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IFN-vy-mediated hematopoietic cell destruction in murine models of
immune-mediated bone marrow failure

Jichun Chen, Xingmin Feng, Marie J. Desierto, Keyvan Keyvanfar, and Neal S. Young

Hematology Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD

Interferon gamma (IFN-y) has been reported to have both negative and positive activity on
hematopoietic cells, adding complexity to the interpretation of its pleiotropic functions.
¢ |IFN-vy reduces functional
HSCs and augments Fas
expression and Fas-mediated
apoptosis in hematopoietic
stem and progenitor cells.

e Disruption of the IFN-y/IFN-
vy-receptor 1 signaling axis by
targeted gene deletion
significantly attenuates
immune-mediated BM failure.

We examined the effects of IFN~y on murine hematopoietic stem cells (HSCs) and progenitors
in vitro and in vivo by using mouse models. IFN-y treatment expanded bone marrow (BM)
c-Kit*Scal*Lin™ (KSL) cell number but reduced BM KLCD150* and KLCD150"CD48" cells.
IFN-y-expanded KSL cells engrafted poorly when tested by competitive repopulation in
vivo. KSL, KLCD150*, and KLCD150"CD48™ cells from IFN-y-treated animals all showed
significant upregulation in Fas expression. When cocultured with activated T cells in
vitro, KSL and KLCD150" cells from IFN-y-treated donors showed increased apopto-
sis relative to those from untreated animals, and infusion of activated CD8 T cells into
IFN-y-injected animals in vivo led to partial elimination of KSL cells. Exposure of BM cells
or KSL cells to IFN-y increased expression of Fas, caspases, and related proapoptotic
genes and decreased expression of Ets-1 and other hematopoietic genes. In mouse
models of BM failure, mice genetically deficient in IFN-y receptor expression showed
attenuation of immune-mediated marrow destruction, whereas effector lymphocytes from IFN-y-deficient donors were much
less potent in initiating BM damage. We conclude that the activity of IFN-y on murine hematopoiesis is context dependent.
IFN-y-augmented apoptotic gene expression facilitates destruction of HSCs and progenitors in the presence of activated cytotoxic

T cells, as occurs in human BM failure. (Blood. 2015;126(24):2621-2631)

Introduction

Interferon gamma (IFN-v) is a critical cytokine of the immune sys-
tem. Its absence in genetically engineered mice and in humans with
constitutional genetic defects profoundly influences susceptibility
to microbial agents, especially chronic mycobacterial infection.'™
When immunity is triggered inappropriately, as in autoimmune dis-
eases or immune-mediated syndromes such as graft-versus-host
disease,”” IFN-vy appears to mediate inflammation and target cell
destruction, negative effects associated with type 1 T cells and Th1
cell response.® However, the precise roll of IEN-y in animal models,
and particularly in human diseases, has not always been easy to
define because of conflicting data among experiments and some-
times strikingly poor correlation between murine experiments and
the clinic.'%'?

Effects of IFN-y on hematopoiesis, mainly assessed by progen-
itor assays in vitro, have been reported as both stimulatory ' and
suppressive'32* under various circumstances. IFN-y has been reported
to stimulate myelopoiesis under specific infectious conditions.?**>
Zhao and colleagues reported that murine Th1 supernatants led to
expansion of c-Kit"Sca-1"Lin™ (KSL) cells with high proliferative
capacity skewed toward myelopoiesis, an effect attributed to IFN-y
signaling through STAT1. In a mouse model of mycobacterial infec-
tion, Baldridge et al*” reported increased proportions of long-term
repopulating hematopoietic stem cells (HSCs) in infected animals, an

effect dependent on IFN-vy, suggesting a positive role of IFN-y in
hematopoietic homeostasis.

In contrast, the role of IFN-vy in human hematopoietic disease
has appeared to be mainly negative, as in chronic neutropenia, anemia
of chronic diseases, and immune-mediated aplastic anemia (AA). B2
Marrow failure in AA is reversible in most patients by immunosup-
pressive therapies, and blood counts in a large proportion of responding
patients are dependent on continued administration of the calcineurin
inhibitor cyclosporine.”>* We and others have reported inhibition of
hematopoiesis by IFN-vy in assays of human progenitor cells in
vitro, 223! overexpression of its gene in bone marrow (BM) cells and
T cells,***? upregulation of genes downstream of IFN-y signaling, and
alterations of the T-bet regulator of IFN-y in BM failure.'>%*

In our murine models of immune-mediated marrow destruction,
infusion of H2 or minor histocompatibility antigen mismatched
lymph node (LN) cells rapidly induces AA with elevated circulating
IFN-v.**> Development of marrow failure can be ameliorated by
both broadly acting immunosuppressive agents and monoclonal
antibody specific to IFN-y.***” Inhibitory effects of IFN-y on human
hematopoietic cells have been localized molecularly to an essential
role for Mk kinases and sprouty proteins.*®* IFN-y appears to sup-
press HSC self-renewal and multilineage differentiation, thus impairing
normal hematopoiesis.' 0+
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With contrasting results in the literature, we have re-examined
the role of IFN-v in murine hematopoiesis, focusing on destruction
of HSCs and hematopoietic progenitor cells, in particular in rodent
models of BM failure that mimic human AA.

Methods

Mice and IFN-y treatment

Inbred C57BL/6 (B6) and FVB/N (FVB), congenic C.B10-H2b/LilMcd
(C.B10) and B6.SIL-Ptprc*Pep3®/Boy (CD45.1), and induced mutant
B6.129S7-Ifng"™ '™ (IFN-y ') and B6.129S7- IFNgRI"™A8{(IEN-yR1 /")
mice were all from The Jackson Laboratory (Bar Harbor, ME) and were bred
and maintained in National Institutes of Health animal facilities under standard
care and nutrition. All animal studies were approved by the Animal Care and
Use Committee at the National Heart, Lung, and Blood Institute.

Recombinant murine IFN-y was obtained from BioLegend (San Diego, CA)
or PeproTech (Rock Hill, NJ), diluted in Iscove modified Dulbecco medium (Life
Technologies, Grand Island, NY), filtered through 0.22-uM Millex-GS filters
(Millipore Ireland Ltd., Tullagreen, Ireland), and injected into 6- to 10-week-old
B6, FVB, or CD45.1 mice at 10 pg per mouse in 200 L volume via intra-
peritoneal injection. Mice were bled and euthanized 20 to 48 hours later to collect
BM cells for analyses.

Blood counts, cell staining, and flow cytometry

Blood was collected from the retro-orbital sinus into Eppendorf tubes with
EDTA added. Complete blood count was performed by using a HemaVet 950
analyzer (Drew Scientific Inc., Waterbury, CT). After mice were euthanized
by using CO,, BM cells were extracted from tibiae and femurs, filtered
through 95-uM nylon mesh, counted by using a Vi-Cell counter (Beckman
Coulter, Miami, FL), stained with antibody mixtures on ice for 30 minutes in
RPMI 1640 (Life Technologies) supplemented with fetal bovine serum, and
acquired by using LSR IT or FACSCanto II flow cytometers operated by using
FACSDiva software (Becton Dickinson, San Diego, CA). Stained BM cells
were sorted on a FACS Aria cell sorter (Becton Dickinson) to collect KSL and
KLCD1507 cells. BM cells from mice previously induced to develop BM
failure were sorted to obtain activated CD4 and CD8 T cells.

