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Abstract

The role of the immunoproteasome is perceived as confined to adaptive

immune responses given its ability to produce peptides ideal for MHC Class-I

binding. Here, we demonstrate that the immunoproteasome subunit, LMP2,

has functions beyond its immunomodulatory role. Using LMP2-deficient mice,

we demonstrate that LMP2 is crucial for lymphocyte development and survival

in the periphery. Moreover, LMP2-deficient lymphocytes show impaired

degradation of key BH3-only proteins, resulting in elevated levels of pro-

apoptotic BIM and increased cell death. Interestingly, LMP2 is the sole

immunoproteasome subunit required for BIM degradation. Together, our

results suggest LMP2 has important housekeeping functions and represents a

viable therapeutic target for cancer.

INTRODUCTION

Regulation of protein homeostasis is a key biochemical

process within a cell. New protein synthesis requires a

constant stream of amino acids, while the clearance of

misfolded proteins is crucial to negate cellular stress

responses and ultimately cellular apoptosis.1 Much of

this protein degradation and clearance occurs within a

multi-subunit complex known as the proteasome that

exists in several isoforms including a 20S form and a

larger 26S version that contains additional ubiquitin-

specific subunits.2 As well as its homeostatic role, the

proteasome shapes cellular function not only by

terminating the activity of ubiquitinated proteins, but

also by cleaving pro-proteins to liberate their active

form.3 Finally, since the majority of proteins within a

cell undergo proteasome-dependent degradation, the

resultant peptide catalogue forms an important reservoir

for the adaptive immune system to elicit cytotoxic CD8+

T cell responses via MHC class I presentation4 thereby

facilitating the clearance of virus infected cells and

tumors.5

The 20S proteasome is composed of four stacked

heptameric rings. The two inner rings contain the

catalytically active beta subunits, b1, b2 and b5,
6 which can

be substituted in different circumstances. The best known

of these, the immunoproteasome (IP), has a reported

specialized role in antigen presentation. Specifically, the IP

has substitutions of all three catalytic b-subunits, which are

replaced by b1i (LMP2), b2i (LMP10) and b5i (LMP7),
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respectively.7-10 The IP is constitutively expressed in

antigen presenting cells, such as dendritic cells, and in

medullary thymic epithelial cells that influence negative

T-cell selection,11 and it is upregulated in other cell types

upon exposure to antiviral interferons.12 Consistent with a

role in antigen presentation, the IP demonstrates an

altered cleavage pattern that preferentially creates

hydrophobic and basic C-terminal residues, which are

frequently used as C-terminal anchor residues for MHC-I

binding.13,14 In this way, the IP is generally believed to

enhance CD8+ T cell responses.15

However, this notion is likely to be overly simplistic.

For example, the IP was reported also to inhibit some

immunogenic peptide generation.16 Moreover, it has

been demonstrated that the overall peptide repertoire

generated by the immuno- and housekeeping

proteasome is largely similar, with the major difference

being the enhanced degradation rate of the former.17

Finally, it has been demonstrated that there are hybrid

versions of the immuno- and housekeeping protea-

somes, which casts doubt on their perceived functional

dichotomy.18,19

Consistent with this functional blurring of the

immuno- and housekeeping proteasome, genetic defects

in individual IP subunits cause systemic disease that

cannot be readily explained by a role in antigen

presentation alone. For example, homozygous mutations

in human LMP7 cause Nakajo-Nishimura syndrome,

which is a systemic autoinflammatory disorder believed to

arise as a result of a failure to breakdown ubiquitinated

and oxidated proteins.20 Similarly in mice, genetic loss of

LMP7 mice causes accumulation of polyubiquitinated

proteins and oxidative stress.21 Strikingly, several human

diseases, including multiple myeloma, gastric cancer,

Huntington’s Disease, Alzheimer’s Disease and

amyotrophic lateral sclerosis, have increased IP levels or

are associated with subunit polymorphisms.22-26 These

observations are also hard to reconcile with the canonical

role of IPs in antigen presentation.

In this study, we present a newly described

housekeeping role for the LMP2 IP subunit. Specifically,

we found that loss of LMP2 in mice results in cellular

protein dysregulation in developing and peripheral

lymphocytes, which ultimately causes apoptosis because

of the failure to degrade pro-apoptotic proteins.

RESULTS

LMP2�/� mice exhibit reduced lymphocyte numbers in

both the thymus and spleen

Decreased CD8+ T cell numbers in the thymus and

periphery of IP subunit-deficient mice have been reported

previously.27,28 To confirm previous results, primary and

secondary lymphoid organs were collected from wild-type

C57BL6/J (B6) mice and each of three IP subunit-deficient

(LMP2�/�, LMP7/LMP10�/� and LMP10�/�) strains and

total cell numbers were enumerated. As shown in

Figure 1a, thymic cell numbers were decreased in the IP

subunit-deficient strains compared to B6 mice. However,

as previously reported, LMP2�/� animals were the only

strain that displayed reduced splenic cellularity,15,29 which

was hard to reconcile with the general assumption that

LMP2’s sole role is to be incorporated in IP to facilitate

antigen presentation.

