
BM failure. We analyzed hematopoietic tissues of C57BL/6 (B6), B6.MRL-Faslpr (lpr) and
B6Smn.C3-Faslgld (gld) mice to establish whether at baseline these animals show evidence
of marrow dysfunction. Furthermore, unfractionated LN cells from lpr and gld donors were
compared with those from normal B6 donors in the induction of BM failure after infusion
into congenic C.B10-H2b/LilMcd (C.B10) recipients. Data from this study indicate that LN
cells deficient in Fas or FasL mitigate immune-mediated attack against allogeneic BM cells.
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Materials and Methods
Mice and cell extraction

Inbred C57BL/6 (B6) and congenic B6.MRL-Faslpr (lpr), B6Smn.C3-Faslgld (gld) and
C.B10-H2b/LilMcd (C.B10) mice were originally obtained from the Jackson Laboratory
(Bar Harbor, Maine USA), and were bred and maintained in the NIH animal facility under
standard care and nutrition conditions. The lpr and gld mice were backcrossed to B6 for 11
and 10 generations respectively while C.B10 mice were backcrossed to BALB for 13
generations. Mice were used at 2–6 months of age and were gender-matched between
donors and recipients. All animal studies were approved by the National Heart, Lung, and
Blood Institute Animal Care and Use Committee.

Cells from BM, peripheral blood (PB), lymph nodes (LN), spleen (SP), and thymus (TH)
were obtained from normal B6, lpr and gld mice or C.B10 recipients. BM cells were
extracted from bilateral femurs and tibiae; PB was obtained by retro-orbital sinus bleeding;
LN cells were obtained from bilateral inguinal, axillary and cervical regions. TH, SP and LN
tissues were processed in a tissue grinder and were filtered through 90 μM nylon mesh to
obtain single cell suspensions. Cells were counted using a ViCell counter (Beckman Coulter
Inc., Miami, FL) and complete blood counts (CBC) were obtained using a Hemavet 950
analyzer (Drew Scientific Inc., Oxford, CT).

Flow cytometry cell staining and cell sorting
Monoclonal antibodies for mouse CD3 (clone 145-2C11), CD4 (clone GK 1.5), CD8 (clone
53-6.72), CD11a (clone 2D7), CD11b (clone M1/70), CD25 (clone 3C7), CD45R (B220,
clone RA3-6B2), CD95 (Fas, clone Jo2), CD178 (FasL, clone Kay-10), CD117 (c-Kit, clone
2B8), erythroid cells (clone Ter119), granulocytes (Gr1/Ly6-G, clone RB6-8C5), and stem
cell antigen 1 (Sca1, clone E13-161) were obtained from BD Biosciences (San Diego, CA)
while anti-Fox-P3 (clone FJK-16s) was obtained from eBioscience (San Diego, CA).
Antibodies were conjugated to either fluorescein isothyocyanate (FITC), phycoerythrin
(PE), CyChrome, PE-Cyanin 5 (PE-Cy5) or allophycocyanin (APC).

Cells were first incubated with Gey’s solution (130.68 mM NH4Cl, 4.96 mM KCl, 0.82 mM
Na2HPO4, 0.16 mM KH2PO4, 5.55 mM Dextrose, 1.03 mM MgCl2, 0.28 mM MgSO4, 1.53
mM CaCl2 and 13.39 mM NaHCO3) for ten minutes on ice to lyse red blood cells, and were
then washed and stained with various antibody mixtures in a flow buffer (2.68 mM KCl,
1.62 mM Na2HPO4, 1.47 mM KH2PO4, 137 mM NaCl, 7.69 mM NaN3, and 1% BSA) at
4°C or on ice. For the measurement of regulatory T cells (Treg cells), samples were first
stained with cell surface antigens CD4 and CD25 and then fixed, permeabilized and stained
for intracellular FoxP3. Stained cells were analyzed on a BD LSR II flow cytometer
equipped with the FACSDiva software (Becton Dickinson, San Jose, CA).

