
CD8+ T cells drive autoimmune hematopoietic stem cell 
dysfunction and bone marrow failure1

David M. Gravanoa, Mufadhal Al-Kuhlania, Dan Davinia, P. Dominick Sandersa, Jennifer O. 
Manilaya,b, and Katrina K. Hoyera,b

aDepartment of Molecular and Cell Biology, School of Natural Sciences, University of California 
Merced, 5200 N. Lake Rd., Merced, CA, 95343, USA

bHealth Sciences Research Institute, University of California Merced, 5200 N. Lake Rd., Merced, 
CA, 95343, USA

Abstract

Bone marrow (BM) failure syndrome encompasses a group of disorders characterized by BM stem 

cell dysfunction, resulting in varying degrees of hypoplasia and blood pancytopenia, and in many 

patients is autoimmune and inflammatory in nature. The important role of T helper 1 (Th1) 

polarized CD4+ T cells in driving BM failure has been clearly established in several models. 

However, animal model data demonstrating a functional role for CD8+ T cells in BM dysfunction 

is largely lacking and our objective was to test the hypothesis that CD8+ T cells play a non-

redundant role in driving BM failure. Clinical evidence implicates a detrimental role for CD8+ T 

cells in BM failure and a beneficial role for Foxp3+ regulatory T cells (Tregs) in maintaining 

immune tolerance in the BM. We demonstrate that IL-2-deficient mice, which have a deficit in 

functional Tregs, develop spontaneous BM failure. Furthermore, we demonstrate a critical role for 

CD8+ T cells in the development of BM failure, which is dependent on the cytokine, IFNγ. CD8+ 

T cells promote hematopoietic stem cell dysfunction and depletion of myeloid lineage progenitor 

cells, resulting in anemia. Adoptive transfer experiments demonstrate that CD8+ T cells 

dramatically expedite disease progression and promote CD4+ T cell accumulation in the BM. 

Thus, BM dysregulation in IL-2-deficient mice is mediated by a Th1 and IFNγ-producing CD8+ T 

cell (Tc1) response.
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1. Introduction

Development and differentiation of hematopoietic stem cells (HSC) into hematopoietic 

progenitors follows a tightly regulated pattern of lineage-specific transcription factor 

expression resulting in commitment to defined lineages. Regulation of this developmental 

program, controlled largely by growth factors and cytokines produced by the bone marrow 

(BM) local stromal cells, results in HSC differentiation into multiple, progressively 

restricted lineages from multipotent, self-renewing HSCs to committed progenitors [1]. This 

dynamic developmental pathway is thought to be influenced by systemic inflammation and 

peripheral cells entering the bone [2]. Although there has been extensive study of 

hematopoiesis under normal homeostatic conditions, much less is known about the 

contribution of inflammation and effector T cells that infiltrate the BM during abnormal 

immune activation.

Foxp3+ regulatory T cells (Tregs) have been implicated in maintaining tolerance to the BM 

niche both in allogeneic lymphocyte transfer models and in spontaneously arising BM 

failure in Foxp3 mutant Scurfy mice [3-5]. Both clinical and model data implicate a role for 

CD4+Foxp3+ Tregs in maintaining immune tolerance in the BM, considered to be an 

“immune privileged site” [3, 6]. Upon loss of tolerance in the BM, a T helper 1 (Th1) 

immune mediated CD4+ response has been demonstrated to be critical in the development of 

BM alterations [7-9]. However, CD8+ T cells are also speculated to be important in disease 

pathology based largely on clinical correlative studies showing CD8+ T cell expansion that 

mirrors disease severity [10-12].

IL-2−/− mice have a documented deficit in Treg survival and function [13, 14]. IL-2−/− mice 

also develop severe anemia [15-18]. On the BALB/c background, disease is rapid with all 

mice dying between 19 and 35 days of age due to complications associated with anemia 

[18]. Anemia has been largely attributed to the generation of red blood cell (RBC) directed 

antibodies, resulting in destruction of mature RBCs [17, 18]. We propose that the rapid death 

observed in BALB/c IL-2−/− mice is a result of both autoimmune hemolytic anemia and a 

lack of new RBC production in the BM due to abnormal HSC function and altered lineage 

commitment. We further propose that the changes to the BM are induced by infiltrating 

effector T cells.

The IL-2−/− model has allowed us to study the specific T cells infiltrating the BM and 

initiating alterations to hematopoiesis. Here we show that in IL-2−/− mice BM dysregulation 

is largely mediated by CD4+ T cells, without which anemia and BM alterations do not 

develop. However, IFNγ-production by CD8+ Tc1 cells critically influences disease severity. 

Through both depletion and adoptive transfer strategies, we demonstrate that despite being 

unable to cause disease on their own, CD8+ T cells amplify the changes in hematopoiesis. 

