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Abstract

BIM is the master BH3-only BCL-2 family regulator of lymphocyte survival. To understand how 

long-term loss of BIM affects apoptotic resistance in T cells we studied animals with T cell-

specific deletion of Bim. Unlike CD19CRE Bimfl/fl animals, LCKCRE Bimfl/fl mice have 

pronounced early lymphocytosis followed by normalization of lymphocyte counts over time. This 

normalization occurred in mature T cells, as thymocyte development and apoptotic sensitivity 

remained abnormal in LCKCRE Bimfl/fl mice. T cells from aged mice experienced normalization 

of their absolute cell numbers and responses against various apoptotic stimuli. mRNA expression 

levels of BCL-2 family proteins in CD4+ and CD8+ T cells from young and old mice revealed 

upregulation of several BH3-only proteins, including Puma, Noxa, and Bmf. Despite upregulation 

of various BH3 proteins, there were no differences in anti-apoptotic BCL-2 protein dependency in 

these cells. However, T cells had continued resistance to direct BIM BH3-induced mitochondrial 

depolarization. This study further highlights the importance of BIM in cell death maintenance in T 

cells and provides new insight into the dynamism underlying BH3-only regulation of T cell 

homeostasis versus induced cell death and suggests that CD4+ and CD8+ T cells compensate 

differently in response to loss of Bim.
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Introduction

Apoptosis is critical for organismal development, maintenance of normal immune cell 

number, and removal of abnormal cells [1]. Apoptosis is triggered by two main pathways, 

with the extrinsic pathway reliant on external ligands binding to death receptors outside of 
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the cell and the intrinsic pathway mediated at the level of the mitochondrion [2, 3]. The 

BCL-2 family of proteins is key in regulating both pathways and is divided into three major 

subgroups: the multidomain anti-apoptotic proteins (BCL-2, BCL-XL, BCL-W, MCL-1, 

BFL-1/A1), the multidomain pro-apoptotic proteins (BAK, BAX), and the BH3-only 

proteins (BIM, BID, PUMA, NOXA, BAD, BMF, HRK) [4, 5]. BH3-only proteins act as 

cellular sentinels that mediate interactions between the two groups of multidomain proteins 

and initiate cell death via two different mechanisms [6]. Indirectly, BH3-only proteins bind 

to and sequester the anti-apoptotic proteins leading to the release and oligomerization of 

BAX and BAK resulting in mitochondrial outer membrane permeabilization (MOMP) [7]. A 

subset of BH3-only proteins, namely BIM, BID, and PUMA (and possibly NOXA), can also 

induce cell death through their direct binding and subsequent activation of BAK and BAX 

[8–10].

Of the BH3-only proteins, BIM plays the most fundamental role in apoptotic regulation of 

the immune system, particularly with respect to T and B cells [11–17]. Young mice with 

global Bim deletion have increased white blood cell counts (WBC), abnormal thymopoiesis, 

and lymphocytes that are resistant to a wide range of apoptotic stimuli [11, 12]. By one year 

of age, over 50% of Bim null mice become moribund, typically due to B cell-mediated 

autoimmunity [11]. Targeted loss of BIM within the entire hematopoietic compartment 

recapitulates this phenotype, emphasizing the importance of BIM in immune stability and 

pointing to a lymphocyte-intrinsic mechanism by which BIM regulates immune cell 

ontogeny, homeostasis, and apoptotic resistance [18, 19].

Given the central importance of BIM in immune cell homeostasis, genetic ablation of Bim in 

specific lymphocyte subsets can provide a mechanistic framework to better understand how 

BCL-2 family compensation occurs in non-malignant lymphocytes, as what might occur in 

patients treated with BH3-mimetics [5, 20]. To evaluate if long-term deletion of Bim in T 

cells recapitulates the early phenotype measured in globally deleted animals we 

characterized the peripheral lymphoid compartment in aged mice harboring Bim-deficient T 

or B cells. Unlike CD19CRE Bimfl/fl mice, LCKCRE Bimfl/fl mice experienced early 

lymphocytosis that normalized over time. We examined several potential mechanisms that 

may be responsible for this normalization, including global phenotypic changes in the T cell 

repertoire, apoptotic resistance patterns, and quantitative mRNA expression of the BCL-2 

family of proteins. We found a consistent pattern of BH3-only mRNA upregulation, 

particularly of Bmf, in CD4+ and CD8+ T cells lacking Bim. Despite similarities in mRNA 

expression patterns, CD4+ and CD8+ T cells had differences in cell death sensitivities to 

apoptotic stimuli, suggesting divergent compensatory mechanisms. However there were no 

changes in anti-apoptotic BCL-2 dependence patterns between the two cell types. Our 

studies shed light on the importance of BH3-only proteins in T cell homeostasis and 

emphasizes the importance of BIM in T cell apoptotic control. This study also highlights the 

difference between qualitative versus quantitative BCL-2 family compensatory mechanisms 

in T cells, which may prove critical to the mechanistic understanding of normal immune cell 

sensitivities in patients treated with BH3 mimetics [21].
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Materials and methods