Monoclonal antibodies for murine CD3 (clone 145-2C11), CD4 (clone
GK 1.5),CD8 (clone 53-6.72), CD11b (clone M1/70), CD95 (Fas, clone Jo2),
CD178 (FasL, clone MFL3), erythroid cells (clone Ter119), and granulocytes
(Gr1/Ly6-G, clone RB6-8C5) were from BD Biosciences (San Diego, CA).
Annexin V apoptosis kits were also purchased from BD Biosciences. Anti-
mouse CD45R (clone RA3-6B2), CD45.1 (clone A20), CD45.2 (clone 104),
CD48 (clone HM48-1), CD117 (c-Kit, clone 2B8), CD150 (SLAM, clone
TC15-12F12.2), and stem cell antigen 1 (Scal, clone E13-161) were from
BioLegend. Antibodies were conjugated to fluorescein isothiocyanate, phyco-
erythrin (PE), PE-cyanin 5 (PE-Cy5), PE-cyanin 7 (PE-Cy7), allophycocyanin,
or brilliant violet 421 (BV421).

BM cell culture

BM cells from B6 and FVB mice (1.0to 1.5 X 10 cells per milliliter) or sorted
KSL cells from B6 mice were cultured in RPMI 1640 medium supplemented
with 100 U/mL penicillin, 100 U/mL streptomycin, 292 pg/mL L-glutamine,
10% fetal bovine serum (Life Technologies), 10 ng/mL interleukin-3 (IL-3),
10 ng/mL IL-6, 10 ng/mL stem cell factor, and 10 ng/mL FIt3-L (PeproTech)
at 37°C with 5% CO, overnight or for 6 days with or without 50 ng/mL IFN-vy.
In some experiments, anti-Fas antibody (BD Biosciences) was added to BM
culture at 1 pg/mL. Harvested cells were counted and saved for RNA extrac-
tion or flow cytometry analyses.

Assays of apoptosis

BM cells from B6 or FVB mice with or without injection of 10 g IFN-y per
mouse 1 day earlier were stained and sorted for KSL cells or KLCD150" cells,
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which were mixed with sorted CD4 and/or CD8 T cells from C.B10 or B6 mice
induced to develop BM failure 12 to 14 days earlier. Cell mixtures were cultured
in vitro at 37°C with 5% CO, in RPMI 1640 media with added cytokine for
1 hour. Cells were harvested and stained with antibodies, annexin V, and
7-aminoactinomycin D to detect cell apoptosis by using annexin V apoptosis
detection kits (BD Biosciences).

FVB mice injected with 10 g IFN-y per mouse at day 0 were infused at
day 1 with nothing (IFN-y) or 6 X 10* CD8 T cells from BM failure B6 mice
(IFN-y+CD8). FVB mice without IFN-y treatment were also infused at day
1 with nothing (control) or 6 X 10* CD8 T cells (CD8). BM cells were
extracted from animals euthanized at day 2, stained, and analyzed for KSL
and Fas " KSL cell recovery to measure KSL cell elimination in vivo.

Colony assay and competitive repopulation

Sorted KSL cells from B6 mice with or without injection of 10 g IFN-y per
mouse 1 day earlier were cultured in MethoCult GF medium (STEMCELL
Technologies Inc., Vancouver, BC, Canada) at 37°C with 5% CO, for
10 days. Colonies were counted under a Zeiss Axioskop2 Plus microscope.
Sorted KSL cells from IFN-y-injected and control B6 mice were also mixed
with BM cells from a pool of CD45.1 competitors and engrafted into lethally
irradiated (11 Gy from a '*’Cesium gamma source [J.L. Shepherd & Associates,
Glendale, CA]) CD45.1 recipients. Two experiments were performed using
low or high KSL:competitor BM cell ratios. Recipients were bled once per
month for 3 to 4 months, and engraftment of donor KSL cells was measured
by flow cytometry analyses based on CD45.1/CD45.2 allelic difference.

PCR array

Total RNA was isolated from cultured BM cells, cultured KSL cells, or sorted KSL
cells using the RNeasy Kit (QIAGEN, Valencia, CA), digested with RNase-free
DNase I (QIAGEN), and assessed by using a Nanodrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE). First-strand complementary DNA
was synthesized by using RT? First-Strand Kit (QIAGEN). Quantitative analysis
of messenger RNA expression of hematopoiesis- and apoptosis-related genes was
performed by using mouse polymerase chain reaction (PCR) arrays PAMM-054Z
and PAMM-012Z (QIAGEN). Expression of genes in apoptosis and hematopoi-
esis pathways was compared between samples with and without IFN-y treatment
of the same cell type (BM cells or KSL cells) under the same treatment conditions
(cell culture in vitro or injection in vivo). Two-way hierarchical cluster analysis
was performed for genes that had more than twofold changes, based on PCR array
data using Ward’s method of JMP statistical software (SAS Institute, Cary, NC).

Induction of BM failure

Inguinal, axillary, and lateral axillary LN cells from B6, IFN-y ', and FVB mice
were homogenized by using a mini tissue grinder (Daigger Scientific, Vernon
Hills, IL) in Iscove modified Dulbecco medium. LN cells were filtered through
90-uM nylon mesh (Small Parts, Miami Lake, FL) and counted by a Vicell
counter. LN cells from FVB donors were injected into pre-irradiated (6.5 Gy total
body irradiation [TBI]) B6 or IEN-yR1 '~ recipients, and LN cells from B6 and
IFN-y "~ donors were injected into pre-irradiated (5 Gy TBI) C.B10 recipients,
allat5 X 10° cells per recipient through the lateral tail vein. Recipient mice were
bled and euthanized 12 or 14 days later, and BM cells were extracted from tibiae
and femurs for cell counting and flow cytometry analyses. Sternae were fixed in
10% neutral buffered formalin, sectioned at Sp.M thickness, stained with hema-
toxylin and eosin (GeneCopoeia Inc., Rockville, MD), and examined by using a
Zeiss Axioskop2 Plus microscope equipped with a Zeiss AxioCam high-
resolution, cooled camera (Carl Zeiss Microlmaging GmbH, Jena, Germany).