Our data provide evidence that dysregulated hematopoiesis resulting in BM failure is largely 
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mediated by CD8+ Tc1 cells that enter and expand within the BM during systemic 

autoimmune disease in IL-2−/− mice. Thus, this IL-2−/− model demonstrates a functional role 

for CD8+ T cells in HSC dysregulation, and provides a rapid autoimmune model to study the 

mechanisms of HSC-mediated disease ontogeny and evaluate therapeutic interventions in 

multiple BM diseases.

2. Materials and Methods

2.1. Mice

All mice used in this study were on the BALB/c background. BALB/cJ mice (stock 

#000651) and CD45.1+ mice (stock #006584), were purchased from Jackson Laboratory. 

These were interbred to generate CD45.1+CD45.2+ F1 mice. Use of IL-2−/−, 

IL-2−/−IFNγ−/−, Rag−/−, and TCRα−/− were previously described [16, 17]. Littermates were 

used as controls in all experiments and both male and female mice were used, unless 

otherwise indicated. IL-2WT and IFNγWT groups were a mixture of +/+ and +/− genotypes as 

no hemizygosity effect is observed. TCRα−/− and Rag−/− mice used as recipients in adoptive 

transfer experiments were 5-9 weeks old at the time of transfer. Mice were housed in 

specific pathogen-free sterile microisolator cages. Mice were euthanized by CO2 

asphyxiation followed by cervical dislocation. All mouse experiments were approved by the 

UC Merced Institutional Animal Care and Use Committee.

2.2. Cell staining and flow cytometry

For BM samples, both femurs were extracted and flushed with PBS + 2% FBS using a 

syringe and 27g needle. For analysis of stem cells and lymphocytes, RBCs were lysed prior 

to staining. RBCs were not lysed for experiments examining TER119+ RBC progenitor 

populations. Cellular viability was assessed by DAPI (Sigma-Aldrich) exclusion or with the 

Fixable Viability Dye eFluor780 (eBioscience). Dead cells were gated out from analysis. 

Lineage negative (Lin−) cells in the BM were gated as 

CD3−CD4−CD8−TER119−CD11b−Gr1−B220−. For all surface staining, except BM 

progenitor stains, Fc receptors were blocked using cell supernatants containing the CD16/32 

monoclonal antibody (clone 2.4G2, ATCC). All staining and wash steps were performed in 

PBS + 2% FBS.

For T cell analysis in the BM, femurs and tibiae of IL-2WT or IL-2−/− mice at 12, 16 and 19 

days of age were harvested and crushed using mortar and pestle. BM was collected in PBS 

+ 2% FBS and RBCs were lysed prior to staining. All T cell analysis was performed on 

TCRβ+-gated events. For proliferation staining, 2×l06 cells were Fc blocked and surface 

stained for 30 minutes before washing in PBS+ 2% FBS. Cells were fixed and permeabilized 

with FoxP3 Staining Buffer Set (Cat # 005523, eBiosciences) following the manufacturer's 

instructions. Briefly, cells were incubated in l× Fix/Perm solution for 30 minutes, washed 

with l× Perm buffer, and then resuspended with anti-Ki-67 in l× Perm buffer for 45 minutes. 

Cells were washed and resuspended in 1.0 μg/ml DAPI. Cells were collected with flow rate 

of <500 events/sec. Flow cytometric analysis was performed on an LSR2 flow cytometer 

(BD Biosciences).
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The following antibodies and staining reagents were purchased from eBioscience: B220-

biotin (RA3-6B2), c-Kit-PE (2B8), CD3-biotin (145-2C11), CD3-PerCPCy5.5 (145-2C11), 

CD4-biotin (GK1.5), CD4-FITC (GK1.5), CD4-FITC (RM4-4), CD4-PerCPCy5.5 (RM4-5), 

CD8α-biotin (53-6.7), CD8α-APC (53-6.7), CD8β-APC (H35-17.2), CD11b-biotin (Ml/70), 

CD11b-APC (Ml/70), CD16/32-PerCPeFluor710 (93), CD19-PEeFluor610 (1D3), CD34-

FITC (RAM34), CD45.1-APCeFluor780 (A20), CD45.2-PE (104), CD45.2-PerCPCy5.5 

(104), CD48-APCeFluor780 (HM48-1), CD71-PE (R17217), CD150-FITC (mShad150), 

Gr1-biotin (RB6-8C5), Gr1-AlexaFluor488 (RB6-8C5), IFNγ-APC (XMG1.2), Ki-67-

PECy7 (SolA15), Scal-APC (D7), Streptavidin-PECy7, Streptavidin-FITC, TCRβ-PE 

(H57-597), TER119-biotin (TER-119), TER119-APC (TER-119). The antibody B220-

BrilliantUV395 (RA3-6B2) was purchased from BD Biosciences and CD44-FITC (IM7), 

CD62L-PE (MEL-14), and TCRγδ-biotin (GL3) were purchased from Biolegend.