Animals

CD19CRE Bimfl/fl, LCKCRE Bimfl/fl, and LCKCRE Neg (referred to hereafter as WT) mice 

were generated as described previously [22–24]. LCKCRE Bimfl/fl mice were kind gifts from 

Loren Walensky, M.D., Ph.D., Dana-Farber Cancer Institute, Boston, MA and were 

generated through cross of LCKCRE mice with Bimfl/fl animals [22, 25, 24]. Complete blood 

counts were obtained from peripheral blood using the ADVIA 120 (Siemens Healthineers) 

specifically calibrated and used for animal studies. All animal experiments were approved 

by and performed in accordance with the guidelines and regulations set forth by the 

Institutional Animal Care and Use Committee of the University of Chicago.

Fluorescence activated cell sorting

Splenocytes and thymocytes were isolated from animals and single cell suspensions were 

generated by disruption of the spleen and thymus through 100 µm and 70 µm filters 

respectively as previously described [26]. Individual lymphocyte populations were sorted on 

a BD FACSAria (University of Chicago Flow Cytometry Core) using CD4-APC, 1:100 (BD) 

and CD8-FITC, 1:100 (BD). Sorted populations were ≥ 98% pure.

Flow cytometric analysis

Single cell suspensions of splenocytes and thymocytes were prepared as described above. 

The following antibodies were used for staining at a dilution of 1:100 in PBS (all antibodies 

were from BD unless otherwise indicated): CD44-PE-Cy7, CD62L-PE, CD25-PerCPCy5.5, 

CD4-APC, CD8-BUV395 and CD8-FITC. For intracellular FOXP3 staining, cells were 

fixed and permeabilized with the FOXP3 Fixation/Permeabilization kit (eBioscience) per the 

manufacturer’s protocol. After fixation and permeabilization, cells were stained with 

FOXP3-FITC (eBioscience) at 1:50 in permeabilization buffer for 25 min in the dark on ice. 

Samples were analyzed using a LSRII cytometer (BD) or FACSAria (BD). Data analysis 

was performed using FlowJo (Tree Star).

Viability assays

CD4+ splenocytes, CD8+ splenocytes, and CD4+CD8+ double positive (DP) thymocytes 

were plated in 96 well round bottom plates at a density of 50,000 cells/well. Cells were 

cultured in cDMEM (DMEM with 10% fetal bovine serum, 1% penicillin/streptomycin, 1% 

L-glutamine, 1% non-essential amino acids, and 10 µM β-mercaptoethanol). Cells were 

treated with: cDMEM alone (cytokine deprivation), 1 µg/mL ionomycin, 4 ng/mL PMA, or 

1 µM etoposide. Cells were incubated for 24 and 48 h, at 37 °C, 5% CO2. At the indicated 

timepoints, viability was assessed by staining cells with Annexin V-FITC (BD) and 

propidium iodide (Life Technologies) and analyzed via flow cytometry, with percent viable 

cells reported as Annexin Vneg PIneg as previously reported [27].

Quantitative real-time PCR (qRT-PCR)

Pure populations of CD4+ splenocytes, CD8+ splenocytes and CD4+CD8+ thymocytes were 

lysed with Trizol (Life Technologies) and mRNA extracted using the Direct-zol RNA 
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MiniPrep kit (Zymo). mRNA concentration and purity was assessed using a DeNovix DS-11 

spectrophotometer and reverse transcription was performed using the Superscript III first 

strand synthesis reverse transcription kit (Invitrogen) per the manufacturer’s guidelines. 

qRT-PCR was performed using TaqMan Master Mix and Gene Expression Probes (Applied 

Biosystems) for each of the BCL-2 family members as follows: Mcl-1: Mm00725832_s1; 

Bak1: Mm00432045_m1; Bcl2l11 (Bim): Mm00437796_m1; Bcl2a1a (A1): 

Mm03646861_mH; Bbc3 (Puma): Mm00519268_m1; Pmaip1 (Noxa): Mm00451763_m1; 

Bad: Mm00432042_m1; Bid: Mm00477631_m1; Bcl-2: Mm00477631_m1; Bcl2l1 (Bcl-

xL): Mm00437783_m1; Bcl2l2 (Bcl-w): Mm03053297_s1; Bax: Mm00432051_m1; Bmf: 

Mm00506773_m1; B2m: Mm00437762_m1. Samples were run on the 7500 Fast Real-Time 

PCR System (Applied Biosystems). Data was analyzed with the ExpressionSuite software 

using the ∆∆CT method with B2m as the housekeeping gene and age-matched LCKCRE neg 

Bimfl/fl mice for the reference samples.