Statistics

JMP (SAS Institute) repeated measures analysis (mixed model with random
effects) was used to analyze data from competitive repopulation assays with
multiple measurements of the same recipients at different time points. Data from
B6/IFN-yR1 ™/~ BM failure mice were analyzed by using a linear square model,
in which interaction of treatment and genotype was used to evaluate differences
between B6 and IFN-yR1 ™~ mice in response to induction of BM failure. Data
obtained from flow cytometry were analyzed by unpaired ¢ test, variance
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Figure 1. Expansion of phenotypic KSL cells by IFN-y
without expansion of functional HSCs. (A) IFN-y injec-

>

IFN-y AND HEMATOPOIETIC CELL DESTRUCTION 2623

tion (10 pg per mouse; n = 9) caused a significant
increase in the proportion of KSL cells relative to
untreated controls (n = 9). (B) When B6 BM cells were
cultured for 6 days with IFN-y (50 ng/mL; n = 10), there
was a significant increase in KSL cell proportion. (C) In a
competitive repopulation assay with KSL:competitor BM
cell ratio of 180:3 X 10°, KSL cells from IFN-y-treated
donors (solid circles) contributed very little to recipient
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analyses, and multiple comparisons using GraphPad Prism statistical software.
Data are presented as means with standard errors. Statistical significance was
declared at P < .05.

Results

IFN-y-stimulated expansion of KSL cells but not of functional
HSCs and progenitors

A single injection of IFN-y at 10 g per mouse caused a significant
increase in the percentage of KSL cells in the BM of B6 mice measured
20 to 24 hours later (Figure 1A). Based on CD150 expression, the
proportion of KSLCD150™ cells (SKSL) increased seven- to eightfold
after treatment with IFN-y (supplemental Figure 1A available on
the Blood Web site). When BM cells from B6 mice were cultured in
vitro for 6 days in hematopoietic cytokine-supplemented (Flt3-ligand,
IL-3, IL-6, and stem cell factor) RPMI 1640 media, IFN-y exposure

stimulated a 163-fold increase in the proportion of KSL cells relative to
cell culture without IFN-v (Figure 1B).

Because no difference was observed in blood cell counts between
B6 mice with or without IFN-y injection (supplemental Table 1), we
queried whether IFN-y-augmented KSL cell expansion was accompa-
nied by altered HSC and progenitor cell function. We first measured the
frequency of colony-forming units in vitro: KSL cells from IFN-y-
injected mice formed hematopoietic colonies, and IFN-y-expanded
KSL cells contained more colony-forming units than KSL cells from
untreated B6 mice (supplemental Figure 1B). Next, we mixed KSL
cells from untreated or IFN-y-treated B6 donors with BM cells from
congenic competitors and transplanted cell mixtures into lethally
irradiated recipients. In 2 experiments with low and high ratios of donor
KSL to competitor BM cells, KSL cells from IFN-v-treated donors had
significantly lower donor contribution to recipient hematopoiesis than
did KSL cells from untreated B6 donors (Figure 1C). Thus, IFN-y-
expanded KSL cells failed to reconstitute lethally irradiated recipients in
vivo and therefore did not function normally as HSCs and progenitors.
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Figure 2. T-cell-mediated apoptosis and elimina-

27.2% tion of IFN-y-expanded KSL cells. (A) Activated CD8
N T cells were sorted from the BM of B6 mice pretreated
with sublethal TBI and FVB LN cell infusion (induced BM
failure) and then mixed with KSL cells from IFN-y-treated
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IFN-y-augmented KSL cell apoptosis and elimination

One function of IFN-vy is to sensitize target cells to killing. We
hypothesized that IFN-y-stimulated KSL expansion might facil-
itate IFN-y-mediated cell destruction, especially under conditions
of inflammatory stress and in the presence of activated T cells. We
cultured KSL cells from IFN-vy-injected donor mice with activated
CD8 T cells from mice induced for BM failure. There was a
significantly higher proportion of KSL cells entering apoptosis
relative to normal KSL cells not exposed to IFN-y (Figure 2A). In
another experiment, we cultured untreated or IFN-y-expanded
KSL cells with activated CD4 and CD8 T cells from BM failure
mice, and again, [IFN-y-expanded KSL cells were more apoptotic than
were KSL cells from normal mice (Figure 2B). Thus, IFN-vy-expanded
KSL cells were more sensitive to CD8 T cell-mediated killing than
were normal KSL cells.

We further tested the fate of IFN-y-expanded KSL cells in vivo by
sequential injection of IFN-y on day 0 and of activated CD8 T cells on
day 1. FVB mice injected with [FN-y alone showed marked increase in
the proportion and total number of BM KSL cells relative to untreated
controls (Figure 2C). Infusion of activated CD8 T cells into IFN-y-
injected mice (IFN-y+CD8) eliminated almost half the KSL cells
gained by IFN-vy treatment, whereas infusion of CD8 T cells into normal
mice produced no apparent change (Figure 2C). When SKSL cells were
measured, [FN-y+CDS treatment also reduced the proportion of SKSL
cells in BM (supplemental Figure 2A). Thus, activated CD8 T cells
caused elimination of IFN-y-expanded KSL and SKSL cells in vivo.

Upregulated Fas expression on IFN-y-expanded KSL cells

To investigate the mechanism of IFN-y-mediated effects on KSL
cells, we examined expression of Fas on KSL cells after historic
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Figure 3. IFN-y-upregulated KSL cell Fas expres- A
sion and Fas-mediated destruction. (A) KSL cells
from IFN-y-injected mice (10 g per mouse; n = 9) had
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a significantly higher proportion of cells expressing the
apoptotic receptor Fas relative to KSL cells from
untreated (n = 8) mice. (B) BM cells from B6 mice
(n = 10) cultured with 50 ng/mL IFN-y for 6 days in
vitro also had significant upregulation in Fas expres-
sion on KSL cells compared with cultured BM cells
without IFN-y (n = 10). (C) From the same mice
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observations that IFN-y mediated Fas expression on human BM
CD34" cells.***® Indeed, KSL cells from IFN-y-injected mice showed
large proportions of cells expressing Fas (Figure 3A). In 6-day BM
cell culture, as stated earlier, the proportion of Fas"KSL cells was
about 40% on average in the IFN-y-exposed BM culture, much
higher than 10% Fas " KSL cells in culture without IFN-vy (Figure 3B).
When mice were sequentially injected with IFN-y and activated CD8
T cells, there was a significant decline in Fas*KSL cells relative to
mice that received IFN-vy alone (Figure 3C). Thus, the decline in KSL
cells (Figure 2C) likely represented partial elimination of Fas " KSL
cells (Figure 3C). IFN-y+CDS8 treatment also reduced SKSL and
Fas "SKSL cells in these same mice (supplemental Figure 2).

We further explored the role of Fas in IFN-y-mediated KSL cell
apoptosis/destruction by culturing BM cells with or without anti-Fas
antibody. Addition of anti-Fas antibody significantly reduced the KSL
cell percentage, total KSL cell recovery, and total BM cell recovery
after IFN-y treatment (Figure 3D), indicating that anti-Fas antibody
mediated apoptosis and elimination of IFN-vy-treated BM cells and
IFN-y-expanded KSL cells.