Lymphocytes and splenocytes from lpr mice were stained with the marker combination
B220+CD4−CD8−TCRαβ+ to sort double negative (DN) T cells using a FACSVantage cell
sorter from Becton Dickinson. We also sorted CD3−CD4−CD8−CD45R− residual BM
(RBM) cells from C.B10 recipients infused with either B6 or lpr LN cells to elucidate
molecular differences using a PCR-based array analysis.

Lymphocyte cytotoxicity in vitro
BM cell targets from C.B10 mice were co-incubated with effector LN cells from lpr, gld and
B6 donors, or with sorted B220+CD4−CD8−TCRαβ+ DN T cells from lpr mice, in a 96-well
flat bottom culture plate. Cytotoxicity was assayed using a CyToxiLux Plus kit
(OncoImmunin Inc., Gaithersburg, MD) according to the manufacturer’s instructions.
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Briefly, C.B10 BM targets were first labeled with a red fluorescence dye at 37°C for 30
minutes and then dispensed into each well. Each well contained a mixture of 2 ×104 labeled
C.B10 BM cells (targets) and 40 × 104 B6 LN cells (effectors), or mixtures of 5 × 104 C.B10
BM cells and 100 × 104 lpr or gld LN cells (Effector:Target ratio = 20:1). The cell mixtures
were incubated at 37°C for 60 minutes, after which a fluorescent green caspase substrate
was added for the detection of cell apoptosis by LSR-II flow cytometry. Targets only and
effectors only were used as controls.

Induction of BM failure
Procedures for BM failure induction have been described previously. In brief, C.B10 mice,
irradiated four to six hours earlier with 5 Gy total body irradiation (TBI) from a Shepherd
Mark 1 137cesium gamma source (J. L. Shepherd & Associates, Glendale CA), were infused
with LN cells from B6, lpr and gld donors at varying doses of 5–30 × 106 cells per mouse as
specified in each experiment. Mice that received 5 Gy TBI without LN cell infusion were
controls. Recipient mice were bled at two and three weeks to measure CBC, and euthanized
at three weeks post LN-cell infusion for pathological, cellular and molecular analyses.

Pathology
C.B10 mice that received TBI with or without infusion of LN cells were euthanized on day
21. Sternebrae, stomach, intestines, colon, liver, SP and skin were collected, fixed,
embodied, sectioned, stained with hematoxylin and eosin, and examined using an Olympus
IX50 microscope (Optical Elements). Photographic images of BM morphology were
captured at 20× magnification using a SPOT INSIGHT camera with the SPOT version 4.0.8
software.

Enzyme-linked immunosorbent assay (ELISA)
Orbital sinus blood from C.B10 mice infused with B6 or lpr LN cells were centrifuged at
1000g for 10 minutes. Serum was removed and stored at −20°C and analyzed for soluble
FasL concentration using the Quantikine mouse FasL ELISA kit (R&D Systems,
Minneapolis, MN, USA), according to the manufacturer’s instructions. Light absorbance
was measured using the Wallace 1420 Victor 3 reader (Perkin Elmer, Wellesley, MA, USA),
at 450 nm with a correction wavelength set at 570 nm.