To understand which splenocyte populations were

affected, we analyzed the myeloid and lymphoid

compartments in the spleen (Figure 1b). As expected B6,

LMP7/LMP10�/� and LMP10�/� mice all displayed intact

myeloid and lymphoid compartments. In contrast, mice

lacking LMP2 had a pan-lymphoid deficiency, with a

50% reduction in CD4+ T, CD8+ T, NK and NKT cell

numbers. As we have previously reported, LMP2�/� mice

also exhibited a substantial decrease in CD19+ B cells

(~80% reduction).29

We believe the differences we observed were likely

overlooked in the original description of LMP2�/� mice27

as the authors compared cell subset percentages rather

than assessing absolute cell numbers. No significant

difference was detected in the myeloid compartment of

LMP2�/� mice.

The LMP2-dependent reduction in lymphocyte

numbers is not a result of impaired thymic selection

The lymphocyte deficiency observed in LMP2�/� mice

suggested the underlying mechanism was unlikely to be

due to increased negative selection in the thymus as

suggested previously,27 especially given the involvement

of B and NK cells which develop in the bone marrow.

Instead, we hypothesized that loss of LMP2 causes an

intrinsic defect in lymphocyte maturation. To formally

test these two possibilities in the context of T-cell

development, BM chimeras were generated in which B6

or LMP2�/� BM was injected into irradiated B6 or

LMP2�/� recipient hosts (Groups 1–4 in Supplementary

table 1). Three months later, donor-derived splenocyte

subpopulations were assessed (Figure 2a). As expected,

the two control groups, wild type (Ly5.1 BM ? B6) and

LMP2�/� (LMP2�/� BM ? LMP2�/�) mice, exhibited

similar cellular profiles as seen in their non-chimeric

counterparts (Figure 1b). Interestingly, Ly5.1 BM ?
LMP2�/� mice, which were generated to assess how wild-

type progenitor cells develop in the LMP2�/� thymic

selection environment, exhibited cell numbers similar to

that of the control Ly5.1 BM ? B6 mice. This indicated
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that the LMP2�/� thymic environment is able to select

normal numbers of T lymphocytes, and suggested that an

intrinsic T-cell defect might exist in LMP2�/� animals.

Indeed, when LMP2�/� progenitor cells were exposed

to a wild-type thymic environment (LMP2�/�

BM ? Ly5.1), we observed reduced lymphocyte numbers

similar to that in the LMP2�/� BM ? LMP2�/�

controls, confirming that the defect is intrinsic to either

lymphocyte progenitors and/or the differentiating

LMP2�/� thymocytes.

Interestingly, when the relative chimerism in the spleen

was assessed at 3 months by measuring the proportion of

donor T cells, we found that LMP2�/� ? Ly5.1 mice

displayed very poor donor cell engraftment

(35.34 � 2.19%), unlike the other three groups which all

showed >90% donor cell contribution (Supplementary

table 1). To build upon these results, mixed BM chimeras

were generated (Supplementary table 1: Groups 5 and 6),

using Ly5.2+ LMP2�/�: Ly5.1+ donors at either a 1:1 or

5:1 ratio in Thy1.1+ irradiated recipients. This

experimental setup enabled a direct comparison of wild

type and LMP2 donor cells as they encountered the same

thymic selection environment. Interestingly, in mice that

received equal numbers of LMP2�/� and wild-type

progenitors, approximately 99% of donor thymocytes

recovered were derived from wild-type donor progenitors

(Figure 2b). Moreover, increasing the LMP2�/�:

wild-type donor cell ratio to 5:1 failed to improve

LMP2�/� cell engraftment (Figure 2b).

LMP2�/� thymocytes show impaired developmental

transition and increased apoptosis at the pre-TCR

signaling DN3 stage

The above results indicated that LMP2�/� cells had an

intrinsic defect in T-cell development, which we initially

hypothesized might be due to a problem in progenitor

cells. We therefore enumerated hematopoietic stem cells

(Lin� c-kit+ Sca-1+), common lymphoid progenitors

(Lin� c-kit- Sca-1+) and, as a control, common myeloid

progenitors (Lin� c-kit+ Sca-1�).30,31 Notably, each

population was comparable in number between LMP2�/�

and B6 animals (Figure 2c), indicating that the observed

reduction in T-cell number in these mice was not

explained by progenitor cell number.

We next investigated whether a problem might exist in

thymocyte differentiation by assessing various

subpopulations along the thymocyte differentiation

pathway (Figure 2d). Double positive (small CD5lo TCRlo),

CD4 single positive (SP) and CD8 SP cell numbers were all

decreased in LMP2�/� mice, suggesting an early

developmental issue upstream of the double positive stage.

Moreover, while early double negative (DN) populations

DN1-3 were similar in number compared to those in B6,
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Figure 1. LMP2�/� mice exhibit reduced lymphocyte numbers. (a) Cell numbers were enumerated from the thymus, spleen and BM of LMP2�/�,
LMP7/LMP10�/�, LMP10�/� and B6 mice. (b) Splenic subset cell numbers. Cell phenotyping markers are described in Supplementary table 2.