BH3 profiling

BH3 profiling was performed as described previously [28, 29]. The basis of this assay was to 

determine the mechanism of apoptosis regulation in T cells. BH3 profiling on intact cells 

uses BH3-only peptides (prepared using solid-phase peptide synthesis) and digitonin, which 

selectively permeabilizes the cellular plasma membrane and thereby exposes intact 

intracellular mitochondria to the peptide treatment. Mitochondrial outer membrane 

permeabilization (MOMP), and loss of the transmembrane mitochondrial potential, is 

measured through changes in fluorescence intensity of mitochondrial fluorescent probes. 

Briefly, cells were stained for CD4 and CD8 for 30 minutes, washed, and incubated with 75 

µM total peptide (NOXA + BAD comprised 37.5 µM each) with 20 µg/mL oligomycin 

(Sigma) and 0.002% digitonin for 60 minutes. DMSO and carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) (Sigma) were used as negative and positive 

controls respectively. Cells were stained for an additional 30 minutes with 450 nM 

rhodamine123 (Sigma) and analyzed via flow cytometry. Titration of BIM BH3 peptide was 

used to determine overall apoptotic priming in individual cells because of its ability to bind 

to all multidomain anti- and pro-apoptotic BCL-2 proteins. % Depolarization caused by each 

BH3-peptide was calculated using the following formula: % Depolarization = (1 − (sample-

FCCP)/(DMSO-FCCP)) × 100.

Statistical analysis

A one-way ANOVA test was used to evaluate statistically significant changes in young, 

middle, and old mice. For all other comparisons, an unpaired Student t test was performed 

and data are expressed as the means ± SEM. Plots were created using Prism (GraphPad 

Software). Expression data was depicted by RQ Min/Max with a 95% confidence level using 

the ExpressionSuite Software (Thermo Fisher/Life Technologies). Statistical significance 

was defined as p < 0.05.
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Results

Loss of BIM in T cells results in lymphocytosis that normalizes over time

Previous work has confirmed BIM as a master BH3-only regulator of T and B cell 

homeostasis [11, 18]. To explore how loss of BIM affects the lymphocyte compartment 

during the natural lifespan, we analyzed the consequences of T and B cell-specific deletions 

of BIM in LCKCRE and CD19CRE Bimfl/fl animals, respectively. Complete blood counts 

(CBCs) from the peripheral blood of these animals were analyzed in young (6–12 weeks), 

middle-aged (15–39 weeks) and old-aged (≥ 40 weeks) mice. Loss of BIM in T cells 

(LCKCRE Bimfl/fl) resulted in a significant elevation of total white blood cells in young mice 

as previously described [11, 18]. However, this lymphocytosis normalized to levels 

equivalent to wild type (WT) mice by middle age and was maintained past 40 weeks of life 

(Fig. 1a). In contrast, CD19CRE Bimfl/fl mice developed a lower level of lymphocytosis 

when young, as previously reported, that remained relatively unchanged through old age 

(Fig. 1b) [23]. The changes in peripheral blood lymphocyte counts in LCKCRE Bimfl/fl mice 

were also reflected in the absolute cell number from spleens and thymi indicating that the 

changes measured were not isolated to peripherally circulating T cells (Fig. 1c, d). While the 

absolute number of lymphocytes was increased in young LCKCRE Bimfl/fl mice, the relative 

percentage of B cells and T cells were similar to those of wild-type animals (Supplemental 

Fig. 1). These data point to a BIM-independent compensatory mechanism responsible for 

lymphocyte normalization in LCKCRE Bimfl/fl mice over time.

Thymocyte development remains abnormal in LCKCREBimfl/fl mice as they age

Normal thymocyte development is impaired in young mice with either global or 

hematopoietic cell-specific Bim deletion [11, 12, 18, 30]. Such animals harbor low numbers 

of CD4+CD8+ double positive (DP) thymocytes and increased numbers of double negative 

(DN) and single positive (SP) CD4+ and CD8+ thymocytes [18, 30]. To determine if T cell 

contraction was due to changes in thymopoiesis in LCKCRE Bimfl/fl animals, CD4 and CD8 

expression was analyzed on thymocytes from young, middle-aged, and elderly mice. 

Thymocyte development remained similarly abnormal in young and aged LCKCRE Bimfl/fl 

mice, as reflected by reduced DP thymocytes and increased DN and SP cells (Fig. 2a, b). 