Effects of IFN-y on apoptotic and hematopoietic gene expression

In cultures of BM cells, IFN-y treatment significantly upregulated the
expression of Fas and caspases 1, 7, and 12 (Figure 4A). IFN-y

Anti-Fas Anti-Fas

treatment stimulated expression of Fas, caspases 1,4, and 7, Bcl2l11,
Tnf, Trafl, and CD40 relative to BM cells absent IFN-y (Figure 4B).
Levels of apoptotic gene upregulation were highest at 3 hours and
then gradually decreased at 6 and 20 hours in IFN-y-treated and IFN-
v-+anti-Fas-treated relative to untreated BM cells. At 20 hours of
culture, expression of apoptotic genes Fas, Caspase 1, Caspase 4, and
Bax were lower in BM cells exposed to IFN-y+anti-Fas antibody
relative to BM cells exposed only to IFN-y, suggesting that Fas
engagement accelerated elimination of apoptotic cells (Figure 4B).
Consistent with findings from BM cell culture, KSL cells exposed to
IFN-vy in vitro also upregulated expression of caspases 1,2, 3,4, 7, and
12 and other proapoptotic genes (Figure 4C), whereas KSL cells from
IFN-vy-injected mice in vivo showed elevated expression of Caspase 3
(Figure 4D). These differentially expressed genes are all components
of a signaling network that is triggered by engagement of apoptotic
receptors like Fas (supplemental Figure 3).

We also analyzed the effect of IFN-y on hematopoietic gene
expression. Normal KSL cells from B6 mice cultured with IFN-y in
vitro for 20 hours downregulated Ets-1 and other transcription factors
and signaling molecules such Pax5, Runx!, and Stat 3 (supplemental
Figure 4A). In B6 mice injected with IFN-y, KSL cells downregulated
Ets-1 and Gata2 and upregulated genes that affect Notch function
(supplemental Figure 4B). Thus, IFN-y exposure in vitro and in vivo
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reduced Ets-1 expression in KSL cells, consistent with a negative role
of IFN-v in hematopoiesis.

IFN-y-augmented Fas expression and apoptosis in KLCD150" cells

Because KSL cell engraftment was severely reduced after [FN-y ex-
posure, we reasoned that despite KSL cell expansion, IFN-y might not
stimulate hematopoiesis when other markers were used to define HSCs
and progenitor cells. Toward this end, we measured Kit"Lin~ (KL),
KLCD150%, and KLCD150"CD48 cells along with KSL cells in a new
set of mice with and without IFN-y injection. Despite a marked increase
in the proportion of KSL cells (supplemental Figure 5A), IFN-y-treated
mice had significantly decreased proportions of KL (supplemental
Figure 5B), KLCD150™ (Figure 5A), and KLCD150" CD48~
(Figure 5B) cells relative to untreated control mice. We determined that
Fas expression was significantly upregulated in all hematopoietic cell
fractions in response to IFN-y treatment, including KSL (supplemental
Figure 5A), KL (supplemental Figure 5B), KLCD150™" (Figure 5A),
and KLCD150" CD48" (Figure 5B) populations. IFN-y-mediated
Fas upregulation was also apparent when measured by median
fluorescent intensity (supplemental Table 2). Thus, IFN-y augmented
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0O > > T Figure 4. IFN-y-augmented apoptotic gene expres-

g a E_ 2 2 sion. (A) Heat map of apoptotic gene expression in

= T_“ :1 L normal B6 BM cells cultured for 20 hours with 50 ng/mL.

O o IFN-y (IFN-vy) or media only (control). (B) Differential
n o

expression of apoptotic genes in B6 BM cells after
20 hours of culture with 50 ng/mL IFN-y (IFN-y), 50 ng/mL
IFN-y + 1 pg/mL anti-Fas antibody (anti-Fas), or media
control (control). (C) Apoptotic gene expression heat map
for KSL cells from B6 donors after 20 hours of culture with
or without 50 ng/mL IFN-y. (D) Apoptotic gene expression
heat map for KSL cells from B6 mice with or without
IFN-vy injection (10 g per mouse) 20 hours earlier.
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Fas expression on HSCs and progenitors regardless of cell surface
markers used to detect them.

We further measured T-cell-mediated cell apoptosis in KLCD150™
cells. Upon interacting with activated CD4 and CD8 T cells for
60 minutes, a significantly larger proportion of KLCD150™ cells from
IFN-v-treated mice entered apoptosis relative to KLCD150 ™" cells from
untreated control mice (Figure 5C). Thus, IFN-y augmented apoptosis
in both KSL (Figure 3) and KLCD150" (Figure 5C) cells in the
presence of activated T cells.

Attenuation of immune-mediated BM failure with IFN-y/IFN-yR1
axis disruption

In animal models of immune-mediated BM failure, plasma IFN-y
levels were elevated, and administration of anti-IFN-y antibody im-
proved animal survival.>*>® In this study, we further tested the role of
IFN-vy in BM failure. First, we used IFN-yR1 '~ B6 mice as recipients
to receive major histocompatibility complex—mismatched LN cells
from FVB donors. B6 mice that received TBI plus FVB LN cells
showed marked declines in white blood cells, red blood cells, platelets,
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Figure 5. IFN-y-upregulated Fas expression and A IFN'Y Control KLCD150* Cells
Fas-mediated apoptosis in KLCD150" cells. (A)
IFN-y-injected B6 mice (10 wg per mouse, n = 4) had . = 0.25F * %
a significantly lower proportion of KLCD150" cells but 0.1 34% -
a significantly higher proportion of Fas™ cells within the (@] 020 (L
KLCD150" population relative to untreated controls % 0.15 L4 :ll.i
(n = 8). (B) Simikarl, the proportion of KLCD150°CD48™ e —
cells was significantly lower but the proportion of Fas™ = 0.10F L4
cells was significantly higher in the KLCD150"CD48™ cell 5
population in IFN-y-injected mice than in controls. (C) 5] i . . 0.051
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and total BM cells relative to B6 mice that received TBI only
(Figure 6A), as expected.47 In comparison, IFN-yR1 '~ mice infused
with FVB LN cells showed only slight declines in white blood cells
without apparent change in red blood cells, platelets, or BM cells
(Figure 6A). Attenuation in BM cell destruction in IFN-yR1 '~ mice
was accompanied by suppression of CD4 and CD8 T-cell expansion in
the BM of IFN-yR1 ~/~ mice infused with FVB LN cells (Figure 6B).