One-way ANOVA followed by Bonferroni’s post hoc comparison test and SEM values shown *P < 0.05. Data are combined from three

independent experiments. N = 12 mice/group.
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DN4 numbers were significantly reduced, implying that

there is a problem in the transition from the DN3 to DN4

stage, a checkpoint known as “b-selection” which

corresponds to initiation of pre-TCR signaling. During this

process, DN3 cells that have been successfully selected

undergo rapid proliferation and an increase in cell size

[“L” (large) stage], which allows them to be readily

distinguished from the rest of the DN3 population

[‘E’ (expected) stage].32 Consistent with a problem in

b-selection, LMP2�/� mice possessed fewer DN3 “L” cells

compared to B6 mice, but similar numbers of DN3 E cells

(Supplementary figure 1a).
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Figure 2. Reduced lymphocyte number is an intrinsic defect as a result of LMP2�/� deficiency. (a) BM cells from wild type or LMP2�/� mice

were transferred into irradiated wild type or LMP2�/� recipients. Following 3 months of reconstitution, splenic donor cell subsets were analyzed

via FACs. One-way ANOVA followed by Bonferroni’s post hoc comparison test and SEM values shown *P < 0.05. Data are combined from two

independent experiments. N = 6 mice/group. (b) Mixed BM chimeras: BM cells were isolated from LMP2�/� and Ly5.1+ mice and co-transferred

into irradiated Thy1.1+ recipients at 1:1 (LMP2�/�:Ly5.1+) or 5:1 ratios. Following 3 months of reconstitution, donor total T-cell percentages were

analyzed in the thymus and spleen. (c) Lin�ve cells were stained for c-kit and Sca-1, and hematopoietic stem cells, common myeloid progenitors

and common lymphoid progenitors cell numbers were calculated by FACs. (d) Thymocytes from LMP2�/� and B6 mice were stained for thymic

development subset markers and analyzed via FACs. Student’s t-test and SEM values shown *P < 0.05. Data are combined from two

independent experiments. N = 6 mice/group.
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To further examine b-selection in LMP2�/�

thymocytes, an OP9-DL1 culture system, in which

thymocytes develop in vitro, was employed.33 Following

15 days of culture, B6 hematopoietic stem cells

progressed to the double positive stage of thymic

development. In contrast, most LMP2�/� hematopoietic

stem cells failed to progress past the DN3 stage

(CD4�CD8�CD44�CD25+) in the LMP2�/� cultures

(Supplementary figure 1b–d).
Decreased thymocyte number could result from either

impaired thymocyte proliferation and/or increased

apoptosis. To assess thymocyte proliferation, we CFSE

labeled B6 and LMP2�/� thymocytes and non-specifically

stimulated with Concanavalin A for 72 h, and no

difference was observed (Supplementary figure 1e). To

assess apoptosis throughout thymocyte development, we

used Annexin V staining. Interestingly, LMP2�/�

thymocytes demonstrated increased rates of apoptosis at

developmental checkpoints, specifically during the E stage

of DN thymocyte development (Supplementary figure

1f). Classical NFjB pathway activation is critical for

survival of differentiating lymphocytes, especially those

during DN3 stage as preTCR expression triggers NFjB
signaling pathway.32,34,35 We therefore isolated DN3 and

DN4 thymocytes from LMP2�/� and B6 animals,

confirmed their IP subunit expression by western

blot (WB) (Supplementary figure 2a) and showed

reduced IjBa degradation upon TNFa activation (data

not shown). These results demonstrate a similar

phenotype to developing B cells obtained from LMP2�/�

mice that we have reported previously (Supplementary

figure 2b).29

LMP2�/� lymphocytes show survival defects beyond the

DN3 stage of development

We explored whether LMP2�/� T cells beyond the DN3

thymocyte stage also display a defect in survival. To begin,

we sought to determine whether mature T cells also express

LMP2. Splenic T cells were therefore isolated and assessed

for the presence of LMP2 as well as the other two IP

subunits by WB. Interestingly, both CD8+ T cells and

CD4+ T cells express all three IP subunits (Figure 3a and

data not shown).

Before assessing survival, we again sought to determine

whether mature LMP2�/� T cells have any defect in

proliferation which might otherwise contribute to the

reduced T-cell numbers observed in the periphery. To do

so, we assessed the CD8+ T cell population within the

spleens of B6 and LMP2�/� mice based on cell surface

staining for CD44 and CD62L (Figure 3b).36 Notably, a

high proportion of cells in the LMP2�/� spleen showed a

homeostatically proliferating (ii: CD44+ CD62L+)

phenotype, and this was accompanied by a significant

reduction in the na€ıve (CD62L+ CD44�) population. Next,
in order to control for potential confounding differences in

T-cell receptor arrangement (expression) and T-cell

repertoire and to facilitate ex vivo tracking, we bred a

TCR transgenic mouse strain (F5), whose CD8+ T cells all

express pre-arranged transgenic TCR specific for the

H-2Db-presented NP366–374 (ASNENMDAM)—an

immunodominant epitope from influenza A virus (NT60

strain), onto either LMP2�/� or B6 Ly5.1 background.