2.3. Competitive reconstitution assays

IL-2−/− or IL-2WT littermate control BM was harvested from femurs and tibiae at 18-21 days 

of age by crushing bones using a mortar and pestle. Aged matched CD45.1+CD45.2+ 

heterozygous competitor BM was prepared at the same time. BM was stained with biotin-

conjugated lineage antibodies. Lineage depletion via negative selection was performed using 

the EasySep Mouse Biotin Selection Kit according to the manufacturer's instructions (Stem 

Cell Technologies). The Lin− fraction was then stained with c-kit, Sca1, CD150, and CD48 

antibodies. The Lin−Sca1+c-Kit+ (LSK) population of cells was further evaluated for CD150 

and CD48 staining and the LSK CD150+CD48− HSCs were FACS sorted on an Aria II cell 

sorter (BD Biosciences). A 1:1 ratio of IL-2−/− or IL-2WT to competitor cells was generated 

and 400 total HSCs were transferred into lethally irradiated Rag−/−CD45.2+ recipient mice. 

Recipient mice were lethally irradiated with 1000 Rads delivered in 2 × 500 Rad split dose 

separated by 4 hours and cells were transferred 4 hours after the final dose of radiation. 

CD45.2+ (IL-2−/− or IL-2WT) and CD45.1+CD45.2+ (competitor) cells were identified by 

flow cytometry to indicate their origin. Five weeks after transfer mice were euthanized and 

peripheral blood, spleen, and BM was collected. RBCs were lysed prior to staining with 

CD45.1, CD45.2, and lineage-specific antibodies.

2.4. Adoptive T cell transfer

Donor mice were euthanized and lymph nodes isolated. A single cell suspension was 

generated over a wire mesh. Cells were Fc blocked and stained with CD4-PE, CD8α-APC, 

B220-PE-Cy7, and CD11c-PE-Cy7. PE-Cy7 labeled cells were excluded and CD4+ and 

CD8+ cells were each sorted to greater than 98.5% purity on a FACS Aria II cell sorter (BD 

Biosciences). 5×106 cells of each of the indicated cell type were injected into TCRα−/− or 

Rag−/− recipients via tail vein injection. The sex of recipient was matched to that of the 

donor cells when possible. Experimental groups were randomized across cages, such that 

each cage of recipient mice possessed at least one mouse from each experimental group. 

Every 2 weeks 100μl of blood was obtained via submandibular bleeding and complete blood 

counts were determined using a Hemavet 950 veterinary hematology system (Drew 

Scientific). Mice were euthanized at 7 weeks post-transfer, and spleen and BM analyzed.
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2.5. T cell depletion

IL-2−/− or IL-2WT littermate control mice were treated with intraperitoneal injection of anti-

CD4 (GK1.5), anti-CD8α (2.43), or PBS. Depleting antibodies were given at a dose of 20 

μg/g body weight and were acquired from the UCSF Monoclonal Antibody Core. Treatment 

was given 3 times per week from day 8-9 until day 16. Spleen and both femurs were 

harvested and prepared at day 19 as above. To assess depletion efficiency, staining was 

performed with CD8β-APC or CD4-FITC (clone RM4-4).

3. Statistical analysis

Statistical difference between experimental groups was determined using an unpaired, two-

tailed student's t test (GraphPad Prism Software). Bar graphs represent means with error bars 

indicating standard deviation.

4. Results

4.1. IL-2−/− mice develop HSC dysregulation and anemia

Autoimmune hemolytic anemia has been previously described in IL-2−/− mice on the 

BALB/c background [16-18]. Mice develop autoantibodies against RBCs, followed by 

reduced hematocrit and rapid death around three weeks of age. Previously, expansion of 

HSCs, but a reduction in their functional reconstituting ability was reported in IL-2−/− mice 

on the C57BL/6 background [19]. These mice develop a less severe and delayed anemia 

compared to IL-2−/− mice on the BALB/c background [18].

We aimed to evaluate the BM of IL-2−/− mice on the BALB/c background to determine if 

they suffer from the same hematopoietic failure that is evident on the C57BL/6 background. 

Furthermore, we aimed to characterize the cellular and molecular underpinnings of this 

disease. Total BM cellularity is significantly reduced in IL-2−/− mice beginning at 18 days of 

age and increases in severity until death at about 20 days of age (Figure 1A and not shown). 