In B6 mice, infusion of FVB LN cells caused a significant increase in
Fas™ residual BM cells (CD4 CDS8") relative to TBI-only controls
(Figure 6C). In IFN-yR1~/~ mice, infusion of FVB LN cells did not
cause Fas upregulation on residual BM cells relative to IFN-yR1 '~
mice that had received TBI only (Figure 6C). Attenuated T-cell
expansion and altered Fas upregulation on residual BM cells led to
preservation of KLCD150™" (Figure 6D) and KSL cells (supplemental
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Figure 6. Attenuation of immune-mediated BM
destruction with IFN-yR1 gene disruption. B6 mice
and IFN-yR1~/~ mice were treated with 6.5 Gy TBI (B6
control; n = 7; IFN-yR1 = control; n = 10) or TBI plus
infusion of 5 x 10° FVB LN cells (B6 BM failure; n = 10;
IFN-yR1~/~ BM failure; n = 8). Mice were bled and
euthanized at day 12 to measure complete blood count
(CBC) and cellular change. (A) B6 mice treated with
FVB LN cells had severe declines in white blood cells
(WBCs; 88%), RBCs (40%), platelets (40%), and total
BM cells (57%) relative to TBI-only controls, whereas
IFN-yR1~/~ mice infused with FVB LN cells had only a
40% decline in WBCs relative to TBI-only controls
without decreases in RBCs, platelets, or total BM cells,
leading to significant differences (P < .01) between B6
and IFN-yR1~/~ mice in response to the same number
of infusions with FVB LN cells. (B) IFN-yR1~/~ mice
infused with FVB LN cells had lower proportions of
CD4 and CD8 T cells (P < .05) in BM relative to
B6 mice infused with FVB LN cells. (C) B6 mice infused
with FVB LN cells (n = 6) had a significantly higher
(P < .05) proportion of Fas® cells in CD4 CD8~
residual BM cells relative to their TBI-only controls
(n = 4). IFN-yR1~/~ mice (n = 5) infused with FVB LN
cells showed no Fas upregulation on residual BM cells
relative to their TBI-only controls (n = 6). (D) B6 mice,
but not IFN-yR1~'~ mice, infused with FVB LN cells
had a significantly reduced proportion and total number
of KLCD150" hematopoietic stem and progenitor cells
relative to their respective TBI-only controls, leading to
significant treatment and strain interactions (P < .01).
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Figure 6) in IFN-yR1 ™~ recipients relative to B6 recipients after
infusion of the same LN cells from FVB donors.

Next, we infused LN cells from B6 or IFN-y '~ donors into
C.B10 mice pre-irradiated with 5 Gy TBI. Relative to TBI con-
trols, B6 LN cell treatment induced severe neutropenia, thrombo-
cytopenia, and BM hypoplasia, similar to our previous report,’
whereas neutropenia, thrombocytopenia, and BM hypoplasia were
far less severe in C.B10 recipients infused with IEN-y '~ LN cells
(Figure 7A). Sternal cavities appeared to be empty in recipients of
B6 LN cells but remained cellular with clusters of hematopoietic
cells in recipients of IFN-y '~ LN cells (Figure 7B). CD4 and CD8
T-cell expansion was prominent in the BM of mice infused with B6
LN cells but was far less pronounced in the BM of mice infused
with IFN-y '~ LN cells (Figure 7C). A striking difference was a
fivefold decrease in total BM FasL*CD8™ T cells in recipients
of IFN-y ™/~ LN cells relative to recipients of B6 LN cells
(Figure 7D), which might account for the decline in residual BM
cell apoptosis detected in recipients of IFN-y '~ LN cells relative
to recipients of B6 LN cells (Figure 7E).

O BM failure
B Control

IFN-yR1-

Discussion

In this study, we explored the role of IFN-y as a mediator of he-
matopoietic cell apoptosis and destruction. First, we observed that
IFN-y reduced numbers of KLCD150" and KLCD150"CD48 cells
and of functional HSCs, despite apparent expansion of KSL and SKSL
cells. Second, apoptotic stimuli, such as anti-Fas antibody and FasL-
bearing activated CD4 and CD8 T cells promoted apoptosis and
elimination of IFN-y-expanded KSL cells both in vitro and in vivo;
activated T cells also promoted apoptosis of KLCD150" cells from
IFN-vy-treated mice. Third, expression of Fas and other proapoptotic
and pro—cell death genes were upregulated in KSL cells and BM cells
after IFN-y exposure both in vitro and in vivo. Fourth, disruption of
IFN-v/IFN-yR1 signaling considerably attenuated immune-mediated
BM failure in respective mouse models. These observations support
IFN-v as a stimulator of Fas-mediated hematopoietic cell apoptosis.
Although treatment with a single dose of IFN-y caused great
expansions of phenotypic KSL and SKSL cells, similar to previous
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Figure 7. Reduced efficacy of IFN-y '~ LN cells in A Neutrophils Platelets BM Cells
the induction of BM failure. C.B10 mice were treated ey o
; | EE——
with 5 Gy TBI (TBI only; n = 6), TBI plus 5 X 10° B6 P 250 =
LN cells (B6 LN; n = 7), or TBI plus 5 x 10° LN cells . = 200 L
from IFN-y~"~ donors (IFN-y /"LN; n = 10) and were % z 150 0 EF
bled and euthanized on day 14 to measure CBC and &, e IS L_-é
cellular changes. (A) Recipients of IFN-y '~ LN cells ™ i 100 o .
had more neutrophils, platelets, and total BM cells . 50 $ "
than did recipients of B6 LN cells. (B) Marrow cavities . | 0 .I | i
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reports,’®*” functional HSCs were markedly reduced by IFN-y. This
result is in good agreement with previous findings, in which whole BM
cells from INF-y-treated mice showed reduced engraftment®’ and ex
vivo IFN-y-expanded KSL cells failed to engraft.** Although KSL and
SKSL cells are enriched for functional HSCs in normal mice,“g'50
there were precedents in the literature for marked phenotype/function
discordance.”’ > IFN-y stimulates Sca-1 expression,”*>* and HSCs
and progenitor cells can be defined by other cell surface markers.”*>
Thus, IFN-y in our experiments reduced HSCs and hematopoietic
progenitor cells as defined by the KLCD150" and KLCD150*"CD48~
markers, as reported previously.*

Loss of normal HSC function after IFN-vy treatment suggests
that IFN-y plays a negative role in the regulation of hematopoiesis.
This view is well supported by historic observations.'®** In one
recent study, IFN-vy appeared to impair HSC proliferation through
downregulation of the Socs-Tpo-Stat5 signaling pathway.*® In
another report, constitutive IFN-y expression, achieved by deletion

of an IFN-vy-adenylate-uridylate-rich element, resulted in AA
with disruption of multilineage differentiation.*> Gene expression
analyses revealed downregulation of Gata2, Pax5, Stat3, and
Ets-1 in IFN-y-expanded KSL cells; Ets-1 was downregulated in
KSL cells treated with IFN-y both in vitro and in vivo. As a key
member of the Ets family of transcription factors, Ets-I is a
positive regulator of hematopoietic differentiation and lineage
speciﬁcation.s‘s’61 Therefore, the effect of IFN-y-mediated Ets-1
downregulation is consistent with IFN-+ as a negative regulator, acting
directly on murine HSCs.