Interestingly, LMP2�/�-F5 TCR Tg mice exhibited

widespread T- and B-cell deficiencies similar to our

findings in LMP2�/� mice (Supplementary figure 2c, d).

Importantly, we also confirmed that ex vivo isolated

LMP2�/�-F5 CD8+ T cells show a much greater tendency

to homeostatically proliferate by staining with a cell

proliferation dye and measuring unstimulated cell division

in vitro (Figure 3b). We interpreted these observations as a

likely compensation (albeit only partial) for the overall

reduction in CD8+ T cell numbers in the periphery

(Figure 1b). This was further confirmed by the normal

CD44+CD62L+ LMP2�/� lymphocyte population in

LMP2�/� bone marrow reconstituted B6 mice, in which

large number of host lymphocytes survived because of the

poor reconstituting capacity of the LMP2�/� bone marrow

cells (Supplementary table 1, Supplementary figure 2e).

Crucially, these data emphasized that LMP2�/� T cells do

not appear to have an intrinsic defect in proliferation.

Next, to evaluate survival of LMP2�/� T cells in the

periphery, we transferred equal numbers of dye-labeled

CD8+ T cells from LMP2�/�-F5 and wild-type Ly5.1-F5

strains into B6 or LMP2�/� hosts. As shown in Figure 3c,

mature LMP2�/�-F5 TCR Tg CD8+ T cells accounted for

only ~25% of the recovered donor population after 7 days

in both B6 and LMP2�/� hosts, indicating a defect in

survival that is independent of T-cell repertoire. In order to

determine whether this survival defect is caused by increased

apoptosis, Annexin V staining was assessed and found to be

elevated in LMP2�/� peripheral CD8+ T cells (Figure 3d).

LMP2 is required to efficiently degrade BIM and other

pro-apoptotic BH3-only proteins

Numerous pro-apoptotic and pro-survival proteins are

degraded by the proteasome.37-40 In particular, levels of

BIM—the pro-apoptotic BH3-only protein family

member that regulates the final cell death check point in

developing thymocytes and peripheral T and B cells—are

known to be regulated by proteasomal destruction.40,41

We therefore hypothesized that LMP2 is required to

negate cellular apoptosis via degradation of BIM. To test

this, we decided to assess the relationship between LMP2

and BIM degradation in murine embryonic fibroblasts
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(MEFs). Specifically, we obtained BIM�/� MEFs that

expressed a tamoxifen-inducible form of BIMEL (BIM�/�

BIMEL), thus allowing us to control and monitor the

steady-state levels of BIMEL
42 and, using CRISPR/Cas9

technology, we created LMP2�/� BIM�/� BIMEL MEFs to

investigate BIM degradation (Supplementary figure 3).

Since MEFs do not constitutively express IP subunits,

LMP2 expression was induced using IFN-c stimulation

for 48 h, while BIM expression was induced by the

addition of 4-hydroxyl tamoxifen for 16 h and then

followed via a chase in the presence of protein synthesis

inhibitor cycloheximide for 4 h by WB analysis.

Interestingly, IFN-c induction induced BIM degradation

in wild-type BIM�/�BIMEL cells, consistent with the IP

expression playing a role in BIM degradation (Figure 4a).

However, since IFN-c has a myriad effects on the cell, it

was possible that this degradation was unrelated to IP

expression. We therefore performed the same experiment

again, but in parallel used MEFs deficient in the LMP2

subunit. Notably, loss of LMP2 drastically retarded BIM

degradation (Figure 4b), demonstrating that LMP2 is

crucial for efficient BIM degradation.

To investigate whether the degradation of other proteins

involved in apoptosis and cell survival might be regulated

by LMP2, we also used the same experimental system to

examine levels of other BH3-only pro-apoptotic proteins

BAX and t-BID as well as the key pro-survival protein

BCL-2, all of which have previously shown to be degraded

by the proteasome.37,38,43 Interestingly, degradation of

both BAX and t-BID was decreased in LMP2�/� MEFs

compared to the housekeeping proteasome composition

(Figure 4c, d), while no difference was observed for BCL-2

(data not shown).