In order to determine if RBC progenitors in the BM were reduced, we stained for TER119 

and CD71, two markers that allow discrimination of developmentally distinct RBC 

progenitor populations [20]. The most immature progenitors express intermediate levels of 

TER119 and high levels of CD71 and progressive progenitor populations downregulate 

CD71 as they mature. We observed that in several mice there was a near complete absence 

of early RBC progenitors in the BM expressing high CD71 levels (regions 1 and 2) and 

overall there was a significant reduction in RBC progenitors in regions 1-3 (Figure 1B-C). 

However, the most mature RBC population, contained in region 4, was not numerically 

affected, indicating a depletion of progenitor cells rather than mature RBCs in the BM. 

Indeed, total c-kit+ cells in the BM, which contain HSCs and other multipotent progenitors, 

were depleted in IL-2−/− mice (Figure 1D). However, analysis of the HSC enriched 

Lin−Sca1+c-Kit+ (LSK) population showed a dramatic increase in IL-2−/− mice that 

amplified over time, while the common myeloid progenitor (CMP) and megakaryocyte/

erythrocyte progenitor (MEP), populations upstream of RBCs, showed kinetically similar 

reductions (Figure 1E-F). The granulocyte/monocyte progenitor (GMP) population was less 

affected than progenitors of the RBC lineage (Figure 1E-F). CMP and MEP populations 
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dramatically decreased by day 20, consistent with the lack of more mature RBC progenitors 

observed at that time. These results suggest a defect in differentiation toward RBCs starting 

with deficiency in the CMP population that can be seen as early as day 16.

4.2. IL-2−/− HSCs have reduced quiescence and have a competitive disadvantage

Despite the expansion of phenotypically defined HSCs, we suspected that these cells may be 

functionally deficient, as has been described for HSCs in other inflammatory settings [2]. To 

determine the proliferative and functional properties of the HSCs in IL-2−/− mice, we first 

stained with Ki-67 and the DNA dye DAPI (Figure 2A). Significantly fewer IL-2−/− HSCs 

were within the G0 stage of cell cycle, while a larger portion was in the S/G2/M stage, 

indicating IL-2−/− HSCs were less quiescent (Figure 2B). To further evaluate the HSCs we 

stained with CD150 and CD48, markers used to define long-term, quiescent HSCs (LT-

HSCs) [21], and determined that there was indeed a reduction in the frequency of LSK 

CD150+CD48− LT-HSCs in IL-2−/− mice (Figure 2C). As quiescence is critical to the 

maintenance of the stem cell compartment and the avoidance of stem cell exhaustion [22], 

we performed a competitive reconstitution assay to assess in vivo reconstitution potential 

(Figure 2D). Using a 1:1 ratio of FACS sorted IL-2−/− or IL-2WT LT-HSCs to congenically 

marked competitor LT-HSCs, we observed an impairment of IL-2−/− BM engraftment. In the 

peripheral blood at 5 weeks post-transfer there was a decrease in the proportion of CD45+ 

cells derived from IL-2−/− donors relative to IL-2WT donors (Figure 2E-F). Despite the fact 

that IL-2 signaling is known to be involved in lymphoid versus myeloid cell fate decisions in 
vitro [23], both myeloid and lymphoid populations were represented normally among 

IL-2−/− cell progeny relative to IL-2WT (Figure 2G). Overall these data indicate that IL-2−/− 

HSCs have a functional defect, which could explain the severe anemia that develops in these 

mice.

4.3. CD8+ T cells increase proliferation in IL-2−/− BM

In one form of BM failure, aplastic anemia, CD8+ T cells are known to expand in the BM of 

patients, and the ratio of CD8+to CD4+ cells is altered [10]. Likewise, in the BM of IL-2−/− 

mice we observed an increase in CD8+ T cell numbers beginning at day 16, which became a 

profound increase by day 19, when mice begin to succumb to disease (Figure 3A-B) [18]. 

CD8+ cells expanded more than CD4+ cells, as indicated by a skewed CD8/CD4 cell ratio 

(Figure 3B-C). IL-2−/− CD8+ cells were more proliferative in the BM environment relative 

to IL-2WT mice beginning by day 12, as assessed by Ki-67 and DAPI co-staining (Figure 

3D-E). A higher frequency of CD8+ cells were in the G1 and S/G2/M stages of the cell 

cycle, while CD4+ were present in increased numbers, but the frequency of cycling cells was 

not elevated relative to IL-2WT mice.