Gene expression analysis
BM cells from C.B10 mice that received 5 Gy TBI and 5 × 106 B6 or lpr LN cells three
weeks earlier were stained with an antibody cocktail containing CD3-APC-Cy7, CD4-APC,
CD8-PeCy5 and CD45R-FITC and were then sorted to obtain CD3-, CD4-, CD8-, CD45R-
residual BM cells (RBM). Total mRNA (100–200 ng/assay) was extracted from these
samples using RT2 qPCR-Grade RNA isolation kit (SABiosciences, Frederick, MD, USA),
omitting the enrichment step, and quantified by spectrophotometry (NanoDrop
Technologies, Wilmington, DE, USA). Samples were treated with DNAse using the Turbo
DNA-free kit (Ambion, Austin, TX, USA) and then used as templates for cDNA synthesis
(RT2 First Strand Kit, SABiosciences, Frederick, MD), according to the manufacturer’s
instructions. The synthesized cDNA were applied to cataloged PCR-based SuperArray
(SABiosciences, Frederick, MD) plates to detect expression of genes related to apoptosis,
chemokines, toll-like receptors and stem cell function using the ABI 7900 HT sequence
detector (Applied Biosystems, USA). The relative expression level of each gene was
normalized to six murine housekeeping genes.
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Data analyses
Cellular composition data were analyzed by JMP Statistical Discovery Software (SAS
Institute Inc., NC) using different one-way analysis of variance platforms. Results are shown
as means with standard errors. Statistical significance was declared at p <0.05 and p <0.01
levels. Data from the PCR array were exported to Microsoft Excel spreadsheets and
analyzed with PCR Array Data Analysis Web Portal software provided by SABiosciences.
Genes with more than 2-fold changes in expression between recipients of lpr and B6 LN
cells were considered significant.

Results
Cellular composition

We first examined the cellular composition of various tissues in order to compare lpr and gld
mice with normal B6 controls. In the PB, the white blood cell concentration, especially the
concentration of lymphocytes, was significantly lower in lpr and gld mice (p<0.0005) than
in normal B6 (Figure 1A). There was no difference among the three genotypes in the
concentrations of red blood cells or platelets (Fig. 1A). Further characterization of the
lymphocyte subsets revealed reduced proportions of CD8+ T cells in lpr and gld mice, not
exclusive to peripheral blood but also apparent in the SP and LN (Fig. 1B). Although the
total number of thymocytes per mouse was similar among the three genotypes, lpr and gld
mice had many more LN cells (P<0.01) and splenocytes (P<0.05) than did normal B6
controls, consistent with their known phenotype (Fig. 1B). We further examined the
presence of immunosuppressive Treg cells and found that the proportion of
CD4+CD25+FoxP3+ Treg cells was similar among the three genotypes in LN and SP but
was reduced in lpr and gld mice (P<0.05) in the PB (Fig. 1C).

In the BM, the proportion of CD4+ T cells was similar among the three genotypes, whereas
the proportion of CD8+ T cells was slightly lower in lpr and gld mice, but these differences
were not statistically significant (Fig. 2A). There was no difference in the total BM cells per
mouse or the proportion and total number of hematopoietic stem cells (HSCs) and
progenitor cells as defined by the Lin−Sca1+Kit+ phenotype (Fig. 2B). In addition, no
genotype effect was observed in BM Treg cell proportion (Fig. 2C).

Cytotoxicity in vitro
We examined LN cell cytotoxicity in vitro by incubating effector LN cells from lpr, gld and
B6 mice with target BM cells from C.B10 mice. The lpr, gld and B6 mice are matched at the
H2 locus with C.B10 mice, all bearing the H2b/b allele, but mismatched at multiple minor
histocompatibility antigen loci, thereby permitting B6, lpr, or gld LN cells to recognize
C.B10 BM cells as foreign targets. In this assay, lpr and gld LN effectors were 60–80% less
efficient than B6 LN effectors in inducing apoptosis of C.B10 BM cell targets (Fig. 3A, B).

Induction of BM failure
To evaluate the function of Fas- and FasL-deficient lymphocytes in vivo, we infused LN
cells from lpr and gld donors into sub-lethally irradiated C.B10 mice at a high (15 × 106