LMP2�/� lymphocytes have increased levels of BIM and

other pro-apoptotic proteins, and their impaired

survival can be rescued by deletion of BIM

Taken together, the above findings suggested that loss of

LMP2 tips the balance in favor of pro-apoptotic

proteins within the cell and that this was likely to be

important in the reduced survival of LMP2�/�

lymphocytes, especially those past the DN3 stage in the

thymus and in the periphery. To test this hypothesis, we

Figure 3. LMP2�/� CD8+ T cells display homeostatic proliferation properties, yet decreased in vivo survival and pro-apoptotic phenotype. (a)

Splenic CD8+ T cells from B6, LMP2�/�, LMP7/LMP10�/� and LMP10�/� mice were sorted and expression of IP subunits (LMP2, LMP7, LMP10)

assessed via WB analysis (loading control: GAPDH; 5 9 105 cells /lane). Data are one representative of three independent experiments. (b)

Splenic CD8+ T cells from B6 and LMP2�/� mice were assessed for expression of CD44 and CD62L via FACs; i: na€ıve, ii: central memory /

homeostatically proliferating, iii: effector memory. (c) CD8+ T cells were isolated from Ly5.1-F5 TCR Tg and LMP2�/�-F5 TCR Tg mice, labeled

with CFSE or eFluor 670 and 5 9 106 cells (1:1 ratio) transferred i.v into WT or LMP2�/� recipients. 7 days post transfer, peritoneal exudates,

lymph nodes and spleen were pooled and donor cells were enumerated: Ly5.1-F5 (CD45.1+), LMP2�/�-F5 (CD45.2+). Data are combination of

two independent experiments. N = 6 mice/group. (d) Splenic CD8+ T cells from B6 and LMP2�/� mice were cell sorted and Annexin V+ and

Sytox Green+ cells were enumerated and characterized into live, early and late apoptotic subsets. Data represent an average of 3 biological

replicates. Student’s t-test and SEM values shown *P < 0.05.
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assessed levels of BIM, BAX and BAK in LMP2�/�

splenic CD8+ T and B cells via WB analysis, and

observed increases in each of the proteins (Figure 4e).

To demonstrate that the impaired survival of LMP2�/�

lymphocytes is causally related to impaired BIM

degradation, we generated LMP2�/�BIM�/� mice. As

shown in Figure 5, LMP2�/� BIM�/� mice displayed

rescue of their thymocyte and peripheral lymphocyte

numbers (Figure 5a, b). Strikingly, BIM deletion in

LMP2�/� mice also enabled LMP2�/� lymphocytes to

survive to the same extent as their BIM�/� counterparts

when co-transferred into a third-party host (Figure 5c).

To independently confirm the mechanistic role of BIM

in driving the lymphocyte phenotype in LMP2�/�

animals, we conducted a series of experiments involving

BCL-2. BCL-2 forms anti-apoptotic complexes with BIM,

thus limiting BIM’s ability to activate BAX and BAK,

which permeabilize the mitochondrial membrane leading

to Cytochrome C release and induction of the

executioner caspase cascade.44 We therefore hypothesized

that overexpression of BCL-2 should correct the survival

defect in LMP2�/� lymphocytes by counteracting the

excess levels of BIM. To test this, we crossed LMP2�/�

mice to vav-BCL-2 transgenic mice in which the human

BCL-2 coding region has been cloned under the control

of the vav promoter, which drives gene expression

exclusively in hematopoietic cells.45 Notably, our

previously observed defect in LMP2�/� DN3 ? DN4

transition was ameliorated in LMP2�/�-vav-BCL-2-Tg
mice (data not shown), and these animals demonstrated

similar thymocyte and peripheral lymphocyte populations

compared to B6-vav-BCL-2-Tg mice (Figure 5a, b). To

test the survival of these lymphocytes, we again

conducted co-transfer experiments by mixing eFluor 670-

labeled B6-vav-BCL-2-Tg CD8+ T cells with either LMP2�/�

deficient or LMP2�/�-vav-BCL-2-Tg CFSE-labeled CD8+ T

cells (all CD45.2+), respectively, at 1:1 ratio into third

party CD45.1+ hosts. As shown in Figure 5d, LMP2�/�

CD8+ T cells again survived poorly after co-transfer with

B6-vav-BCL-2-Tg TCD8+, while LMP2�/�-vav-BCL-2-Tg
CD8+ T cells survived equally well when they were co-

transferred with those from their B6 counterparts
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Figure 4. LMP2-deficient proteasome has altered degradation of BH3-only proteins. (a) Wild type BIM�/�BIMEL and LMP2�/�BIM�/�BIMEL MEFs
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protein levels were assessed via WB. Data are one representative of three independent experiments.
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(Figure 5d). Taken together, these results thus indicated

that BIM is the final checkpoint in determining LMP2�/�

lymphocyte survival and numbers.

DISCUSSION

In this study, we demonstrate that thymocytes and

mature peripheral T cells express all three IP subunits.