These proportions remained stable through all age groups (Fig. 2c–f). The overall similar 

decline in absolute thymocyte numbers in both WT and LCKCRE Bimfl/fl mice was likely 

due to age-dependent thymic involution (Fig. 2g–j) [31]. Our results are consistent with 

previous data showing that 6–8 week-old native Bim−/− mice have lower absolute number of 

thymocytes and a higher content of DN and SP CD4+ and CD8+ thymocytes compared to 

WT animals [11, 32, 30]. Therefore, normalization of thymopoiesis does not appear to be 

responsible for peripheral WBC normalization in LCKCRE Bimfl/fl mice as animals age.

Mature T cell numbers normalize in aged LCKCREBimfl/fl mice

Given there were no significant changes in thymopoiesis in young versus aged LCKCRE 

Bimfl/fl mice, we next turned our analysis to determine if splenic T cell numbers normalized 

over time instead. The proportions of CD4+ and CD8+ splenic T cells were lower in 

LCKCRE Bimfl/fl mice compared to age-matched WT controls until they reached old age, at 

which point the proportions equalized (Fig. 3a–c). Despite lower proportions of T cells in 
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the spleens of young LCKCRE Bimfl/fl animals, there were significantly higher absolute 

numbers of CD4+ and CD8+ splenic T cells that normalized by middle age (Fig. 3d, e). 

These findings are consistent with the peripheral blood data from these animals (Fig. 1). 

Naïve T cells (CD44low CD62Lhigh) decreased over time to a greater extent in LCKCRE 

Bimfl/fl mice compared to WT mice (Fig. 4a, f). Conversely, LCKCRE Bimfl/fl mice 

accumulated more CD4+ effector/memory T cells (CD44high CD62Llow) as has been 

previously described in animals with global Bim deficiency (Fig. 4b,f) [32]. Like naïve 

CD4+ T cells, naïve CD8+ T cells decreased over time to a greater extent in the spleens of 

LCKCRE Bimfl/fl mice compared to WT mice (Fig. 4c, f). However unlike CD4+ T cells, 

effector/memory CD8+ cell percentages and absolute numbers were equivalent in all age 

groups (Fig. 4d, f). Importantly, spleens from young WT and LCKCRE Bimfl/fl mice had 

equivalent percentages of both CD4+ and CD8+ naïve and effector memory cells. It was only 

as mice aged that differences became apparent (Fig. 4a–d). In contrast to conventional T 

cells, splenic CD4+FOXP3+ T cells increased in proportion in all age groups but more so in 

LCKCRE Bimfl/fl mice. Interestingly, while Treg absolute numbers were more elevated in 

LCKCRE Bimfl/fl mice, their absolute numbers remained stable throughout life (Fig. 4e, g). 

These data support previous studies demonstrating the importance of BIM in Treg ontogeny 

and the normal accumulation of Tregs as mice age [33–35]. Decreased levels of BIM in old 

versus young WT Tregs allows them to naturally accumulate and preferentially survive in 

older animals though chronic stimulation with IL-2 [33]. Taken together, young LCKCRE 

Bimfl/fl mice had higher overall numbers of CD4+ and CD8+ cells but equivalent proportions 

of naïve and effector memory cells when compared to WT controls. As the global numbers 

of CD4+ and CD8+ cells normalized, LCKCRE Bimfl/fl mice accumulated memory CD4+ T 

cells but not memory CD8+ T cells. Both WT and LCKCRE Bimfl/fl animals developed an 

increased percentage of CD4+ Tregs throughout their lives but maintained overall constant 

Treg numbers.

Mature CD4+ and CD8+ LCKCRE Bimfl/fl T cells have apoptotic sensitivity profiles reflecting 
partial BCL-2 family compensation

One possibility for the normalization of overall T cell numbers in LCKCRE Bimfl/fl mice is 

that they were able to compensate for the lack of BIM and normalize their apoptotic 

resistance tendencies. CD4+ and CD8+ T cells from the spleens of young WT and LCKCRE 

Bimfl/fl mice were tested to determine if they were increasingly resistant to apoptotic stimuli 

given their longer, albeit variable, existence out of the thymus. This would allow for 

detection of BCL-2 family compensation in T cells that have survived longer than the ~ 5 

days it takes for a SP T cell to mature and emigrate from the thymus [36, 37]. The young age 

group was chosen to ensure equal percentages of naïve and effector memory T cells. CD4+ 

and CD8+ T cells from young LCKCRE Bimfl/fl mice were challenged to undergo cell death 

following treatment with cytokine deprivation (BIM, PUMA, BAD, HRK reliant death 

trigger), ionomycin (BIM reliant), phorbol 12-myristate 13-acetate (PMA; PUMA reliant), 

and etoposide (BID reliant) [38, 18]. BIM deficient CD4+ and CD8+ T cells were equally 

resistant to cytokine deprivation and etoposide treatment as age-matched controls (Fig. 5a, 