cells/recipient) or low (5 × 106 cells/recipient) cell dose and compared outcomes to our
standard model of BM failure, in which infusion of 5 × 106 cells/recipient of B6 LN cells
produced severe BM hypoplasia within two weeks (Fig. 4A). Total BM cell counts at three
weeks after cell infusion showed a significant (P<0.0005) treatment effect with 49% and
33% less residual BM cells in mice infused with lpr and gld LN cells respectively, compared
to C.B10 mice that received TBI only. In contrast, mice infused with B6 LN cells had 68%
less residual BM cells compared to TBI only mice (Fig. 4B). Changes in the BM were
consistent with changes observed in the PB at two weeks post-induction with severe
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leukopenia and thrombocytopenia in mice infused with B6 LN cells, whereas C.B10 mice
that received lpr and gld LN cell infusions had blood counts similar to mice that received
TBI only (Fig. 4C). At three weeks post-induction, recipient mice infused with lpr and gld
LN cells had a greater proportion of Lin−Sca1+Kit+ cells than recipients infused with B6 LN
cells (Fig. 4B). BM histopathology was also consistent, showing that C.B10 mice infused
with lpr and gld LN cells had mild to moderate reduction in marrow cellularity in
comparison to mice that received B6 LN cells, which had moderate to severe atrophy and
TBI only mice that had mild atrophy (Fig. 4D). Overall, mice infused with mutant LN cells
had less severe clinical manifestations than mice infused with LN cells from normal B6
mice.

T-cell activation
We further analyzed residual BM cells from recipient C.B10 mice for the presence of CD4+

and CD8+ T cells, as well as for T cell activation status using CD11a as a marker. Mice that
received TBI only showed no T-cell expansion or activation in the BM whereas mice that
received low and high doses of gld LN cells had significant expansion and activation of
CD4+ and CD8+ T cells in the BM similar to the level observed in mice infused with B6 LN
cells (Fig. 5A, B). Mice that received low and high doses of lpr LN cells also showed
expansion and activation of CD4+ and CD8+ T cells, but the extent surpassed that of
recipient mice infused with B6 LN cells (Fig. 5A, B). Although donor lpr and gld LN cells
expanded and were activated in C.B10 recipient BM, they failed to destroy host
hematopoietic cells or produce severe BM failure.

Role of DN T cells
LN cells from lpr mice contain a large fraction of DN T cells, which we postulated could
serve as immune suppressors and mitigate BM failure. We sorted
B220+CD4−CD8−TCRαβ+ DN T cells and used them alone or in combination with B6 LN
cells as potential effectors/suppressors in a cytotoxicity assay in vitro. Results from this
experiment showed that: 1) lpr DN T cells did not alter the ability of B6 LN cells to induce
target cell apoptosis; 2) sorted lpr DN T cells alone induced the same level of target cell
apoptosis as did B6 LN cells; and 3) unsorted lpr LN cells suppressed B6 LN cells in target
cell apoptosis (Figure 6A). Although lpr LN cells clearly reduced target cell apoptosis, their
suppressive effect was not caused by DN T cells.

Cell dose effect
We further tested the effect of cell dose by injecting sub-lethally irradiated C.B10 recipients
with low (5 × 106 cells/recipient) or very high (30 × 106 cells/recipient) doses of lpr LN
cells and compared outcomes with mice infused with 5 × 106 cells/recipient B6 LN cells.
Total BM cell counts at three weeks after cell infusion were relatively similar between
recipients of B6 LN cells and lpr-VH LN cells, suggesting that the reduction in BM failure
observed in lpr infused recipients could be overcome by a 6-fold increase in cell dose (Fig.
6B). Further analysis of residual BM cells showed a reduction in Th1-type cytokines in lpr
infused recipients (Fig. 6C). Soluble FasL levels were also measured but showed no
elevations to explain the ineffectiveness of lpr LN cells (Fig. 6D).

Gene expression
To discover potential mechanisms responsible for the reduced function of lpr LN cells, we
compared gene expression in RBM from recipients of B6 and lpr LN cells using a PCR-
based SuperArray method focusing on chemokines, toll-like receptors, apoptosis and stem
cell function (Fig. 7A). Of the 360 genes analyzed, 75 genes showed >2 fold down-
regulation and 6 genes showed >2 fold up-regulation in recipients of lpr compared to B6 LN