Although decreased thymocyte numbers were evident in

all IP-deficient strains examined, a reduction

in peripheral lymphocyte numbers was only seen in

LMP2�/� mice. Using progenitor colony assays, BM

chimera and lymphocyte transfer, the reduction in

thymocyte and lymphocyte numbers was shown to be

not the result of altered progenitor frequency or thymic

selection environment but rather intrinsic differences in
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Figure 5. BCL-2 Transgene or BIM-deletion corrects LMP2�/� lymphopenia. (a) Cell numbers were enumerated from the thymus, spleen and BM

of B6, LMP2�/�, BIM�/�, LMP2�/�BIM�/�, B6-vav-BCL-2-Tg, and LMP2�/�-vav-BCL-2-Tg mice. (b) Splenic cells of these mice were analyzed by

FACS for B cells, CD4+ and CD8+ T cells. (c) TCD8+ were isolated from; Group 1: LMP2�/� and BIM�/�; Group 2: LMP2�/� and LMP2�/�BIM�/�;
or Group 3: BIM�/� and LMP2�/�BIM�/� mice, and (d) CD8+ T cells were isolated from; Group 1: LMP2�/� and B6-vav-BCL-2-Tg; Group 2:
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*P < 0.05. Data are combined from two independent experiments. N = 6 mice/group.
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LMP2�/� thymocytes and lymphocytes. Specifically, at

the level of the thymocyte, we found that proteasomes

incorporating LMP2 perform important functions to

promote lymphocyte survival during b-selection at the

DN3 stage, likely by processing and degrading key

NFjB and BH3-only protein family members. Given

that NFjB signaling is also required during later

positive and negative selection,32 we propose that the

DN3 stage simply represents the starting point for

peripheral T-cell deficiency in LMP2�/� mice. Indeed,

we found evidence that LMP2-incorporating

proteasomes play an important role during mature

lymphocyte survival as LMP2�/� lymphocytes showed

poor persistence after transfer. This poor survival

phenotype was further evident when assessing the

phenotype of peripheral T cells, which demonstrated

low percentages of memory and high percentages of

homeostatically proliferating cells (Figure 3b). We

believe this phenotype arises from poor peripheral

survival and the remaining cells proliferating unable to

fill the available T cell “niche”. However, restoring the

pro-survival/apoptotic balance by either deleting BIM or

overexpressing BCL-2 completely reversed this

phenotype in LMP2�/� mice. We further demonstrated

that the LMP2-containing proteasome is required for

degradation of various BH3-only proteins involved in

initiating apoptosis and consequently that LMP2-

containing proteasomes protect cells from undergoing

apoptosis.

One explanation for a reduction of peripheral T-cell

numbers is the altered thymic selection of maturing

thymocytes. Previously, we have shown that LMP2�/�

mice have an altered peripheral TCR repertoire that is

different from wild-type mice.46 Despite this, in the

example of influenza, LMP2�/� mice still maintain the

majority of the influenza-specific TCR repertoire and

produce functional T-cell responses. From this and that

bone marrow chimeric mice (shown in Figure 2a)

demonstrate that wild-type bone marrow develops

normally within a LMP2-deficient thymus, we do not

believe a TCR repertoire bias accounts for the phenotype

observed in this study, but is instead a non-specific pan-

lymphocyte survival deficiency.

As one might predict, part of the phenotypes observed in

LMP2�/� mice resemble those in mice deficient in various

NFjB family members. For instance, c-REL�/�, REL-A�/�,
p50- and p65-deficient mice all show impaired T- and B-

lymphocyte development47,48 due to impaired lymphocyte

survival. Of particular relevance to our findings, Mora

et al. developed an IjBa(ΔN) transgenic mouse, in which

IjBa is unable to be degraded and thus prevents functional

release of NFjB,35,49 and observed that T cells showed the

same reduction in T-cell number and increase in T-cell

apoptosis as we observed following loss of LMP2.35

Interestingly, these authors also noted a reduction in BCL-

2 expression, which might at least in part explain the

reduced survival through de-repression of BIM activity.

Moreover, given that NFjB signaling has been shown to

transcriptionally activate LMP2,50 it is conceivable that

another reason for impaired lymphocyte survival in all of

these NFjB family mouse mutants is reduced LMP2

expression and thus relatively higher levels of BIM.

Although the focus of this study was predominantly T

cells, our results also indicate a role for the LMP2

subunit in other lymphocyte populations. Adding to our

previous description of impaired development in the B-

cell lineage of LMP2�/� mice,29 here we observed IP

expression in the affected B-cell developmental stages of

LMP2�/� mice (Supplementary figure 2b), indicating that

the NFjB pathway and the IP may have a generalized

function following antigen receptor signaling. Finally, we

found that LMP2�/� B cells have increased levels of BIM

and that deletion of BIM or overexpression of BCL-2

restores B cell numbers in LMP2�/� mice (Figures 4e and

5), providing evidence that LMP2 acts to regulate B-cell

survival via BIM degradation as it does in T cells.

Altered compositions of proteasomes have been reported

with highly specialized roles. The “thymoproteasome” in

cTECs, where the b5 subunit is replaced by the b5t isoform,

is postulated to create a unique set of self-peptides

presented during positive T-cell selection and, consistent

with this, b5t-deficient mice display impaired T-cell

development.51 Likewise, in the gonads, an alternate a4-
like subunit (a4s) was recently described and the resulting

“spermatoproteasome” was required for degradation of

histones in mid to late stages of spermatogenesis.52

Together, these reports suggest that incorporation of

specialized subunit isoforms allows the proteasome to

fulfill specialized roles.

