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The protein LEM promotes CD8' T cell
immunity through effects on
mitochondrial respiration
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Protective CD8* T cell-mediated immunity requires a massive
expansion in cell number and the development of long-lived memory
cells. Using forward genetics in mice, we identified an orphan
protein named Lymphocyte Expansion Molecule (LEM) that
promoted antigen-dependent CD8* T cell proliferation, effector
function, and memory cell generation in response to infection with
lymphocytic choriomeningitis virus. Generation of LEM-deficient
mice confirmed these results. Through interaction with CR6
interacting factor (CRIF1), LEM controlled the levels of oxidative
phosphorylation (OXPHOS) complexes and respiration resulting in
the production of pro-proliferative mitochondrial Reactive Oxygen
Species (MROS). LEM provides a link between immune activation
and the expansion of protective CD8* T cells driven by OXPHOS and
represents a pathway for the restoration of long-term protective
immunity based on metabolically modified CTL.

Cytotoxic CD8* T cells (CTL) are a central arm of the im-

failure to produce sufficient
numbers of protective CTL and
memory cells (5).

Retro mutant mice have in-
creased immunity to chronic
viral infection

Infection of wild-type C57BL/6
mice with the clone 13 variant of
lymphocytic choriomeningitis
virus (LCMV C13) is an estab-
lished model for human chronic
viral infection resulting in a
massive viral load that causes
both deletion and immune ex-
haustion of CTL and a block in
memory CD8 T cell development
10).

We examined the CTL re-
sponse to LCMV C13 infection
after germ-line mutagenesis to
identify mutants with enhanced
immunity. To this end, 430
third-generation (G3) ethyl-N-
nitrosourea (ENU)-induced
germ-line mutants were pro-
duced in a C57BL/6J background
(I1). G3 mice were infected with
LCMV C13 and after 8 days the
level of LCMV-specific CD8 T
cells measured in the spleen by
staining with a tetramer for the
np396 LCMV peptide and flow-
cytometry (12). Three independ-
ent germ-line transmissible mod-
ifications, which resulted in
increased levels of LCMV-
specific CD8 T cells were isolat-
ed, of which one (a semi-
dominant) was bred to homozy-
gosity (fig. S1A). We named this
strain Retro.

Homozygous Retro mutant mice showed a 10-fold in-

mune system responsible for protection from intracellular
viruses and cancer because they Kill infected or transformed
cells (7). Since chronic virus infection (2) and cancer (3) are
widespread diseases, it is clear that CTL-immunity often
fails. A major reason for this failure is because high viral (4,
5) or tumor (6-8) load results in either deletion or function-
al inactivation (known as immune exhaustion) of CTL. The
result is failure in both short-term CTL immunity and im-
munological memory because memory CD8 T cell develop-
ment is blocked (9). Impaired expansion is an important
cause of deletion and immune exhaustion and results in the

crease in CD8 T cells specific for LCMV np396 peptide com-
pared to wild-type (WT) and a smaller but significant
increase in the number of CTL specific for the gp33-LCMV
peptide (Fig. 1, A and B). Compared to WT mice, a smaller
percentage of Retro mutant CTL expressed the Programmed
Cell Death-1 (PD-1) immune exhaustion marker (5) (Fig. 1C).
However, Retro mutant mice still harbored increased num-
bers of PD-1" np396* CD8* cells compared to WT (Fig. 1D).
In addition, Retro mutant CTL exhibited increased func-
tionality: there was increased CTL activity in ex vivo killing
experiments (Fig. 1E), increased exocytosis of cytotoxic
granules (11) (Fig. 1F), and increased production of the cyto-
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kine interferon (IFN)-y (fig. S1B). The increase in CTL im-
munity resulted in a 10%-fold decrease in LCMV C13 titer in
the spleens of Retro mutant mice on day 8 after infection
compared to WT (Fig. 1G). The increase in CTL activity was
a function of cell number (fig. S1C).