Omokaro et al. Page 6

J Immunol. Author manuscript; available in PMC 2012 December 04.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



cell recipients. The up-regulated genes showed 2–3 fold changes in all four gene categories.
Of the75 down-regulated genes, 26 are related to apoptosis, 23 to the toll-like receptor
family, 14 associate with chemokines, and 12 are genes related to stem cell function (Fig.
7B). Of particular interest to our study was the low expression of several genes involving
apoptosis and toll-like receptor pathways. Several caspase family members were down-
regulated, including caspase 1 (4.3 fold), 3 (2.1), 4 (4.0) and 7 (2.8), all of which play
important roles in the apoptosis cascade mediated by Fas/FasL (Fig. 7C). There was also a
2.2-fold decline in Fas expression on RBM cells from recipients infused with lpr LN cells
(Fig. 7C). Although anti-apoptotic genes, such as Bcl2 and Xiap, also were down-regulated
in RBM; this effect was counter-balanced by over-expression of IL10, a potent anti-
apoptosis regulator. Toll-like receptors including Tlr4 and Tlr2 were also down-regulated
(2.2 and 4.5 fold), a pattern known to inhibit inflammation. Thus, the limiting factors
accounting for the decline in the function of lpr LN cells in BM destruction may be
decreased expression of key molecules such as Fas, caspase 3 and toll-like receptors in cell
death signaling pathways.

Discussion
Murine models have been used for years to explore the basic mechanisms underlying
autoimmunity and to interrogate isolated gene effects, while avoiding the limitations of
human studies, particularly the heterogeneity of patient populations35–43. Spontaneous
mouse models and later transgenic models have provided insight into the immune system
with revelations such as an early wave of pancreatic β-cell death leading to stimulation of
autoreactive T cells in non-obese diabetic mice (NOD)35,38,42; induction of experimental
allergic encephalomyelitis (EAE) after immunization with myelin antigens39,40,43,44; and the
incidental development of spontaneous colitis in immunodeficient knockout strains such as
TCRα and IL2, directing further exploration of T cell mechanisms in human inflammatory
bowel disease (IBD)45.

Our study used lpr and gld mice to determine the contribution of Fas/FasL pathway as well
as substantiate the presence of competing cytolytic pathways in the AA mouse model. The
lpr and gld mice are good models due to their lack of Fas and FasL expression24,
respectively. The gld mice are particularly relevant because they provide FasL-deficient
effectors which would be expected to abolish immune-mediated BM failure if HSC
destruction were solely Fas-dependent. The mechanism of Fas/FasL-mediated cell apoptosis
in the development of BM failure was directly tested when we infused LN cells from lpr, gld
and B6 donors into sub-lethally irradiated C.B10 recipients. The infusion of 5 × 106 LN
cells from lpr and gld donors had markedly reduced ability to destroy recipient
hematopoietic cells, supporting the predominance of this pathway. Initial cellular
composition analysis indicated that, despite significantly enlarged LN, both lpr and gld mice
had mild peripheral leukopenia with a reduction in lymphocyte concentration, particularly
CD8+ T cells, prompting increased LN cell dose to a much higher level of 15–30 × 106 per
recipient. The differences between mice infused with B6 and gld effectors persisted despite
the increased cell dose, while lpr effectors were more similar to B6 at higher doses.

Expansion and activation of infused lymphocytes from lpr and gld donors in vivo in
recipient BM was comparable or beyond the level observed in mice infused with B6 donors.
Based on these observations, Fas and FasL deficiency did not alter T cell proliferation or
activation and these mutations may promote these processes through abnormal activation-
induced cell death46, particularly in the case of lpr (Fas negative) effectors. T cell activation
evident by the level of CD11a expression was much greater in C.B10 recipients injected
with mutant LN cells than in recipients infused with B6 LN cells. We speculate that T cells
derived from lpr and gld donors may be pre-activated, predisposing them to heightened
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expansion and activation upon antigen encounter. Prior studies in C3H-lpr and C3H-gld
mice indicate that CD4+ T cells have pre-activated or memory T cells which hypersecrete
TH1-type cytokines, IL-2, IFN-γ and TNF-α, which would provide a favorable
immunologic milieu for BM destruction22. In contrast, our study shows that expanded and
activated lpr and gld LN cells do not destroy C.B10 hematopoietic cells, further supporting
the hypothesis that marrow destruction is largely mediated by the Fas-Fas-ligand pathway.