4.4. Depletion of CD4+ and CD8+ T cells delays BM alterations in IL-2−/− mice

We next determined the contribution of both CD4+ and CD8+ T cells to BM dysregulation in 

IL-2−/− mice. First, we performed depletion studies to determine the necessity of both CD4+ 

and CD8+ T cells for disease development. As an increase in CD4+ and CD8+ T cell 

activation can be measured by 9 days of age in IL-2−/− mice based on CD44 and CD62L 

expression (data not shown), we performed antibody mediated depletion beginning at that 

point. Both CD4 and CD8 depletion was highly efficient and depletion was well maintained 
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in the bone marrow until harvest at 19 days of age (Figure 4A). Depletion of either CD4+ or 

CD8+ cells largely rescued IL-2−/− mice from the HSC hyperplasia seen in untreated mice 

(Figure 4B-C). However, the restoration of the BM homeostasis was more complete with 

CD4 depletion, consistent with clinical and animal model data showing the critical role of 

CD4+ T cells. Likewise, CMP numbers were partially restored in both CD4 and CD8 

depleted mice (Figure 4C). To further confirm a rescue of the BM failure phenotype, 

hematocrit was completely restored in the anti-CD4 treated IL-2−/− mice, and also 

significantly improved in the anti-CD8 treated IL-2−/− mice (Figure 4D). These results 

suggested that while CD4 T cells are pivotal for BM failure in IL-2−/− mice, CD8 T cells 

also play a non-redundant role in the process.

4.5. CD8+ T cells are required for severe BM alterations

We employed an adoptive transfer model to determine if FACS-sorted IL-2−/− CD4+ or 

CD8+ T cells alone are capable of transferring HSC defects and anemia to T cell deficient 

TCRα−/− recipient mice. We performed complete blood counts and quantified hematocrit 

relative to control mice. IL-2−/− CD4+ T cells alone were capable of causing only mild 

anemia by 7 weeks post transfer (Figure 5A), which persisted out to at least 21 weeks post 

transfer (data not shown). In contrast, IL-2−/− CD8+ T cells alone were incapable of causing 

anemia during the same timeframe. However, the combination of IL-2−/− CD4+ and IL-2−/− 

CD8+ cells resulted in rapid and pronounced anemia (Figure 5A). CD4+ cells accumulated 

in great numbers in the BM only when CD8+ cells were co-transferred, indicating CD8+ 

help is essential for their entry or expansion at that site (Figure 5B). Likewise, CD8+ T cell 

expansion was dependent on the co-transfer of CD4+ T cells. Also, the characteristic HSC 

hyperplasia and reduction in CMPs was virtually absent when CD4+ cells were transferred 

alone, but evident in the double transfer of CD4+ and CD8+ cells (Figure 5C). These 

findings complement the antibody-mediated depletion experiments and together they 

demonstrate that both CD4+ and CD8+ cells are critical for the rapid onset of BM changes in 

IL-2−/− mice. CD4+ cells alone are sufficient to drive a mild form of the disease, but CD8+ 

cells greatly promote CD4+ cell accumulation in the BM and rapid disease onset.

As TCRα−/− recipients have functional B cells, we next tested whether the BM disease in 

the T cell transferred mice is dependent on antibodies by transferring IL-2−/− CD4+ and 

IL-2−/− CD8+ cells into Rag−/− recipients. Comparably to TCRα−/− recipients, Rag−/− 

recipients had a reduction in hematocrit at 7 weeks (Figure 5D). They also exhibited an 

expansion of LSK HSCs and a reduction in CMPs comparable to TCRα−/− recipients 

(Figure 5E), indicating that BM alterations and anemia due to T cell transfer are antibody 

independent.

4.6. BM alteration in IL-2−/− mice is dependent on IFNγ

To address whether IFNγ directly plays a role in the BM changes observed in IL-2−/− mice 

we utilized IL-2−/−IFNγ−/− mice and evaluated their BM progenitor populations. As with 

IL-2−/− mice, IL-2−/−IFNγ−/− mice have a significant expansion of CD4+ and CD8+ T cells 

in the spleen at 3 weeks of age (Figure 6A). However, they do not have a similar expansion 

in the BM (Figure 6A). This lack of expansion is in spite of elevated CD8+ T cell activation 

in the BM, as measured by CD62L and CD44 expression (Figure 6B). Strikingly, 
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IL-2−/−IFNγ−/− mice did not display HSC expansion, or contraction of downstream 

progenitor populations (Figure 6C). These data strongly suggest that BM defects in IL-2−/− 

mice are dependent upon the Th1/Tc1 cytokine, IFNγ.

To determine which T cell population is producing the disease-mediating IFNγ, we next 

performed an adoptive transfer crisscross experiment of CD4 and CD8 T cells from IL-2−/− 

and IL-2−/−IFNγ−/− mice. Anemia occurred in recipient mice that received IL-2−/−IFNγ−/− 

CD4+ T cells with IL-2−/−IFNγWT CD8+ T cells (Figure 6D). Anemia also occurred in 

recipient mice that received IL-2−/−IFNγWT CD4+ T cells with IL-2−/−IFNγ−/− CD8+ T 

cells. These results indicate that anemia occurs when either CD4+ or CD8+ T cells can 

produce IFNγ, but only one population is the required IFNγ source for disease onset. 