All Retro mutant mice succumbed to LCMV C13 infection
after 14 days whereas all WT mice had survived (Fig. 1H).
Retro mutant death is presumably a consequence of elevated
CTL-mediated cytolysis resulting in the fatal loss of vascular
integrity (13). Despite an increase in activated phenotype T
cells (fig. S2), viability, blood development and autoimmuni-
ty in Retro mutant mice was normal (fig. S3 and tables S1 to
S3). In vivo BrdU labeling indicated that np396* CD8" cells
underwent increased proliferation after LCMV C13 infection
of Retro mutant mice (Fig. 1I). The increased number of an-
tigen-specific CD8 T cells in LCMV Cl13-infected Retro mu-
tant mice is likely due to increased proliferation of these
cells.

Adoptive transfer of Retro mutant CD8 T cells (14),
showed that the phenotype of increased CTL-immunity re-
sides in the CD8 T cell compartment (fig. S4, A to D). The
phenotype of Retro mutant mice also extended to anti-
tumor responses. After challenge with B16 F10 melanoma
cells, Retro mutant mice harbored 3-fold more CTL (Fig. 2A)
and 4-fold fewer tumors (Fig. 2, B and C).

Retro mutant mice have increased memory T cell devel-
opment

After acute infection of Retro mutant mice with LCMV Arm-
strong there was an increase in the clonal burst size of both
np396* CD8* and gp33* CD8* cells (Fig. 2, D and E) com-
pared to WT. Longitudinal analysis in the blood revealed a
corresponding increase in the number of LCMV-specific
CD8 T cells during the memory phase in Retro mutant mice
(15). After 70 days, there was a 4-fold increase in the number
of LCMV-specific central memory T CDS8 cells (Tcm) in the
spleen as identified by the CD62L* CD127+ CD8* cell surface
phenotype (I16) (fig. S4, E and F).

We boosted mice with a second dose of LCMV Arm-
strong and measured the expansion of secondary CTL dur-
ing the memory response. The numbers of secondary CTL
were about 10-fold higher compared to WT (fig. S4, G and
H) indicating that Retro mutant mice have an enhanced
memory phenotype. During acute immune responses the
pool of CTL contains not only short-lived effectors but also
memory cell precursors (I7, 18). The increase in the total
number of CD8 T cells resulted in an increase in the number
and percentage of both memory cell precursors and short-
lived effectors in Retro mutants compared to WT (fig. S5).
Therefore the Retro mutation increases the level of both
primary short-lived effectors and Tem by facilitating a glob-
al increase in the expansion of antigen-activated CD8 T
cells.

The Retro mutation identifies Lymphocyte Expansion
Molecule

We used high-throughput exome sequencing (19) to identify
the Retro mutation. Comparison with the reference
C57BL/6J genome identified several homozygous single nu-
cleotide variants (SNV) in homozygous Retro mutant mice
(fig. S6A). Upon re-sequencing and comparison with the
Charles River sub-strain of C57BL/6J used for our ENU mu-
tagenesis, four homozygous SNVs were identified as being
associated with Retro homozygous mutant mice. Only one
homozygous SNV correlated with the Retro homozygous
phenotype (fig. S6B). This was an A to G transition of nucle-
otide 1304 (A1304G) in exon 2 of the BC055111 gene on
chromosome 4 (fig. S7A). BC055111 encodes an orphan pro-
tein with no significant homology to any other mouse pro-
tein (BLASTP: E value > 0.38). The BC055111%™ allele (R)
was semi-dominant for increased CTL immunity to LCMV
C13 (fig. S7, B to D).

We generated C57BL/6 mice with a BC055111 knock-out
(KO) allele (20) (fig. S8). Homozygosity for the BC055111 KO
allele results in embryonic lethality and so we used hetero-
zygous KO mice to validate the gene candidate (12). There
was decreased BC055111-encoded protein in CTL from het-
erozygous BC055111 KO mice compared to WT (Fig. 3, A and
B). We observed decreased np396* CD8* expansion (Fig. 3C),
increased LCMV titer (Fig. 3D) and decreased CTL activity
(Fig. 3E) in BC055111 "/%° compared to BCO55111"/" mice.
Therefore BC055111 directly controls CTL immunity to
LCMV . We named the BC055111 encoded orphan protein
Lymphocyte Expansion Molecule (LEM).

The Retro mutation stabilizes Lem mRNA

The kinetics of Lem mRNA accumulation in Retro mutant
CD8 T cells after LCMV C13 infection was increased com-
pared to WT (Fig. 3F). The increased level of Lem mRNA
was also observed when transcription was inhibited by acti-
nomycin D, indicating that the Retro mutation stabilized
Lem mRNA in CD8 T cells (Fig. 3G).