The presence of BM failure, albeit a milder form, in C.B10 mice infused with LN cells from
gld donors supports that the mutation is “leaky”, leading to the presence of a small amount
of normal T cells expressing FasL. Davidson et al reported that 8–14% of LN T cells from
lpr and gld mutants were normal T cells expressing Fas or FasL16. Another possible
explanation for the BM failure observed in C.B10 mice infused with LN cells from gld mice
is the existence of alternative cytolytic pathways, including perforin and granzyme, which
may become more obvious in the absence of normal Fas-FasL interactions. We have
recently reported perforin gene polymorphisms in a subset of AA patients47. The
amelioration of inflammatory bowel disease in perforin knock-out mice48 is also supportive.

Conversely, the observation of reduced BM failure in mice infused with lpr LN cells is less
well understood since FasL is the key molecule on or released by effector T cells responsible
for BM cell destruction. We measured soluble FasL in lpr LN cell recipients (considered less
effective than membrane bound FasL in target cell toxicity), but found no elevated levels to
explain the reduced effectiveness of lpr LN cells. Although DN T cells from lpr mice have
been reported to have immunosuppressive effects21, we demonstrated the contrary in our
studies in vitro, in which DN T cells acted as immune effectors and caused apoptosis of
C.B10 BM cells. A more plausible mechanism is the reduction of key molecules in the
apoptotic pathway of target cells induced by the presence of lpr LN cells. Results from our
gene expression analysis showed significant down-regulation of many genes important in
Fas/FasL apoptosis and toll-like receptor pathways, which are typically over-expressed in
BM failure syndromes21,29,50. These results provide novel evidence indicating that Fas-
deficient effector T cells are also defective in causing cell death, possibly secondary to down
regulation of pro-apoptotic genes in target cells.

Given these findings, our model may provide a useful tool for interrogating the degrees of
disease severity in AA, especially since differences between mild and severe manifestations
are not limited to a quantitative deficit of stem cells10. Historically, graft failure of
syngeneic transplants in patients without pre-conditioning5 as well as the non-correlation of
blood counts with colony-forming cells51 have suggested that the pathophysiology of AA is
in actuality more complex than stem cell absence alone. In addition, the Fas/FasL pathway
has been implicated in other hematological disorders including Fanconi anemia52,
myelodysplastic syndrome53, and chronic myelogenous leukemia54. Our data support
observations in patients with AA and other BM failure syndromes by showing that
lymphocytes with abnormal Fas or FasL expression are incapable of inducing BM failure.
The ready availability of genetically modified mice with well characterized functional
defects like that of lpr and gld mice should further allow a full description of the molecular
pathways involved in immune-mediated marrow failure. While our study focused on
effectors, the lpr model could also be used to evaluate Fas-aberrant targets. Additionally,
this study supports that there are alternative pathways that warrant further testing, possibly
through the use of double or triple transgenic mice barring lethality.
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FIGURE 1.
Reduced lymphocyte proportion in lpr and gld mice. Complete blood counts were performed
on B6, lpr and gld mice using Hemavet 950 (A). Proportions of CD4+ and CD8+ T cells in
LN, PB, SP and TH were analyzed by FACS after staining with a CD8-PeCY5 + CD4-APC
antibody mixture, while total cells in LN, SP and TH were counted by a Vicell Counter (B).
The presence of CD4+CD25+FoxP3+ Treg cells in LN, PB and SP were also analyzed by
FACS (C). Data shown are representative FACS dot plots or means with standard errors
from six B6, six lpr mice and five gld mice used for each group.
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FIGURE 2.
Normal lymphocyte composition in the BM of lpr and gld mice. The same animals described
in Figure 1 were also analyzed for total BM cells per mouse (Vicell counter, Beckman
Coulter, FL) and proportions of BM CD4+ and CD8+ T cells by FACS analysis (A). BM
cells were stained with the antibody mixture Lin (CD3, CD4, CD8, CD11b CD45R, Gr1,
Ter119)-PE + CD117-APC, + CD34-FITC for the proportion of Lin−Sca1+Kit+ (LSK) cells
(B), and with CD25-PE + FoxP3-PE-Cy5 + CD4-APC for the proportion of Treg cells (C).