Analysis of the BM progenitor populations from this crisscross transfer yielded similar 

results. The most abnormal BM progenitor profile was seen when only the transferred CD8+ 

T cells were capable of producing IFNγ (Figure 6E, white bar). However, when at least one 

population of CD4+ or CD8+ T cells could produce IFNγ, the severe abnormalities in BM 

progenitors were evident (Figure 6E, white and grey bars). These results suggest that T cell-

produced IFNγ is critical to severe disease development and both CD4+ and CD8+ T cells 

are a sufficient source, but it appears CD8+ T cells may be a more potent or relevant source.

5. Discussion

We have focused on the T cell populations and pathways that are critical in HSC dysfunction 

in Treg defective mice. While CD4+ T cells are clearly established in their central role of 

inducing autoimmune BM failure, our results here demonstrate that CD8+ T cells promote 

the ability of CD4+ T cells to enter or expand within the BM, thus severely exacerbating BM 

disease. CD8+ T cells, which have clinically been known to expand in the BM during BM 

failure, including aplastic anemia, BM transplant and myelodysplastic syndrome [10, 11, 

24-26], are similarly highly expanded in IL-2−/− BM. While IL-2−/− CD4+ T cells alone are 

capable of transferring mild disease, onset of BM dysregulation and development of anemia 

is much more severe and rapid with the co-transfer of IL-2−/− CD8+ T cells. Both 

autoimmune hemolytic anemia and a reduction in RBC progenitors have now been described 

in IL-2−/− mice [16, 17, 19]. Indeed, the rapid onset and progression of anemia in BALB/c 

IL-2−/− mice may be reflective of both disease processes occurring simultaneously, which 

would affect both the peripheral supply of RBCs and their development in the BM.

Scurfy mice lack functional Tregs due to a defect in the Foxp3 gene and exhibit similar 

defects in HSC function that can be attributed to metabolic alterations in the mTOR 

signaling pathway in HSCs [4]. In agreement with our findings, both Scurfy and IL-2−/− 

mice on the C57BL/6 background display an early expansion of phenotypic HSCs [4, 19], 

but fail to competitively reconstitute the hematopoietic system. Despite their phenotypic 

presence, these cells are obviously not fully functional as HSCs. An increase in Sca1 

expression on BM cells has been described under inflammatory conditions [27], and we 

cannot rule out that c-kit+ non-HSCs may be upregulating Sca1 to phenotypically resemble 

HSCs. Nevertheless, regardless of Sca1 expression, we see a decrease in the Lin−c-kit+ 

progenitor population in the BM and a paucity of downstream myeloid progenitor 

populations, confirming that BM-mediated failure and anemia induction is indeed occurring.
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Given the plethora of clinical evidence showing that BM failure is a T cell-mediated disease 

and that BM infiltration is a hallmark observation of these diseases, our findings suggest that 

IFNγ production by the BM-infiltrating T cells drives BM failure disease. In IL-2−/− mice 

and in our adoptive transfer model, the IL-2−/− BM infiltrating T cells produce high levels of 

IFNγ (data not shown). Chronic IFNγ results in functional impairment of HSCs through 

increased apoptosis and altered proliferation, leading to anemia and BM failure [28, 29]. 

During infection or with addition of recombinant protein, IFNγ induces myeloid 

differentiation, expanded BM cellularity and HSC sensitivity to CD8 T cell-mediated 

apoptosis [30]. On the other hand, in the ARE-del mouse model that constitutively expresses 

IFNγ at low levels [31], aplastic anemia is similar to the IFNγ-dependent BM failure we 

describe in the IL2-/- mice. However, in the ARE-del mouse, T cell activation, expansion, 

and migration to the BM are not required for BM dysregulation. In contrast, our adoptive 

transfer data indicate that the presence of T cells is necessary for severe BM defects to 

develop. Even without T cell production of IFNγ we observe a minor, but consistent 

reduction in hematocrit, indicating that T cell factors other than IFNγ may contribute to 

anemia. Recent reports have concluded that expression of the chemokine receptor CXCR4 

on T cells is critical for BM infiltration by T cells that ultimately exacerbate aplastic anemia 

in an allogeneic transfer model [32] and that activated CD8+ T cells can target LSK HSCs 

for destruction [29], which provide further support of our data showing the requirement for 

T cells in BM disease.