Lem mRNA contains introns in the 3' un-translated re-
gion (3'-UTR), which may make it susceptible to Nonsense
mediated decay (NMD) (21). This was confirmed when
blockade of NMD by emetine increased the stability of wild-
type Lem mRNA (Fig. 3G). The Retro mutation is predicted
to abolish an Alternative splice factor/Splice factor 2
(ASF/SF2) binding site in Lem (12), which is thought to be
required for NMD (22). Immunoprecipitation (IP) con-
firmed decreased levels of SF2 associated with Retro mutant
Lem message (Fig. 3H) in cells with normal SF2 levels (Fig.
3I). This suggests that the A1304G mutation in Retro mutant
mice partially protects Lem mRNA from NMD resulting in
stabilization. The Lem open-reading frame (ORF) harboring
the Retro A1304G mutation was no better than WT ORF at
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driving interleukin (IL)-2 induced proliferation of T cells
(fig. S9 and Fig. 3J). Therefore, the increased expression of
Lem rather than any qualitative alteration in protein activity
is responsible for the phenotype of Retro mutant mice. We
conclude that WT LEM is a positive modulator of CTL ex-
pansion that is up-regulated in Retro mutant mice.

The Retro mutation increases LEM expression

LEM protein was up-regulated in total CD8 T cells after
LCMYV C13 infection with Retro mutant mice displaying in-
creased kinetics compared to WT (Fig. 4, A and B). Intracel-
lular staining (ICS) (fig. S10) indicated that LEM expression
was specific for activated CD8 T cells (CD44" CD62L"° CD8*)
and was elevated in Retro mutant cells (Fig. 4, C and D).
LEM was up-regulated 2 days after LCMV C13 infection de-
spite a low frequency of CD8 cells expressing LCMV-specific
TCRs (fig. S11A and Fig. 4, A and C). In addition to stimula-
tion through the TCR (via anti-CD3 antibody) (Fig. 4E),
treatment with either IL-2 (Fig. 4F) or IL-15 (Fig. 4G) result-
ed in LEM up-regulation, which was enhanced in Retro mu-
tant CD8 T cells (Fig. 4, E to G). Therefore, LEM expression
can be induced by bystander activation by pro-proliferative
cytokines as well as antigen-dependent TCR signals. The
level of LEM controlled the levels of Retro mutant CD8 T
cells both in vivo (fig. S11, B to E) and in vitro (fig. S12). PD-
1 up-regulation by Retro mutant CTL was un-affected in
vitro after TCR-stimulation suggesting that LEM does not
directly down-regulate PD-1 expression (fig. S11, F and G).

Functional equivalence of human LEM

CIORFI177 encodes the human homolog of LEM (BLASTP:
72% of complete amino acid identity with mouse LEM, E
value = 0), which is up-regulated in activated human CD8 T
cells (Fig. 4, H and I). Ectopic expression of human-LEM
resulted in about a 15-fold increase in the expansion (Fig.
4J). Therefore, LEM can modulate CD8 T cell expansion in
man as well as mice.

LEM interacts with CRIF1 to control the activity of
OXPHOS proteins

Analysis of LEM amino acid sequence predicts the presence
of at least two intrinsically unstructured (IU) protein do-
mains (12, 23). Therefore we investigated whether LEM
modulates CD8 T cell proliferation through specific protein:
protein interactions. Yeast two-hybrid (Y2H) analysis identi-
fied 9 different LEM-interacting proteins (24)) (fig. S13). Co-
immunoprecipitation (co-IP) with anti-LEM antibody (fig.
S10), demonstrated that one target - CR6 interacting factor
(CRIF1) interacts with LEM in CTL (Fig. 5, A and B).

CRIF1 is required for the translation and insertion of ox-
idative phosphorylation (OXPHOS) polypeptides into the
inner membrane of mitochondria after they emerge from
the 39S subunit of the mitoribosomes (25). Confocal immu-
nofluorescence microscopy (CIM) revealed that LEM co-
localizes with CRIF1 in CTL (Fig. 5, C and D, and fig. S14).