b). While LCKCRE Bimfl/fl CD4+ T cells were equally sensitive to ionomycin as WT 

controls, LCKCRE Bimfl/fl CD8+ T cells were more resistant (Fig. 5a, b). The converse was 

measured against PMA treatment. These data indicate that mature CD4+ and CD8+ T cells 
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lacking BIM were differentially sensitive against cell death triggers. We hypothesized that 

different BCL-2 family compensation mechanisms may underlie such distinctive responses 

in these cells. As such, we would expect CD4+CD8+ DP thymocytes to retain their apoptotic 

resistance patterns over time as thympoiesis remained stably abnormal in LCKCRE Bimfl/fl 

mice as they aged. As expected, DP thymocytes from LCKCRE Bimfl/fl mice were more 

resistant to all treatments compared to DP thymocytes from WT control animals (Fig. 5c).

One possible explanation for our cell death results is that CD4+ and CD8+ T cells may have 

distinct patterns of BCL-2 family member expression in response to loss of BIM. Compared 

to age-matched WT controls, CD4+ splenic T cells from young LCKCRE Bimfl/fl mice 

demonstrated a significant increase in the expression of Bmf (~ 5× fold), A1 (~ 2× fold), 

Puma (~ 2× fold) and Noxa (~ 1.5× fold) (Fig. 6a). CD8+ splenic T cells from young 

LCKCRE Bimfl/fl mice displayed a similar pattern of BCL-2 family expression changes apart 

from lacking upregulation of Noxa. Despite differences in the ratio of naïve:effector cells in 

older animals, Puma and Noxa transcripts continued to increase in CD4+ and CD8+ splenic 

T cells from older LCKCRE Bimfl/fl mice (Fig. 6b). Bmf remained elevated in older CD4+ 

and CD8+ splenic T cells albeit to a lower extent than those from young animals. Notably, 

the changes in BCL-2 family mRNA expression were largely confined to BH3-only proteins. 

CD4+ and CD8+ splenic T cells had minimally increased expression (~ 1.5–2× fold) of the 

anti-apoptotic BCL-2 protein A1 (Fig. 6a, b). Consistent with their apoptotic resistance (Fig. 

5c), BCL-2 family expression patterns in CD4+CD8+ DP thymocytes from young and old 

WT mice were not appreciably different confirming that BH3-protein compensation 

occurred over time in mature T cells and not in the thymus (Supplementary Fig. 2a). 

Importantly, thymocytes from young and old LCKCRE Bimfl/fl mice had persistent, and 

equivalent, deletion of Bim (Supplementary Fig. 2b).

The loss of BIM in T cells led to global changes in BH3-only mRNA expression but little 

alteration in anti-apoptotic BCL-2 protein transcript. This would predict that anti-apoptotic 

dependency patterns were similar in T cells from young LCKCRE Bimfl/fl and WT animals 

despite clear changes in BH3-only protein profiles and partial normalization in cell death 

sensitivity (Figs. 5 and 6). In this regard, loss of BIM would have been compensated by 

other BH3-only proteins to regulate T cell homeostasis as has been measured with respect to 

functional upregulation of BCL-2 in response to loss of MCL-1 [21]. Such a quantitative 

model would predict that other BH3-only proteins are able to functionally compensate for 

the loss of BIM. To test this, we utilized BH3-profiling, a technique in which death domains 

of select BH3-only proteins with focused BCL-2 anti-apoptotic affinities are intracellularly 

introduced to determine the anti-apoptotic protein dependency patterns of individual cells 

(Fig. 7a) [39, 40, 28, 29]. Supporting our gene expression analyses, mitochondrial 

depolarization measurements from individual CD4+ and CD8+ splenic T cells as well as 

CD4+CD8+ thymocytes from LCKCRE Bimfl/fl and WT animals showed no difference in 

BCL-2 family anti-apoptotic protein dependency (Fig. 7b). Despite this result, challenge 

with apoptotic stimuli found Bim deficient T cells to be variably more resistant to cell death 

(Fig. 5). To determine if this cell death resistance was also reflected at the level of the 

mitochondrion, BIM BH3 titration was used to compare apoptotic priming to the intrinsic 

apoptotic pathway in CD4+and CD8+ splenic T cells and CD4+CD8+ thymocytes from 

LCKCRE Bimfl/fl and WT animals. Mitochondria within T cells from LCKCRE Bimfl/fl mice 
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were progressively resistant to depolarization following treatment with decreasing doses of 

BIM BH3 (Fig. 7c). Akin to our cell death data, these results suggest that T cells lacking 

BIM upregulate other BH3-only members and that these proteins partially compensate for 

apoptotic sensitivity in mature T cells lacking BIM.