Our results support the idea that CD4+ Th1 and CD8+ Tc1 cells are required for the damage 

that occurs during BM dysfunction. Our transfer data further suggests that IFNγ from CD8+ 

T cells may play a more substantial role in induction of HSC dysregulation and subsequent 

anemia. Whether this is because Tc1 differentiated CTLs are needed for BM-targeted 

cytolytic activity in disease induction, or CD8+ T cells produce higher levels of IFNγ and 

amplify the disease process, or some other reason is currently unclear. Fas-mediated killing 

of HSCs by CTLs has been implicated in BM failure [33, 34]. However, IL-2 is also thought 

to be important for Fas-mediated activation induced cell death and CTL targeted apoptosis. 

IL-2−/− CD8+ T cells have reduced Fas-mediated CTL activity in response to viral infection 

[35, 36], suggesting that other CD8+ T cell lytic mechanisms, such as secretion of perforin 

and granzymes, may be contributing to BM dysfunction and failure in IL-2−/− mice. In 

support of this idea, we have observed elevated perforin and granzyme levels in IL-2−/− 

CD8+ T cells (data not shown). Furthermore, perhaps the larger impact of IL-2−/− CD8+ T 

cells on BM failure is due to their increased proliferation and presence in higher frequency 

and absolute numbers in the BM.

In conclusion, we have demonstrated an essential role for CD8+ T cells in driving severe BM 

dysfunction and have employed a model that physiologically recapitulates the spontaneous 

onset of many features of clinical BM failure. The IL-2−/− mouse is a highly rapid disease 

induction model, enhanced by CD8+ T cells. IL-2−/− mice survive on average less than 3 

weeks of age, have 100% penetrance of BM defects, and the ability to transfer disease, and 

thus can be used to further dissect the T cell-mediated mechanisms underlying BM failure. 

Future studies using this mouse model will further elucidate the mechanisms by which 

CD8+ T cells exacerbate disease and provide a model with which to test new therapeutics, 

and define the underlying mechanisms of HSC differentiation defects in BM failure.
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Nonstandard abbreviations

BM bone marrow

CMP common myeloid progenitor

GMP granulocyte/monocyte progenitor

HSC hematopoietic stem cell

LSK Lin−Sca1+c-Kit+

MEP megakaryocyte/erythrocyte progenitor

Tc1 T cytotoxic 1

Th1 T helper 1

Tregs regulatory T cells
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Highlights

• IL-2-deficient BALB/c mice develop rapid bone marrow failure.

• T cells and IFNγ are critical for bone marrow failure induction in this 

model.

• CD8 T cells enhance the severity and kinetics of bone marrow failure 

disease.

• IFNγ production restricted to CD4 or CD8 T cells alone is sufficient to 

cause disease.
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Figure 1. IL-2−/− mice develop bone marrow failure and HSC dysregulation
Total BM was isolated from 20 day old mice femurs and counted to determine total 

cellularity (A) and stained for TER119 and CD71 to identify red blood cell developmental 

stages (B-C). Regions 1-4 correlate with progressive stages of RBC differentiation with 

region 1 and 4 comprising the least and most mature RBCs, respectively. RBC-lysed BM 

was analyzed by flow cytometry for the total number of Lin−c-kit+ cells (D). BM was 

analyzed for the frequency and total number of Lin−Sca1+c-kit+ (LSK) HSCs and Lin−c-

Kit+Sca1−CD34+CD16/32− CMPs, Lin−c-Kit+Sca1−CD34+CD16/32+ GMPs, and Lin−c-

Kit+Sca1−CD34−CD16/32− MEPs from 12, 16, 18, and 20 day old mice (E-F). Flow plot 

shows representative data from 20 day old mice (E). (A-E) Data are from at least 2 

independent experiments with n=6-10 mice per group. (F) Data are from 1-2 experiments 

with n=2-8 mice per group. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 based 

on students t test.
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Figure 2. IL-2−/− HSCs have increased proliferation and a competitive reconstitution 
disadvantage
HSCs from 19-21 day old IL-2WT or IL-2−/− mice were analyzed (A-C). Representative flow 

plot of RBC-lysed BM stained for DAPI and Ki-67, gated on LSK HSCs, to determine 

proliferation stages (A). Frequencies of LSK HSCs in G0, G1, and S/G2/M stages of cell 

cycle (B). Representative plot of BM stained for long-term HSCs (LT-HSCs) defined as LSK 

CD150+CD48− (C). Schematic of LT-HSC competitive reconstitution strategy (D). LT-HSCs 

were FACS sorted from day 18-21 IL-2WT or IL-2−/− BM (CD45.2+CD45.1−) and age-

matched CD45.2+CD45.1+ competitors. Cells were mixed at a 1:1 ratio with competitors 

and 400 total cells were injected via tail vein into lethally irradiated Rag−/− recipient mice. 