Both LEM and CRIF1 were localized to mitochondria by co-
staining with the mitotracker red dye (figs. S15 and S16). Co-
IP localized LEM to the mitoribosome by revealing an asso-
ciation with the 39S subunit protein MRPL23 and several
OXPHOS proteins such as NADH ubiquinone oxidoreduc-
tase chain 1 (ND1), ubiquninol cytochrome c oxidoreductase
chain 2 (UQCRC2) and cytochrome c oxidoreductase chain 1
(COX1) (25) (Fig. 5E). The OXPHOS protein ATP synthase o
subunit 1 (ATP5A1) does not require CRIF1 for translation
and did not co-IP, suggesting that interaction of LEM with
OXPHOS proteins is via CRIF1. Through its interaction with
CRIF, LEM is part of a complex that mediates the transla-
tion and insertion of OXPHOS proteins into the mitochon-
drial inner membrane.

Retro mutant CTL harbored increased levels and hetero-
zygous LEM KO CTL reduced levels of OXPHOS proteins
(Fig. 5, F and G). Immuno-capture confirmed that the spe-
cific activities of OXPHOS complexes were elevated in Retro
mutant CTL (Fig. 5, H and I); although LEM did not affect
the expression of Oxphos genes or the number or mass of
mitochondria (fig. S17, A to C). Therefore, LEM controlled
the activity of OXPHOS complexes by most likely facilitating
the production of sub-unit proteins.

As was observed in CRIF1 KO cells (25), when we
knocked down CrifI mRNA (fig. S18, A to C), OXPHOS spe-
cific activity was reduced (Fig. 5, J and K). Knock-down of
Crifl message in Retro mutant CTL also abolished the in-
creases in OXPHOS activity due to LEM up-regulation. We
conclude that LEM interaction with CRIF1 within mito-
chondria determines OXPHOS activity.

CRIF1 is required for cell proliferation during embryo
development (26). Crifl message knock-down resulted in the
impaired proliferation and expansion of anti-LCMV CTL
(fig. S18, D and E). The increase in CTL expansion caused by
LEM up-regulation required CRIF1 expression because CrifI
message knock-down diminished the increased expansion of
Retro mutant CTL. We conclude that LEM requires interac-
tion with CRIF1 to drive the expansion of CTL.

LEM is a positive modulator of mitochondrial ROS-
driven proliferation
We examined the consequences of LEM control of OXPHOS
activity on CTL metabolism and expansion. Oxygen con-
sumption studies demonstrated that Retro mutant CTL had
significantly higher respiratory levels compared to WT (Fig.
6A) (27) but glycolysis was not increased (fig. S17D). Con-
versely, respiratory activity (Fig. 6B) of LEM heterozygous
KO CTL but not glycolysis (fig. S17E) was decreased.
OXPHOS results in the production reactive oxygen spe-
cies (ROS) through stepwise reduction of O, (27). The modu-
lation of OXPHOS by LEM resulted in altered production of
mROS. Staining with the redox sensitive dye MitoSOX red
revealed that compared to WT, Retro mutant CTL had in-
creased levels of mitochondrial ROS (mROS) and LEM het-
erozygous KO CTL had decreased mROS (Fig. 6C). The
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production of mROS is required for the activation and ex-
pansion of T lymphocytes (27). Injection of Retro mutant
mice with the antioxidant MnTBAP (28) reduced the level of
mROS in CTL (Fig. 6D) resulting in decreased proliferation
(Fig. 6E) and expansion of CTL (Fig. 6F) with a correspond-
ing increase in LCMV C13 titer (Fig. 6G). We conclude that
mROS resulting from OXPHOS activity drives expansion
and CTL immunity in Retro mutant mice.

We have used unbiased forward genetics to discover
LEM at the heart of a pathway that, when up-regulated not
only restores CTL immunity to chronic viral infection and
tumor challenge but also increases memory cell develop-
ment. Although other molecular interventions either restore
primary CTL immunity (5) or divert development toward
the memory lineage (29) the LEM pathway is important be-
cause it controls the expansion of both short-term effectors
and memory cells (9). Up-regulation of LEM in Retro mu-
tant mice increased both the overall number of CTL and
also the number of PD-1* CTL. Therefore LEM therapy has
the potential to both globally expand CTL and to increase
the number of PD-1* CTL available for de-repression by anti-
PD-1 antibodies (8).