Discussion

Understanding the roles that BCL-2 family proteins play in the regulation of immune cell 

viability and function has become increasingly important as the clinical use of highly-

specific small molecule and peptide BH3-mimetics increases. The role of BCL-2 anti-

apoptotic proteins in regulating death and survival of various lymphocyte populations has 

been widely studied [41, 21]. Less well characterized however is the role that BH3-only 

proteins play in long-term immune homeostasis of these same populations. In this report, we 

have begun to characterize how the long-term loss of Bim in T cells affects total lymphocyte 

numbers and T cell apoptotic sensitivity over time. We and others confirm that BIM is the 

master BH3-only regulator of T cell homeostasis, as its deletion leads to abnormal 

thymocyte development, elevated white blood cell counts, and resistance to apoptotic stimuli 

[18]. These phenotypes are recapitulated in mice with deletion of Bim restricted to T cells. 

Importantly, the elevation in peripheral lymphocytes in LCKCRE Bimfl/fl mice normalized as 

they aged suggesting the existence of T cell-specific BCL-2 family compensatory 

mechanism(s) as a result of BIM loss. Our study thereby supports the fundamental 

importance of BIM in T cell apoptotic homeostasis and shows that, unlike BCL-2 anti-

apoptotic proteins, BH3-only proteins are unable to fully functionally replace BIM in T cells 

[42]. Therefore, our work corroborates that of others pointing to the notion that BH3-only 

proteins, like anti-apoptotic BCL-2 proteins, can contribute at least somewhat quantitatively 

to the survival of T cells [41, 21].

Global, conditional hematopoietic (VAV-CreER), and T cell-specific (LCKCRE Bimfl/fl, as 

shown here) deletion of BIM results in abnormal maturation of thymocytes, including an 

increase of DN thymocytes and increased time in the DN phases [11, 12, 18, 19]. If 

compensatory mechanisms leading to white count normalization occurred in the thymus, 

aged LCKCRE Bimfl/fl mice would have been expected to develop an increasingly normal 

distribution of DN and DP thymocytes. However, thymocyte development remained 

abnormal in aged animals, pointing to a normalization mechanism that occurred over a 

longer period of time than that needed for a mature T cell to exit the thymus. To determine 

this fully, a model system that efficiently and stably deletes BIM in all mature post-thymic T 

cells would have to be employed. However, to our knowledge, such a model is not currently 

available.

While CD4+ and CD8+ splenocyte numbers approached those of WT animals over time, 

there was an increased percentage of CD4+ T cells that were FOXP3+ in both WT and 

LCKCRE Bimfl/fl animals as they age (Fig. 4e). BIM is a critical regulator of Treg levels and 

partially mediates their accumulation in aged mice through decreased BIM expression [33, 

35]. Treg accumulation may rely predominantly on BIM rather than anti-apoptotics as Tregs 

from older animals have decreased expression of both BCL-2 and MCL-1, the major 

partners of BIM in T cells [21, 43]. Tregs from aged mice have increased suppressive 
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capacity compared to Tregs from young mice, suggesting that the increased proportion of 

Tregs may be a contributing factor to the normalization of lymphocyte counts in aged mice 

[44]. We found that Treg accumulation was more robust in LCKCRE Bimfl/fl mice but did not 

increase significantly with age compared to WT animals. Perhaps the accumulation of Tregs 

in LCKCRE Bimfl/fl animals is partially responsible for the normalization of CD4+ and CD8+ 

splenic T cells deficient in Bim. However, a presumed natural rise in Tregs was unable to 

normalize WBC in 20–25 week aged CD19CRE Bimfl/fl or EµCycD1CD19CRE Bimfl/fl 

animals indicating a T cell-specific phenomenon [23]. Additionally, there were equivalent 

CD4+ T cells in older mice from both groups (Fig. 3d, e), suggesting that the mechanism for 

WBC normalization does not depend, at least fully, on Tregs. The direct role that BIM plays 

in Treg-specific maintenance and function continues to be an active area of investigation.

We observed a consistent transcript upregulation in other BH3-only proteins in response to 

loss of BIM. This likely played a role in lymphocyte number and cell death sensitivity 

normalization as there were no significant differences in anti-apoptotic expression or BH3 

profiling between splenic T cells from LCKCRE Bimfl/fl and WT animals (Figs. 6 and 7). 

This would suggest that a qualitative compensation mechanism takes either time or cell 

death pressure to develop. The exception was CD8+ T cells, which remained significantly 

resistant to ionomycin suggesting that there are fundamental differences in how CD4+ and 

CD8+ T cells respond to the loss of BIM. This distinction may reflect previously unresolved 

discrepancies in cell death sensitivity profiles and BCL-2 family compensation in non-

malignant T cells from patients treated with BH3-mimetics which result in disruption of 

BIM bound to various anti-apoptotic BCL-2 proteins as their primary mechanism of action 

[40, 45, 46].