The putative role of IFN-y in human AA has been modeled in
animals,**** including mitigation of pancytopenia by treatment with
anti-IFN-y antibody.*® IEN-y sensitizes target cells to killing by diverse
mechanisms, including modulation of HLA expression,®>®* production
of nitric oxide,” activation of caspase death pathways,%*® and in-
duction of Fas expression.***®%7 We previously reported that
Fas/FasL is the major cell death pathway for marrow destruction
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in mouse models of immune-mediated BM failure,68 including as
innocent bystanders.>> Results from this study are in agreement
with our previous reports and those of others concerning IFN-vy in
the development of BM failure.

In a recent publication, acute IFN-a exposure appeared to drive
HSC proliferation by transient relaxation of HSC quiescence and
rapid return of HSCs to quiescence to protect the HSC pool from
exhaustion.”” In addition to literature concerning Fas-mediated cell
apoptosis, there are reports of Fas-mediated cell proliferation under
special circumstances.”®”? Thus, the fate of cells with Fas upregulation
may be contextual to the environment. In some circumstances, par-
ticularly in response to infection, IFN-y-expanded hematopoietic cells
might usefully contribute to production of differentiated myeloid
cells.?>77*7* However, under conditions of immune-mediated BM
failure, in which activated FasL-bearing cytotoxic T cells expand in the
local BM environment, IFN-y would be deleterious because it drives
Fas upregulation on hematopoietic cell components in the BM and
serves as a critical component of an aberrant immune response that
prepares hematopoietic cells for destruction mediated by Fas/FasL and

BLOOD, 10 DECEMBER 2015 - VOLUME 126, NUMBER 24

Acknowledgments

This study was supported by the National Heart, Lung, and Blood
Institute Intramural Research Program, National Institutes of Health.

Authorship

Contribution: J.C. designed research, performed experiments, ana-
lyzed data, and wrote the paper; X.F. performed experiments and
analyzed data; M.J.D. performed experiments; K.K. performed
cell sorting; and N.S.Y. designed the research and wrote the paper.

Conlflict-of-interest disclosure: The authors declare no competing
financial interests.

Correspondence: Jichun Chen, Hematology Branch, National
Heart, Lung, and Blood Institute, National Institutes of Health,
NIH Bldg 10, Clinical Research Center, Room 3E-5272, 10 Center

other signals.

References

Dr, Bethesda, MD 20892-1202; e-mail: chenji @nhlbi.nih.gov.

Hallstrand TS, Ochs HD, Zhu Q, Liles WC.
Inhaled IFN-gamma for persistent nontuberculous
mycobacterial pulmonary disease due to
functional IFN-gamma deficiency. Eur Respir J.
2004;24(3):367-370.

Hwang JH, Koh WJ, Kim EJ, et al. Partial
interferon-gamma receptor deficiency and
non-tuberculous mycobacterial lung disease.
Tuberculosis (Edinb). 2006;86(5):382-385.

Herbst S, Schaible UE, Schneider BE. Interferon
gamma activated macrophages kill mycobacteria
by nitric oxide induced apoptosis. PLoS One.
2011;6(5):e19105.

Bustamante J, Boisson-Dupuis S, Abel L,
Casanova JL. Mendelian susceptibility to
mycobacterial disease: genetic, immunological,
and clinical features of inborn errors of IFN-y
immunity. Semin Immunol. 2014;26(6):454-470.

Chevillard C, Moukoko CE, Elwali NE, et al. IFN-
gamma polymorphisms (IFN-gamma +2109 and
IFN-gamma +3810) are associated with severe
hepatic fibrosis in human hepatic schistosomiasis
(Schistosoma mansoni). J Immunol. 2003;
171(10):5596-5601.

Ju JM, Lee H, Oh K, Lee DS, Choi EY. Kinetics
of IFN-y and IL-17 Production by CD4 and CD8
T Cells during Acute Graft-versus-Host Disease.
Immune Netw. 2014;14(2):89-99.

Wang H, Yang YG. The complex and central role
of interferon-y in graft-versus-host disease and
graft-versus-tumor activity. Immunol Rev. 2014;
258(1):30-44.

Delisle JS, Gaboury L, Bélanger MP, Tassé E,
Yagita H, Perreault C. Graft-versus-host disease
causes failure of donor hematopoiesis and
lymphopoiesis in interferon-gamma receptor-
deficient hosts. Blood. 2008;112(5):2111-2119.

Lu Y, Giver CR, Sharma A, et al. IFN-y and
indoleamine 2,3-dioxygenase signaling between
donor dendritic cells and T cells regulates graft
versus host and graft versus leukemia activity.
Blood. 2012;119(4):1075-1085.

. de Bruin AM, Voermans C, Nolte MA. Impact

of interferon-y on hematopoiesis. Blood. 2014;
124(16):2479-2486.

. Mirantes C, Passegué E, Pietras EM. Pro-

inflammatory cytokines: emerging players
regulating HSC function in normal and diseased
hematopoiesis. Exp Cell Res. 2014;329(2):
248-254.

12.

20.

21,

Lees JR. Interferon gamma in autoimmunity: A
complicated player on a complex stage. Cytokine.
2015;74(1):18-26.

Piacibello W, Lu L, Williams D, et al. Human
gamma interferon enhances release from
phytohemagglutinin-stimulated T4+ lymphocytes
of activities that stimulate colony formation by
granulocyte-macrophage, erythroid, and
multipotential progenitor cells. Blood. 1986;68(6):
1339-1347.

Lu L, Srour EF, Warren DJ, et al. Enhancement
of release of granulocyte- and granulocyte-
macrophage colony-stimulating factors from
phytohemagglutinin-stimulated sorted subsets of
human T lymphocytes by recombinant human
tumor necrosis factor-alpha. Synergism with
recombinant human IFN-gamma. J Immunol.
1988;141(1):201-207.

Kawano Y, Takaue Y, Hirao A, et al. Synergistic
effect of recombinant interferon-gamma and
interleukin-3 on the growth of immature human
hematopoietic progenitors. Blood. 1991;77(10):
2118-2121.

. Caux C, Moreau |, Saeland S, Banchereau J.

Interferon-gamma enhances factor-dependent
myeloid proliferation of human CD34+
hematopoietic progenitor cells. Blood. 1992;
79(10):2628-2635.

Shiohara M, Koike K, Nakahata T, Komiyama A.
Hematopoietic progenitors and synergism of
interferon-gamma and stem cell factor. Leuk
Lymphoma. 1994;14(3-4):203-211.

Young HA, Klinman DM, Reynolds DA, et al. Bone
marrow and thymus expression of interferon-
gamma results in severe B-cell lineage reduction,
T-cell lineage alterations, and hematopoietic
progenitor deficiencies. Blood. 1997;89(2):
583-595.

Klimpel GR, Fleischmann WR Jr, Klimpel KD.
Gamma interferon (IFN gamma) and IFN alpha/
beta suppress murine myeloid colony formation
(CFU-C)N: magnitude of suppression is
dependent upon level of colony-stimulating factor
(CSF). J Immunol. 1982;129(1):76-80.