Until recently, the prevailing dogma was that the

housekeeping proteasome and the IP are separate entities,

with the former involved in protein processing and

recycling4 and the latter in antigen presentation.53 Recent

research from our group and others indicate that we need

to re-think this current paradigm. For example, our

demonstration that IP subunits are expressed not just by

antigen presenting cells but also by lymphocytes at various

developmental stages (Figure 3b and Supplementary figure

2a, b) strongly suggest that antigen processing and

presentation is not the sole function of proteasomes

incorporating these subunits. Moreover, it is now clear

that hybrid proteasomes—consisting of both standard and

IP subunits—exist18,29 and can potentially account for half

the total proteasome content.19 We postulate that LMP2,

LMP7 and LMP10 may each have specialized roles quite

separate from their canonical functions as part of the
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“pure” IP. For instance, our results suggest that the LMP2

subunit—but not LMP7 or LMP10—confers unique

degradation specificities that promote destruction of

crucial pro-apoptotic proteins such as BIM and BAX, and

thus offer the best evidence to date of housekeeping roles

for the IP. Alternatively, proteasomes incorporating LMP2

may simply be more efficient at protein degradation in

general as previously suggested by others.17,54 Such

efficiency might be an advantage in rapidly developing

and proliferating lymphocytes to ensure the timely

degradation of key regulatory proteins.

Our results showed that deleting LMP2 in MEFs

greatly reduced BIM degradation, which is consistent

with the increased BIM expression and apoptosis in

LMP2�/� lymphocytes (Figure 4e). As such, we believe

the favorable results from the use of Carfilzomib, a

treatment of Multiple Myeloma,55 are likely a result of

either low levels of specificity towards the LMP2 subunit

and/or inhibition of the LMP2-incorporated 20s

proteasomes. Based on our current findings, we anticipate

that a specific LMP2 inhibitor would show greater

activity for lymphomas. It would be also interesting to

investigate how LMP2 mechanistically improves

doxorubicin sensitivity. In this regard, it has been

reported that BIM is induced following doxorubicin

treatment,56 so conceivably LMP2 inhibition might serve

to potentiate this pro-apoptotic effect.

In conclusion, our data indicate a specific role for LMP2

in lymphocyte differentiation and survival that is mediated

through modulation of proteins of the NFjB and BH3-

only pro-apoptotic pathway. These findings not only

emphasize that strict regulation of LMP2 function is

required for normal lymphocyte development but more

broadly challenge the existing dogma on the biological role

of IP subunits. Furthermore, studies in this area may help

to improve understanding and treatment of human

disorders involving disruption or dysregulation of IP

subunits, including various cancers for which specific

targeting of LMP2 may be a beneficial therapeutic strategy.

METHODS

Animals

All animal experimentation was approved and in accordance
with the Austin Health and La Trobe University Animal Ethics
Committee guidelines and used 6- to 8-week-old female mice.
C57BL/6J (B6) mice were purchased from Walter Eliza Hall
Institute of Medical Research (Kew, Australia). F5 mice57

carrying transgenic TCR specific for NP366-374 of A/NT/60/68
(NT60) were bred onto LMP2�/� mice to derive LMP2�/�-F5.
Proteasome subunit deficient mice were reported previously.15

vav-BCL-2-Tg mouse was a gift from Professor Jerry Adams

(WEHI). To establish LMP2�/�BCL-2+/� mice, 6- to 8-week
old heterozygous vav-BCL-2+/� transgenic (vav-BCL-2-Tg)45

males on B6 background were crossed with age-matched
LMP2�/� female mice. LMP2+/� BCL-2+/� F1 males were
again back crossed with LMP2�/� females to generate LMP2�/�

BCL-2+/� female mice. Genotypes of the mice were confirmed
by PCR for both LMP2 and BCL-2 genes to define a 200 bp
PCR fragment for human BCL-2; wild-type LMP2 gene to
detect a 360 bp PCR fragment and knockout LMP2 gene to
detect a 170 bp PCR fragment. BIM�/� mice were a kind gift
of Philippe Bouillet (WEHI) and have been described
previously.58 To establish LMP2�/�BIM�/� mice, 6- to 8-week-
old heterozygous BIM+/� males on B6 background were crossed
with age-matched LMP2�/� female mice. LMP2+/� BIM+/� F1
litter mates were crossed to generate LMP2�/�BIM�/� female
mice. Genotypes of the mice were confirmed by PCR for both
LMP2 and BIM genes to detect a 500 bp (wt) or 620 bp (KO)
PCR fragment; as described earlier LMP2 genotyping was
determined by PCR analysis of genomic DNA samples using
wild type and knockout LMP2 primer sets. All primers are
described in Supplementary figure 3a. Mice were bred and
housed under specific pathogen free conditions. Spleen, thymus,
lymph nodes and femurs were collected into RF-10 (RPMI-1640
containing 10% FCS).