This study, and that of others, supports the notion that the full functionality of BIM in 

lymphocytes is irreplaceable by other BH3-only proteins. There may also exist different 

levels of BH3 compensation in T cells following the loss of BIM. This is also reflected in 

work showing that mice expressing BIM protein with altered BH3-defined specificities 

(BimBad, BimPuma, BimNoxa) show partial, yet incomplete, WBC normalization compared to 

mice lacking Bim [42]. DP thymocytes from these animals showed partial in vitro 
normalization to cell death stimuli. Mature CD4+ and CD8+ T cells were not examined nor 

was BimBmf. The supremacy of BIM for initiation of apoptosis extends to its capacity to 

directly activate BAX and BAK to a higher degree than other potential direct activators, such 

as BID and PUMA [47, 10]. According to this model, the BH3 region of these proteins led 

to “very substantial” apoptosis but “maximal” apoptosis was only manifested by BIM [42]. 

This idea is supported by our data and mechanistically by the ability of BIM BH3 peptide to 

fully depolarize mitochondria when used in BH3 profiling, and thus serve as a positive 

control, independent of a cell’s anti-apoptotic dependency patterns [40, 48, 28].

While there were slightly different levels of BH3-only protein upregulation in CD4+ and 

CD8+ T cells lacking Bim, the genes involved were identical, perhaps indicating a 

conserved T cell mechanism of BH3 protein cell death control (Fig. 6). Specifically, there 

was increased transcription of Puma and Noxa, and most particularly, Bmf. Several studies 

have suggested BIM and BMF may have evolved from a common ancestry with shared 

transcriptional control and overlapping functions and regulatory programs [8, 49]. Both 
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proteins are normally sequestered by the cytoskeleton and global deletion of either leads to 

defects in the immune system, although Bmf deletion leads to a more dramatic effect in B 

cells [50, 51]. Like loss of BIM, BMF deficiency also leads to lymphocyte accumulation 

through a cell autonomous mechanism and results in increased B cell accumulation 

compared to T cells [50]. Bim−/−Bmf−/− double knockout mice develop thymocytes more 

resistant than those from single knockout mice to a number of agents, including steroids and 

HDAC inhibition [50, 51]. However, apoptotic resistance in mature SP T cells was 

completely BIM dependent [51]. Additionally, combined loss of BIM and BMF led to a 

compounded increase in B cells but T cell numbers were not increased above single Bim−/− 

animals, suggesting a redundant mechanism of apoptotic control in B cells and not T cells. 

These studies support our observation that normal T cell death regulation and numbers are 

predominantly regulated by BIM. Given their functional overlap, it is conceivable that BMF 

compensates for loss of BIM in aged LCKCRE Bimfl/fl animals. T cell-specific genetic 

regulation and possible function for BMF has not been previously reported. We also cannot 

discount a combined cooperative compensation by multiple BH3 proteins in the absence of 

BIM that are able to control some, but not all, aspects of cell death.

Identification of how BCL-2 proteins compensate for functional or deletional loss of one 

another may have important clinical implications. This study provides new insight into the 

redundancy and fluidity of the BH3 subset of the BCL-2 family of proteins in T cells. It will 

be essential to learn more about how these proteins are able to compensate for one another in 

response to long-term pressure such as encountered during prolonged treatment with BH3 

mimetics.
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Fig. 1. 
T cell-specific deletion of Bim leads to lymphocytosis early in life that normalizes as mice 

age. a CBC analysis was performed on peripheral blood from WT and LCKCREBimfl/fl and 

b CD19CRE Neg and CD19CRE Pos (referred to hereafter as CD19CRE) Bimfl/fl mice at the 

indicated ages. The peripheral blood lymphocytosis and normalization was also reflected in 

absolute cell numbers of c splenocytes and d thymocytes isolated from LCKCRE Bimfl/fl 

animals. Young: 6–12 weeks of age, middle: 15–39 weeks of age, old: ≥ 40 weeks of age. 

LCKCRE Bimfl/fl n ≥ 14, CD19CRE Bimfl/fl n ≥ 22, and WT n ≥ 5 for each age group. Data 

represented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001

Ludwig et al. Page 14

Apoptosis. Author manuscript; available in PMC 2021 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Thymocyte development remains abnormal as LCKCRE Bimfl/fl mice age. Thymocytes were 

analyzed from WT and LCKCRE Bimfl/fl mice at the indicated age groups. Representative 

flow plots of a young WT and LCKCRE Bimfl/fl mice, as well as b old WT and LCKCRE 