At the peptide tunnel exit of 39S mitoribosomes, LEM is
likely recruited by CRIF1 to facilitate the insertion of
OXPHOS polypeptides into the inner mitochondrial mem-
brane, thereby controlling OXPHOS activity (25) (fig. S19).
We propose that CTL expansion and memory cell develop-
ment are controlled by mROS produced after the up-
regulation of LEM upon immune activation (27, 30)
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Fig. 1. Retro mutant mice exhibit enhanced CD8 T cell responses to chronic LCMV infection. (A) Flow
cytometry on spleen cells from day 8 post infection (p.i.) with LCMV C13 of wild-type (WT) and Retro
homozygous mutant (R) mice. Staining with tetramers, refolded with either np396 or gp33 peptides, and
PD-1is shown (% next to gate) on CD8" gated cells. (B) Number of tetramer* CD8* splenocytes on day 8 p.i.
(C) % PD-1* of tetramer* CD8" splenocytes on day 8 p.i. (D) Number of PD-1* tetramer* CD8* splenocytes on
day 8 p.i. (E) % specific CTL lysis from Cr°-release assays for splenocytes on day 8 p.i. (F) Number of
CD107a* CD8* splenocytes on day 8 p.i. (G) Titer of LCMV C13 in the spleen on day 8 p.i. (H) Kaplan-Meier
survival graph after LCMV C13 infection. (I) % BrdU* of np396* CD8* splenocytes on day 8 p.i. Mean + sem N
= 6-12 mice. ***P < 0.0001, **P < 0.0005, *P < 0.001. Two-tailed student t tests were used for all expect
Geha-Breslow-Wilcoxon that were used for survival curves. Each data set is representative of at least 3