Generation of BM chimeric mice

Recipient mice were exposed to 2 9 500 Rads in a Gammacell
1000 Elite Irradiator, separated by a 60-min interval. 5 9 106

donor bone marrow (BM) cells were injected i.v. Recipient
mice were injected with 50 lg T24 monoclonal antibody
(mAb) i.p to deplete radio-resistant T cells. All chimeric mice
were given water containing Neomycin sulfate (25 mg L�1)
and Polymyxin B sulfate (13 mg L�1) for 2 weeks following
BM reconstitution.

Cell lines

OP9-DL1 cells were cultured in Alpha-MEM containing
1 mmol L�1

L-Glutamine, 100 U mL�1 penicillin and
100 lg mL�1 streptomycin, 10 mmol L�1 HEPES, 1 mmol L�1

Sodium pyruvate, 50 lmol L�1 2-Mercaptoethanol, containing
20% FCS. Thymocyte culture methods and OP9 limiting
dilution B-cell CFAs have been described previously.33 Mouse
embryonic fibroblasts were cultured in DMEM containing 10%
FCS, 50 lm 2-Mercaptoethanol, 2 mmol L�1

L-glutamine,
100 U mL�1 penicillin and 100 lg mL�1 streptomycin. Human
Myeloma cell lines RPMI-8226, U226, NCI-H929 and LP-1 were
cultured in RPMI-1640 containing 10% FCS, 50 lmol L�1 2-
Mercaptoethanol, 2 mmol L�1

L-glutamine, 100 U mL�1

penicillin and 100 lg mL�1 streptomycin. All cell lines were
cultured at 37°C 5% CO2.

Primary cell culture

Ex vivo isolated cells from female mice were cultured in RPMI-
1640 containing 10% FCS, 50 lmol L�1 2-Mercaptoethanol,
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2 mmol L�1
L-glutamine, 100 U mL�1 penicillin and

100 lg mL�1 streptomycin at 37°C 5% CO2. Cultures involving
splenic T cells additionally included 10 U IL-2 mL�1.

Antibodies

Cell phenotyping markers are described in Supplementary
table 2 and were typically used at 1:300 dilution in PBS
containing 10% FCS, incubated for 30 min at 4°C and
washed with PBS before analysis by flow cytometry. Western
blotting primary antibodies were typically used at 1:1000
dilution in TBS/T containing 5% BSA as per the
manufacturer’s instructions.

BIM�/� BIMEL and CRISPR/CAS9 LMP2-subunit

knockout mouse embryonic fibroblasts

Generation of BIM�/� mouse embryonic fibroblasts (MEFs)
expressing wild-type BIM under 4-hydroxytamoxefen has been
previously described.42 CRISPR knockout MEFs were
generated as described previously.59 CRISPR guides were
generated according to the MIT algorithm (http://crispr.mit.ed
u/). Three guide RNA sequences targeting LMP2 were utilized.
Guide sequences are given in Supplementary figure 3.
Lentivirally infected cells were sorted on a FACS AriaIII and
deletions in clones were induced by adding 1 lg mL�1

doxycycline hyclate (D9891-5G, Sigma-Aldrich, NSW,
Australia). Clones with gene specific deletions were confirmed
by WB analysis (Supplementary figure 3).

CFSE and eFluor 670 labeling, apoptosis staining and

cell sorting

Cells were labeled with 2.5 lmol L�1 CFSE for 10 min at
37°C and washed three times before further use. Cells were
labeled with 5 lmol L�1 eFluor 670 (eBiosciences, USA) for
10 min at 37°C and washed three times before further use.
Apoptosis staining was conducted using the Vybrant Assays
Apoptosis Kit # 8 (Invitrogen). Cell sorting was conducted
either on a MoFlo (DakoCytomation, USA) or FACS AriaIII
(Becton Dickinson, USA) instrument.

Western blot

Cells were then lysed in RIPA buffer on ice for 15 min,
sonicated for 15 min and cell debris pelleted by
centrifugation. Samples followed standard western blotting
procedure.15

OP9-DL1 thymocyte culture

OP9-DL1 thymocyte culture methods have been described
previously.33 BM cells were depleted of lineage positive
populations using an EasySep Magnetic depletion kit
(StemCell Technologies, USA) to isolate hematopoietic
stem cells.

T cell co-transfer and tracking analysis

FACS-sorted, CFSE and eFluor 670 labeled splenic CD8+ T cells
from Ly5.1-F5 and LMP2�/�-F5, or CD8+ T cells from B6-
vav-BCL-2-Tg, LMP2�/�-vav-BCL-2-Tg, BIM�/�, LMP2�/�

BIM�/� or LMP2�/� mice were mixed at a ratio of 1:1 and a
total of 5 9 106 cells were transferred i.v into individual
recipient mice. Transferred cells were recovered after 7 days
from the entire secondary lymphoid compartment and
enumerated by FACs.

Quantification and statistical analysis

All data are representative of minimum two independent
experiments. All error bars represent standard error of the
mean using a sample size of 6 per group. N = 6 mice per
group for all ex vivo experiments. Unless otherwise specified,
statistical analyses were performing using either a Student’s
t-test or a one-way ANOVA followed by Bonferroni’s post hoc
comparison test, with a P-value threshold of <0.05 considered
statistically significant.
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