Zoumbos NC, Djeu JY, Young NS. Interferon is
the suppressor of hematopoiesis generated by
stimulated lymphocytes in vitro. J Immunol. 1984;
133(2):769-774.

Broxmeyer HE, Cooper S, Rubin BY, Taylor MW.
The synergistic influence of human interferon-

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

gamma and interferon-alpha on suppression of
hematopoietic progenitor cells is additive with the
enhanced sensitivity of these cells to inhibition
by interferons at low oxygen tension in vitro.

J Immunol. 1985;135(4):2502-2506.

Mamus SW, Beck-Schroeder S, Zanjani ED.
Suppression of normal human erythropoiesis by
gamma interferon in vitro. Role of monocytes
and T lymphocytes. J Clin Invest. 1985;75(5):
1496-1503.

Yu JM, Emmons RV, Hanazono Y, Sellers S,
Young NS, Dunbar CE. Expression of interferon-
gamma by stromal cells inhibits murine long-term
repopulating hematopoietic stem cell activity. Exp
Hematol. 1999;27(5):895-903.

Belyaev NN, Bir¢ J, Langhorne J, Potocnik AJ.
Extramedullary myelopoiesis in malaria depends
on mobilization of myeloid-restricted progenitors
by IFN-y induced chemokines. PLoS Pathog.
2013;9(6):e1003406.

MacNamara KC, Oduro K, Martin O, et al.
Infection-induced myelopoiesis during intracellular
bacterial infection is critically dependent upon
IFN-vy signaling. J Immunol. 2011;186(2):
1032-1043.

Zhao X, Ren G, Liang L, et al. Brief report:
interferon-gamma induces expansion of Lin(-)
Sca-1(+)C-Kit(+) Cells. Stem Cells. 2010;28(1):
122-126.

Baldridge MT, King KY, Boles NC, Weksberg DC,
Goodell MA. Quiescent haematopoietic stem cells
are activated by IFN-gamma in response to chronic
infection. Nature. 2010;465(7299):793-797.

Allen DA, Breen C, Yaqoob MM, Macdougall IC.
Inhibition of CFU-E colony formation in uremic
patients with inflammatory disease: role of IFN-
gamma and TNF-alpha. J Investig Med. 1999;
47(5):204-211.

Young NS. Current concepts in the
pathophysiology and treatment of aplastic
anemia. Hematology Am Soc Hematol Educ
Program. 2013;2013:76-81.

Scheinberg P, Young NS. How | treat acquired
aplastic anemia. Blood. 2012;120(6):1185-1196.

Murphy M, Loudon R, Kobayashi M, Trinchieri G.
Gamma interferon and lymphotoxin, released by
activated T cells, synergize to inhibit granulocyte/
monocyte colony formation. J Exp Med. 1986;
164(1):263-279.

20z aunr zo uo isenb Aq jpd'1292/¥€206€ L/1.292/¥2/92 | /Pd-ajoiie/poojqeu-suoneoligndyse//:djy wol papeojumog


mailto:chenji@nhlbi.nih.gov

BLOOD, 10 DECEMBER 2015 - VOLUME 126, NUMBER 24

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kitagawa M, Saito |, Kuwata T, et al.
Overexpression of tumor necrosis factor (TNF)-
alpha and interferon (IFN)-gamma by bone
marrow cells from patients with myelodysplastic
syndromes. Leukemia. 1997;11(12):2049-2054.

Dufour C, Corcione A, Svahn J, et al. TNF-alpha
and IFN-gamma are overexpressed in the bone
marrow of Fanconi anemia patients and TNF-
alpha suppresses erythropoiesis in vitro. Blood.
2003;102(6):2053-2059.

Tang Y, Desierto MJ, Chen J, Young NS. The role
of the Th1 transcription factor T-bet in a mouse
model of immune-mediated bone-marrow failure.
Blood. 2010;115(3):541-548.

Chen J, Lipovsky K, Ellison FM, Calado RT,
Young NS. Bystander destruction of
hematopoietic progenitor and stem cells in a
mouse model of infusion-induced bone marrow
failure. Blood. 2004;104(6):1671-1678.

Bloom ML, Wolk AG, Simon-Stoos KL, Bard JS,
Chen J, Young NS. A mouse model of lymphocyte
infusion-induced bone marrow failure. Exp
Hematol. 2004;32(12):1163-1172.

Chen J, Ellison FM, Eckhaus MA, et al. Minor
antigen h60-mediated aplastic anemia is
ameliorated by immunosuppression and the
infusion of regulatory T cells. J Immunol. 2007;
178(7):4159-4168.

Joshi S, Sharma B, Kaur S, et al. Essential role for
Mnk kinases in type Il interferon (IFNgamma)
signaling and its suppressive effects on normal
hematopoiesis. J Biol Chem. 2011;286(8):6017-6026.

Sharma B, Altman JK, Goussetis DJ, Verma AK,
Platanias LC. Protein kinase R as mediator of the
effects of interferon (IFN) gamma and tumor
necrosis factor (TNF) alpha on normal and
dysplastic hematopoiesis. J Biol Chem. 2011;
286(31):27506-27514.

de Bruin AM, Demirel O, Hooibrink B, Brandts CH,
Nolte MA. Interferon-y impairs proliferation of
hematopoietic stem cells in mice. Blood. 2013;
121(18):3578-3585.

de Bruin AM, Libregts SF, Valkhof M, Boon L,
Touw IP, Nolte MA. IFN+y induces monopoiesis
and inhibits neutrophil development during
inflammation. Blood. 2012;119(6):1543-1554.

Flach J, Bakker ST, Mohrin M, et al. Replication
stress is a potent driver of functional decline in
ageing haematopoietic stem cells. Nature. 2014;
512(7513):198-202.

Lin FC, Karwan M, Saleh B, et al. IFN-y causes
aplastic anemia by altering hematopoietic stem/
progenitor cell composition and disrupting lineage
differentiation. Blood. 2014;124(25):3699-3708.

Maciejewski J, Selleri C, Anderson S, Young NS.
Fas antigen expression on CD34+ human
marrow cells is induced by interferon gamma and
tumor necrosis factor alpha and potentiates
cytokine-mediated hematopoietic suppression in
vitro. Blood. 1995;85(11):3183-3190.

Dai CH, Price JO, Brunner T, Krantz SB. Fas
ligand is present in human erythroid colony-
forming cells and interacts with Fas induced by
interferon gamma to produce erythroid cell
apoptosis. Blood. 1998;91(4):1235-1242.

Dérrie J, Schuh W, Keil A, et al. Regulation of
CD95 expression and CD95-mediated cell death
by interferon-gamma in acute lymphoblastic

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

leukemia with chromosomal translocation t(4;11).
Leukemia. 1999;13(10):1539-1547.