individual experiments.
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Fig. 2. Retro improves immunity against tumors and acute viral
infections. Mice were injected i.v. with B16 F10 melanoma cells. (A) % CD3*
CD8* CD44" cells from lungs day 35 p.i. (B) Foci of melanomas in the lung on
day 35 p.i. (C) Number of melanomas per lung on day 35 p.i. Mice were
infected with LCMV Armstrong. Mean % of (D) np396* and (E) gp33* CD&*
peripheral blood leukocytes (PBL). Mean + sem, N = 6-10 mice. ***P < 0.0001
Two-tailed student t tests were used for all. Each data set is representative of
at least 3 individual experiments.
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Fig. 3. Retro mutation identifies LEM. BCO55111""" and BC055111"/%° mice were infected with LCMV
C13. (A) Western blot on CTL for BCO55111 (49 kD) on total CD8 T cells from the spleen on day 4 p.i.
(B) Bar graph of BC0O55111 signal strength from a. BCO55111"% and BC0O55111"/%° mice were infected
with LCMV C13. (C) Number of np396* CD8* splenocytes on day 8 p.i. (D) LCMV titer in the spleen on
day 8 p.i. (E) % specific CTL lysis from Cr°-release assays for splenocytes on day 8 p.i. (F) Bar graph
for mean Lem mRNA in total CD8 T cells from the spleens of WT or R mice after infection with LCMV
C13. Level of mRNA normalized to the t = O WT level. (G) Bar graphs for mean Lem mRNA in CD8 T
cells cultured for 3 days in cytokines then incubated with actinomycin D or emitine. Level of mRNA
normalized to the t =0 WT level. [(A) to (G)] Mean + sem, N = 6 mice. Each data set is representative of
at least 3 individual experiments. (H) Bar graphs for mean relative Lem or Gapdh mRNA from 2
independent immunoprecipitation experiments performed on N = 2 mice each time. mRNA levels are
relative to WT and are from CD8 T cells cultured for 3 days in cytokines. (I) Western blot for SF2 (27
kD) after immunoprecipitation in (H). (J) Mean number of GFP* CTLL-2 cells cultured in IL-2 (N = 4
wells) from 3 independent transductions with MIGR1 alone (V-black), or MIGR1 encoded Lem ORF (WT-
blue or R- red sequence). ***P < 0.005, **P < 0.01, *P < 0.05. Two-tailed student t tests were used.
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Fig. 4. The Retro mutation increases LEM expression. Mice were infected with LCMV C13. (A) Western
blots for LEM (49 kD) on total CD8 T cells from the spleen. (B) Bar graph of signal strength from (A). (C to
G) Mean Fluorescence Intensity (MFI) after staining with anti-LEM antibody in gated (C) CD44" CD62L"
CD8* or (D) CD44" CD62L" CD8* splenocytes after infection with LCMV C13, or on total CD8 T cells that
were activated in vitro with either (E) anti-CD3/CD28, (F) IL-2, or (G) IL-15. [(A) to (G)] Mean + sem, N =6
mice. (H) Western blots for hLEM, 49 kD on anti-CD3/CD28 activated human CD8 T cells. (I) Bar graph of
signal strength from (H). (J) Mean number of GFP* human CD8 T cell blasts (N = 4 wells) after 3
independent transductions with MIGR1 alone (V-black), or MIGR1 encoded hL EM ORF (blue). ***P < 0.0001,
**P < 0.0005, *P < 0.001. Two-tailed student t tests were used. Each data set is representative of at least 3
individual experiments.
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Fig. 5. LEM interacts with CRIF1 to control the activity of OXPHOS proteins. WT and R mice were infected with
LCMV C13 and on day 4 p.i. total CD8 T cells purified. (A) Western blots directly on cell extracts (input) or after
immunoprecipitation for LEM (LEM: 49 kD; CRIF1 25 kD; g actin 42 kD). (B) Bar graph of signal strengths from (A).
(C) CIM from staining with antibodies against LEM (red) or CRIF1 (green). Nuclei stained with DAPI (blue). Examples
of co-localization (yellow) are indicated by arrows. Bar = 2.5 um. (D) Co-localization of LEM and CRIF1 as measured
by Pearson’s correlation coefficient in multiple optical cell slices (N = 62). Mean = 0.68 + 0.11. WT mice were
infected with LCMV C13 and on day 4 p.i. total CD8 T cells purified. (E) Western blots directly on cell extracts (input)
or after immunoprecipitation with LEM antibody or with control rabbit IgG (MRPL23-18 kD, ND1 36 kD, COX1 57 kD,
ATP5A1 60 kD). LemY™" Lem®®, or Lem"™*° mice were infected with LCMV C13 and on day 4 p.i. total CD8 T cells
purified. (F) Western blots for OXPHOS proteins (UQCRC2 49 kD.) (G) Bar graph of signal strength from f. WT and R
mice were infected with LCMV C13 and on day 4 p.i. total CD8 T cells purified. (H) Immunocapture-enzyme assays
for OXPHOS complexes | and IV. (I) Bar graphs for mean specific activity (signal strength /mg protein) from (H).
Donor CD8 T cells harboring vector alone of Crifl-AS were purified from WT recipient mice on day 4 p.i. with LCMV
C13. (J) Immunocapture-enzyme assays for OXPHOS complexes | and IV. (K) Bar graphs for mean specific activity
from (J); mean £ sem; N = 6 mice. ***P < 0.005, **P < 0.01, *P < 0.05. Two-tailed student t tests were used. Each
data set is representative of at least 3 individual experiments.
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Fig. 6. LEM controls production of mitogenic mROS. Lem"™"T, Lem®® or
Lem"™7%% mice were infected with LCMV C13 and on day 4 p.i. total CD8 T
cells purified from the spleen. (A and B) Oxygen consumption rate (OCR)
after sequential injection of oligomycin, FCCP, and antimycin A/rotenone.
(C) LemW™WT L em®® or Lem"™*° mice were infected with LCMV C13 then on
day 8 p.i. np 396* CD8* splenocytes were gated then the MFI of MitoSOX red
staining determined. R mice were infected with LCMV C13 then over the
course of 8 days injected with MnTBAP or not. Gated np 396* CD8&*
splenocytes were examined on day 8 p.i. for (D) MitoSOX red staining and
(E) % BrdU-positive cells. In the same spleens, (F) Number of tetramer-
positive cells. (G) Titer of LCMV. Mean + sem. For (A) to (F), N=6 miceand g
N =9 mice. ***P < 0.001, **P < 0.005, *P < 0.01. Two-tailed student t tests
were used. Each data set is representative of at least 3 individual
experiments.
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