Mice were harvested at 5 weeks post-transfer to assess competitive reconstitution in 

peripheral blood and spleen. Representative flow plots of competitive hematopoietic 

reconstitution from IL-2WT LT-HSCs (E; upper) and IL-2−/− LT-HSCs (E; lower) in 

peripheral blood. Percentage reconstitution relative to IL-2WT LT-HSCs (F). Percentage of 

CD3+, CD19+ and GR1+CD11b+ cells within the CD45.2+CD45.1− fraction (G). (A-C) Data 

are from 2 independent experiments with n=7-10 mice per group. (D-G) Data are from 3 

Gravano et al. Page 15

J Autoimmun. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent experiments with IL-2WT n=10; IL-2−/− n=12. n.s. - not significant; * p < 0.05; 

*** p < 0.001; **** p < 0.0001 based on students t test.
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Figure 3. CD8+ T cells proliferate in IL-2−/− bone marrow
Representative flow plots gated on live TCRβ+ events of day 19 RBC-lysed BM (A) and 

total T cell numbers from the indicated time points (B). (C) CD8+/CD4+ ratio of cells gated 

as in (A). (D) Representative flow plots of Ki-67 versus DAPI staining from 19 day old bone 

marrow. (E) Frequencies of cells in the indicated stages of cell cycle based on the staining in 

(D). Significance in all plots is relative to the corresponding IL-2WT group at the same time 

point. IL-2WT n=6-10; IL-2−/− n=5-10. Data are from 2-4 independent experiments. n.s. - not 

significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 based on students t test.
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Figure 4. CD4+ and CD8+ cells contribute to bone marrow failure in IL-2−/− mice
Mice were treated with depleting antibodies to CD4 and CD8α from 8 to 16 days of age and 

euthanized at day 19. Representative flow plots of bone marrow stained for CD4 and CD8 to 

determine peripheral depletion efficacy, gated on live CD3+TCRβ+ events (A). 

Representative flow plots of BM LSK HSCs gated on live Lin− cells (B). Total LSK HSCs 

and CMPs from BM (C). Hematocrit relative to untreated IL-2WT mice at 19 days (D). Data 

are from 3 independent experiments with 3-5 mice per group. * p < 0.05; ** p < 0.01 based 

on students t test.

Gravano et al. Page 18

J Autoimmun. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Transferred IL-2−/− CD8+ cells dramatically exacerbate bone marrow failure 
independent of antibody response
TCRα−/− recipient mice were injected with 5×106 FACS sorted IL-2−/− CD4+ cells, CD8+ 

cells, or a 1:1 mixture of both. Hematocrit from peripheral blood samples was calculated as 

percentage relative to hematocrit from uninjected littermate controls (A). Significance is 

indicated relative to uninjected littermate control mice at indicated time points. At 7 weeks 

post-transfer mice were euthanized and total cell numbers from RBC-lysed BM determined 

by flow cytometry (B-C). (D) TCRα−/− and RAG−/− recipient mice were injected with 

5×106 FACS sorted IL-2−/− CD4+ cells and an equal number of IL-2−/− CD8+ cells and 

analyzed 7 weeks post-transfer. Relative hematocrit was calculated as in (A). (E) Total LSK 

HSCs and CMPs were determined from RBC-lysed BM. Data are from 4 independent 

experiments with 6-16 mice per group (A) and 2 independent experiments with 3-6 mice per 

group (B-E). n.s. - not significant; * p < 0.05; ** p < 0.01 based on students t test.
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Figure 6. IFNγ from either CD4 or CD8 T cells is required for bone marrow failure in IL-2−/− 

mice
Total CD4+ and CD8+ cell numbers from 19-22 day old mice gated on live cells (A). 

Representative flow plot of CD44 and CD62L expression gated on BM CD8+ cells (B). Total 

BM LSK HSC, CMP, and MEP cell numbers from indicated mice (C). (D-E) CD4+ and 

CD8+ T cells were sorted from 18-21 day old IL-2−/−IFNγWT mice and IL-2−/−IFNγ−/− 

mice. 5×106 FACS sorted CD4+ and CD8+ cells from the indicated groups were mixed at 1:1 

ratio and injected into TCRα−/− recipient mice. Hematocrit was monitored every other week 

by obtaining peripheral blood. At 7 weeks, mice were harvested. CBC was determined 

relative to uninjected TCRα−/− mice (D). BM was collected and stained for LSK HSCs, 

CMPs, and MEPs (E). (A-C) Data are from 4 independent experiments; IL-2WTIFNγ−/− 

n=7; IL-2−/−IFNγWT n=8; IL-2−/−IFNγ−/− n=8. (DE) Data are from 3 independent 

experiments with n=6-10 mice per group. n.s. - not significant; * p < 0.05; ** p < 0.01; *** 

p < 0.001; **** p < 0.0001 based on students t test.
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