Bimfl/fl mice. Although thymus size decreases over time, the percentage of c DP 

CD4+CD8+, d DN CD4−CD8−, e SP CD4+, and f SP CD8+ thymocytes continues to reflect 

abnormal thymopoiesis of BIM-deficient cells. Absolute numbers of g DP CD4+CD8+, h 
DN CD4−CD8−, i SP CD4+, and j SP CD8+ thymocytes are shown below. LCKCRE Bimfl/fl 

and WT n ≥ 4 for each age group. Data represented as means ± SEM. *p < 0.05, **p < 0.01, 

***p < 0.001.
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Fig. 3. 
Mature CD4+ and CD8+ T cell numbers normalize over time in LCKCRE Bimfl/fl mice. a 
Representative flow plots of CD4+ and CD8+ splenic T cells from WT and LCKCRE Bimfl/fl 

mice. b, c While the ratios of mature splenic CD4+ and CD8+ T cells from WT and LCKCRE 

Bimfl/fl mice do not change as mice age the d, e absolute numbers of both decrease to WT 

levels in older aged mice. LCKCRE Bimfl/fl and WT n ≥ 3 for each age group. Data 

represented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 4. 
There is a decreased proportion of naïve CD4+ and CD8+ T cells and accumulation of CD4+ 

effector/memory and regulatory T cells in aged LCKCRE Bimfl/fl mice. Old LCKCRE Bimfl/fl 

mice have reduced proportions of a, b naïve (CD44lowCD62Lhigh) CD4+ T cells and 

accumulation of effector memory (CD44highCD62Llow) CD4+ T cells. c, d Old LCKCRE 

Bimfl/fl mice have reduced proportions of naïve CD8+ T cells but similar numbers of effector 

memory CD8+ T cells compared to WT controls. e Both WT and LCKCRE Bimfl/fl mice 

increase their percentage CD4+FOXP3+ regulatory Tregs as they age. Absolute numbers of 

Tregs are greater in LCKCRE Bimfl/fl animals compared to WT controls but their overall 

numbers remain relatively constant throughout their lives. Representative flow plots of f 
CD4+, CD8+ and g FOXP3+ CD4+ Treg populations from young mice are shown to the right 

of each bar graph. LCKCRE Bimfl/fl and WT n ≥ 4 for each age group. Data represented as 

means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 5. 
CD4+ and CD8+ T cells from LCKCRE Bimfl/fl mice were differentially sensitive to 

apoptotic stimuli compared to age-matched WT controls. a CD4+, b CD8+ splenic T cells, 

and c CD4+CD8+ thymocytes from young mice were cultured for 24 and 48 h in the absence 

of cytokines, 1 µg/mL ionomycin, 4 ng/mL PMA, or 1 µM etoposide. Viability was assessed 

by Annexin V/PI staining with Annexin Vneg PIneg cells considered viable. n ≥ 4 for each 

age group and genotype. Data represented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 

0.001.
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Fig. 6. 
CD4+ and CD8+ T cells from LCKCRE Bimfl/fl mice upregulate expression of other BH3-

only proteins in response to loss of BIM. mRNA expression levels of BCL-2 proteins from 

CD4+ and CD8+ splenic T cells from a young and b old LCKCRE Bimfl/fl mice. Age-

matched WT mice were used as a reference sample. Expression was normalized using B2M 

and analyzed using the ∆∆CT method. n ≥ 3 for young and n ≥ 4 for old age group and 

genotype. Significance was compared to age-matched reference samples (normalized to 1, 

dashed line) Data represented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 as 

determined by calculating RQ Min/Max with a 95% confidence level using the 

ExpressionSuite Software
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Fig. 7. 
T cells lacking BIM do not shift their anti-apoptotic dependency and remain less primed to 

die compared to WT T cells. a Table of BH3 peptides used for BH3 profiling and expected 

mitochondrial depolarization patterns. b There were no significant changes in mitochondrial 

depolarization as a result of any of the peptide treatments in mature CD4+ and CD8+ splenic 

T cells, or CD4+CD8+ thymocytes. c To measure the level of apoptotic priming, cells were 

treated with decreasing concentrations of the BIM BH3 peptide. Cells from LCKCRE Bimfl/fl 

mice were less primed to die compared to WT controls. n ≥ 4 for each genotype. Data 

represented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001

Ludwig et al. Page 20

Apoptosis. Author manuscript; available in PMC 2021 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Animals
	Fluorescence activated cell sorting
	Flow cytometric analysis
	Viability assays
	Quantitative real-time PCR (qRT-PCR)
	BH3 profiling
	Statistical analysis

	Results
	Loss of BIM in T cells results in lymphocytosis that normalizes over time
	Thymocyte development remains abnormal in LCKCREBimfl/fl mice as they age
	Mature T cell numbers normalize in aged LCKCREBimfl/fl mice
	Mature CD4+ and CD8+
LCKCRE
Bimfl/fl T cells have apoptotic sensitivity profiles reflecting partial BCL-2 family compensation

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7