Omokaro et al. Page 13

J Immunol. Author manuscript; available in PMC 2012 December 04.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



FIGURE 3.
Reduced lpr and gld LN cell cytotoxicity in vitro. LN cell-induced apoptosis of C.B10 BM
cell targets is shown in the representative FACS dot plots after effectors and targets were
mixed 20:1 and incubated at 37°C for 60 minutes using a CyToxilux kit from Onco-
Immunin (A). In comparison to B6 LN cells, effector LN cells from lpr and gld donors
caused less apoptosis of C.B10 BM cell targets (B). Data shown are means with standard
errors from two B6 animals, one lpr, one gld and one C.B10 animal per group each
measured in triplicates.
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FIGURE 4.
Induction of BM failure using LN cells (LNC) from B6, lpr and gld donors. Pre-irradiated (5
Gy TBI) C.B10 mice were infused with 5 × 106 or 15 × 106 LN cells from lpr and gld
donors, or 5 × 106 LN cells from B6 donors, to induce BM failure (A). The presence of LSK
hematopoietic stem and progenitor cells in the BM are shown as representative FACS dot
plots while total BM cells per mouse are shown as means with standard error bars for four or
five mice of each treatment group (B). Recipient CBC was analyzed at two and three weeks
respectively (C). Histological analysis revealed mild hematopoietic cell atrophy in mice
treated with TBI only, mild to moderate atrophy in mice treated with TBI + lpr LN cells or
TBI + gld LN cells, and moderate to severe atrophy in mice treated with TBI + B6 LN cells
(D).
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FIGURE 5.
Expansion and activation of T cells. Residual BM cells from mice discussed in Figure 4
were stained with an antibody mixture containing CD4-APC, CD8-PeCY5 and CD11a-
FITC. The majority of CD4+ and CD8+ T cells were positively stained for the activation
marker CD11a in mice that received LN cell infusions (A). CD4+ and CD8+ T cell
proportions were significantly higher in mice that received lpr LN cells (B).
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FIGURE 6.
The roles of DN T cells, cell dose, class I cytokines and soluble FasL. Sorted DN T cells
from lpr donors caused increased apoptosis of C.B10 BM cell targets and did not suppress
the apoptotic effect of B6 LN cells. Data shown are means with standard errors from two B6
and two lpr donors each measured in triplicates (A). Pre-irradiated (5 Gy TBI) C.B10 mice
were infused with 5 × 106 or 30 × 106 LN cells from lpr donors, or 5 × 106 LN cells from B6
donors, to induce BM failure. Total BM cells per mouse are shown as means with standard
error bars for three mice in each treatment group (B). BM cells were stained with IFN-γ-
FITC, TNFa-APC and IL10-PE; cytokine profiles are shown as means with standard error
bars for three mice in each treatment group (C). Serum soluble FasL levels are shown as
means with standard error bars for treatment groups TBI, B6 and lprL (D).
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FIGURE 7.
Down-regulation of apopotic genes in lpr LN cell-infused recipient BM. C.B10 recipients
pre-irradiated with 5 Gy TBI were infused with 5 × 106 LN cells from either lpr or B6
donors. Three weeks following cell infusion, recipients were euthanized and
CD3−CD4−CD8−CD45R− BM cells were sorted for gene expression analysis using a PCR-
based SuperArray system (A). Of the 360 total genes analyzed in the four categories, 75
genes showed more than two-fold down-regulation in lpr LN cell-infused recipient BM
when compared to B6 (B). There was significant down-regulation in the expression of genes
important in the regulation of cell apoptosis, such as Fas and caspase genes (C) as well as
toll-like receptor genes (D). Data shown are from three recipients analyzed in each group.
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