Chen J, Desierto MJ, Feng X, Biancotto A, Young
NS. Immune-mediated bone marrow failure in
C57BL/6 mice. Exp Hematol. 2015;43(4):256-267.

Chen J, Ellison FM, Keyvanfar K, et al.
Enrichment of hematopoietic stem cells with
SLAM and LSK markers for the detection of
hematopoietic stem cell function in normal and
Trp53 null mice. Exp Hematol. 2008;36(10):
1236-1243.

Laje P, Zoltick PW, Flake AW. SLAM-enriched
hematopoietic stem cells maintain long-term
repopulating capacity after lentiviral transduction
using an abbreviated protocol. Gene Ther. 2010;
17(3):412-418.

Oguro H, Ding L, Morrison SJ. SLAM family markers
resolve functionally distinct subpopulations of
hematopoietic stem cells and multipotent
progenitors. Cell Stem Cell. 2013;13(1):102-116.

Rebel VI, Dragowska W, Eaves CJ, Humphries RK,
Lansdorp PM. Amplification of Sca-1+ Lin- WGA+
cells in serum-free cultures containing steel factor,
interleukin-6, and erythropoietin with maintenance of
cells with long-term in vivo reconstituting potential.
Blood. 1994;83(1):128-136.

Spangrude GJ, Brooks DM, Tumas DB. Long-
term repopulation of irradiated mice with limiting
numbers of purified hematopoietic stem cells:

in vivo expansion of stem cell phenotype but
not function. Blood. 1995;85(4):1006-1016.

Sekhar M, Yu JM, Soma T, Dunbar CE. Murine
long-term repopulating ability is compromised by
ex vivo culture in serum-free medium despite
preservation of committed progenitors.

J Hematother. 1997;6(6):543-549.

Sinclair A, Daly B, Dzierzak E. The Ly-6E.1
(Sca-1) gene requires a 3’ chromatin-dependent
region for high-level gamma-interferon-induced
hematopoietic cell expression. Blood. 1996;87(7):
2750-2761.

Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH,
Terhorst C, Morrison SJ. SLAM family receptors
distinguish hematopoietic stem and progenitor
cells and reveal endothelial niches for stem cells.
Cell. 2005;121(7):1109-1121.

Bartel FO, Higuchi T, Spyropoulos DD. Mouse
models in the study of the Ets family of
transcription factors. Oncogene. 2000;19(55):
6443-6454.

Pardanaud L, Dieterlen-Lievre F. Expression of
C-ETS1 in early chick embryo mesoderm:
relationship to the hemangioblastic lineage. Cell
Adhes Commun. 1993;1(2):151-160.

Liu H, Holm M, Xie XQ, Wolf-Watz M, Grundstrém
T. AML1/Runx1 recruits calcineurin to regulate
granulocyte macrophage colony-stimulating factor
by Ets1 activation. J Biol Chem. 2004;279(28):
29398-29408.

Jackers P, Szalai G, Moussa O, Watson DK. Ets-
dependent regulation of target gene expression
during megakaryopoiesis. J Biol Chem. 2004;
279(50):52183-52190.

Lulli V, Romania P, Morsilli O, et al.
Overexpression of Ets-1 in human hematopoietic
progenitor cells blocks erythroid and promotes
megakaryocytic differentiation. Cell Death Differ.
2006;13(7):1064-1074.

IFN-y AND HEMATOPOIETIC CELL DESTRUCTION

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

2631

Barton K, Muthusamy N, Fischer C, et al. The
Ets-1 transcription factor is required for the
development of natural killer cells in mice.
Immunity. 1998;9(4):555-563.

Angell TE, Lechner MG, Jang JK, LoPresti JS,
Epstein AL. MHC class | loss is a frequent
mechanism of immune escape in papillary thyroid
cancer that is reversed by interferon and
selumetinib treatment in vitro. Clin Cancer Res.
2014;20(23):6034-6044.

Mimura K, Kua LF, Shiraishi K, et al. Inhibition of
mitogen-activated protein kinase pathway can
induce upregulation of human leukocyte antigen
class | without PD-L1-upregulation in contrast to
interferon-y treatment. Cancer Sci. 2014;105(10):
1236-1244.

Kim EJ, Lee JM, Namkoong SE, Um SJ, Park JS.
Interferon regulatory factor-1 mediates interferon-
gamma-induced apoptosis in ovarian carcinoma
cells. J Cell Biochem. 2002;85(2):369-380.

Tomita Y, Bilim V, Hara N, Kasahara T, Takahashi
K. Role of IRF-1 and caspase-7 in IFN-gamma
enhancement of Fas-mediated apoptosis in
ACHN renal cell carcinoma cells. Int J Cancer.
2003;104(4):400-408.

Choi C, Jeong E, Benveniste EN. Caspase-1
mediates Fas-induced apoptosis and is up-
regulated by interferon-gamma in human
astrocytoma cells. J Neurooncol. 2004;67(1-2):
167-176.

Maciejewski JP, Selleri C, Sato T, Anderson S,
Young NS. Increased expression of Fas antigen
on bone marrow CD34+ cells of patients with
aplastic anaemia. Br J Haematol. 1995;91(1):
245-252.

Omokaro SO, Desierto MJ, Eckhaus MA, Ellison
FM, Chen J, Young NS. Lymphocytes with
aberrant expression of Fas or Fas ligand
attenuate immune bone marrow failure in a mouse
model. J Immunol. 2009;182(6):3414-3422.

Pietras EM, Lakshminarasimhan R, Techner JM,
et al. Re-entry into quiescence protects
hematopoietic stem cells from the killing effect of
chronic exposure to type | interferons. J Exp Med.
2014;211(2):245-262.

Shin MJ, Shim JH, Lee JY, et al. Qualitative and
quantitative differences in the intensity of Fas-
mediated intracellular signals determine life and
death in T cells. Int J Hematol. 2010;92(2):
262-270.

Mitsiades CS, Poulaki V, Fanourakis G, et al. Fas
signaling in thyroid carcinomas is diverted from
apoptosis to proliferation. Clin Cancer Res. 2006;
12(12):3705-3712.

Maedler K, Fontana A, Ris F, et al. FLIP switches
Fas-mediated glucose signaling in human
pancreatic beta cells from apoptosis to cell
replication. Proc Natl Acad Sci USA. 2002;99(12):
8236-8241.

Belyaev NN, Brown DE, Diaz Al, et al. Induction of
an IL7-R(+)c-Kit(hi) myelolymphoid progenitor
critically dependent on IFN-gamma signaling
during acute malaria. Nat Immunol. 2010;11(6):
477-485.

Murray PJ, Young RA, Daley GQ. Hematopoietic
remodeling in interferon-gamma-deficient mice
infected with mycobacteria. Blood. 1998;91(8):
2914-2924.

20z aunr zo uo isenb Aq jpd'1292/¥€206€ L/1.292/¥2/92 | /Pd-ajoiie/poojqeu-suoneoligndyse//:djy wol papeojumog



