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Abstract

Amino acid starvation by asparaginase (ASNase) enhances phosphorylation of eukaryotic initiation factor 2 (elF2) by
general control nonderepressible 2 (GCN2) kinase, leading to reduced global mRNA translation rates. This conserves
energy and allows cells time to reprogram stress-related gene expression to alleviate cell injury. This study addressed the
importance of GCN2 for the immune system to adapt to amino acid starvation by ASNase. GCN2*/* and GCN2 ™/~ mice
were injected once daily with ASNase or saline for up to 7 d. In both thymus and spleen, activation of amino acid stress
response genes to ASNase, such as asparagine synthetase and CAAT enhancer binding protein homologous protein,
required GCN2. ASNase reduced food intake and body weight in both genotypes, but spleen and thymus wet weights and
total cell numbers in thymus, spleen, bone marrow, and mesenteric lymph nodes were less in GCN2 ™/~ mice treated with
ASNase (genotype x ASNase, P < 0.05). In the thymus, GCN2~/~ mice treated with ASNase demonstrated enhanced
apoptosis and fewer cells in all subpopulations examined (CD3+, CD4-8-, CD4+8+, CD4+8-, CD4-8+) compared with
GCN2** mice treated with ASNase (genotype x ASNase, P < 0.05). In the spleen, GCN2 deletion magnified ASNase-
induced reductions in CD4+ T cells, CD8+ T cells, CD19+ B cells, and CD11b+ leukocytes (genotype x ASNase, P < 0.05).

These results indicate that loss of GCN2 enhances immunosuppression by ASNase and that this elF2 kinase is broadly

required for amino acid stress management in the immune system.

J. Nutr. 140: 2020-2027, 2010.

Introduction

Asparaginase (ASNase)” is an effective treatment for acute
lymphoblastic leukemia, the most common childhood cancer
(1). ASNase catalyzes the hydrolysis of amino acid asparagine to
aspartic acid and ammonia, exploiting an Achilles heel in the
leukemic lymphoblast, low or absent levels of asparagine
synthetase (ASNS) (2). The potency of the drug to induce cell
death is a consequence of asparagine starvation and is strength-
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ened by its intrinsic glutaminase activity, which lowers the levels
of glutamine, an essential substrate in the synthesis of asparagine
by ASNS (glutamine + aspartate — glutamate + asparagine) (3—
5). Previous studies published by this laboratory and others
demonstrated that the secondary glutaminase activity of ASNase
is detrimental to the patient, activating amino acid stress
responses in liver, pancreas, and spleen and resulting in
hepatotoxicity and other complications (6,7).

Amino acids are the building blocks of life. As such, their
intracellular availability can directly affect the rate of protein
synthesis. Deprivation of amino acids can also limit transfer
RNA (tRNA) aminoacylation, i.e. the pairing of an amino acid
to its cognate tRNA (a process also known as tRNA charging).
Reductions in tRNA charging proximal to the ribosome are
sensed by general control nonderepressible kinase 2 (GCN2), a
protein kinase with a single known substrate, the a-subunit of
eukaryotic initiation factor 2 (elF2) (8,9). The attachment of
phosphate to elF2 via GCN2 initiates a cascade of events that
results in the reduction of general protein synthesis concomitant
with the preferential translation of Activating Transcription
Factor 4 (ATF4) mRNA (10). Subsequent binding of ATF4
protein to promoter regions of DNA functions to reconfigure
gene expression to alleviate the particular amino acid stress. For
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example, ATF4 is a transcriptional activator of ASNS expres-
sion, which would lead to increased asparagine synthesis (11).
However, if the amino acid stress is unrecoverable, the elF2/
ATF4 pathway then switches to one that promotes programmed
cell death by a mechanism involving extended expression of the
proapoptotic transcription factor C/EBP Homologous Protein
(CHOP). This elF2/ATF4 pathway can recognize and be
activated by many different environmental and physiological
stresses; hence, this pathway has been referred to as the
integrated stress response (ISR) (12). Various forms of amino
acid deprivation activate the ISR in vivo, including dietary
leucine and threonine deprivation (13,14), sulfur amino acid
deficiency (15,16), tryptophan catabolism by indoleamine 2, 3
dioxygenase (17), halofuginone treatment (18), aminopeptidase
inhibitors (19), and ASNase (7,20).

Previously, we and others reported that mice deleted for
GCN2 are unable to effectively sense and manage dietary
essential amino acid deprivation, resulting in altered food intake
(14,21) and increased mortality (13). Recent work from our
laboratory demonstrates that ASNase acutely (=8 h) activates
the ISR in liver via GCN2 and not by one of the other protein
kinases that phosphorylate the a-subunit of eIlF2 (20). In this
study, we addressed the role of GCN2 in the immunosuppression
caused by ASNase. We hypothesized that loss of GCN2 function
would render the immune system more sensitive to the cytotoxic
effects of amino acid deprivation, leading to enhanced cell death
of lymphocytes.

Experimental Procedures

Measurement of L-ASNase activity. The activity of ASNase
derived from Escherichia coli (Elspar, Merck & Co.) was
determined by the Nesslerization technique, as previously
described (7). During the course of these experiments, it was
found that the enzyme activity of ASNase in solutions of PBS
declined steadily over time, with little measureable enzyme
activity after 48 h. This loss of activity was observed even when
the enzyme was stored at 4°C. Freezing aliquots of ASNase in
solution prevented total loss of enzyme activity, maintaining
~50% upon thaw. To ensure appropriate ASNase doses over
time, once the ASNase was dissolved in PBS, the entire volume
was divided into small aliquots and immediately frozen at
—80°C. The enzyme activity was then determined from a thawed
aliquot before administration. Measurements from multiple
thawed aliquots over time were determined to contain similar
enzyme activities. As such, the enzyme activity of the first
thawed aliquot was assigned to represent all frozen aliquots
from the same batch. Once thawed, the entire contents of each
aliquot were immediately administered and any remaining
volume was discarded.

Mice. The following study protocol was approved by the
Institutional Care and Use Committee at the Indiana University
School of Medicine-Evansville. Young adult (8-12 wk old) male
and female C57BL/6] mice (also referred to as GCN2**) and
GCN2 null mice [also referred to as GCN2 /75 backcrossed
onto the C57BL/6] genetic background 8-10 generations (13)]
bred in-house were maintained on a 12-h-light:-dark cycle and
provided free access to commercial rodent unpurified diet
consisting of 18% protein and 4% fat (7017 NIH-31 Open
Formula Mouse/Rat Sterilizable Diet, Harlan Teklad) and tap
water throughout the experiment. Mice were injected intraper-
itoneally with either ASNase (3 /g body weight) or an
equivolume of PBS once daily for up to 7 d.

All mice were injected in the morning and were killed 6 h
after injection on d 2, 3, 4, and 6, and 12 h after injection on d 7.
The number of daily injections is based on the work of Durden
et al. (22,23), which demonstrates that 4-7 d of ASNase
treatment results in maximal cytotoxicity and immunosuppres-
sion. Mice were decapitated and the spleen and thymus were
dissected carefully, rinsed in ice-cold PBS, weighed, and then
either frozen immediately in liquid nitrogen, transferred to ice-
cold fluorescence-activated cell sorting (FACS) buffer (PBS with
1% fetal bovine serum and 0.05% sodium azide), or fixed in 4%
paraformaldehyde. The bone marrow was isolated from the
femur and tibia by flushing with a needle into FACS buffer on
ice.

Cellular composition of bone marrow, spleens, and
thymii. Major cell types within spleens, thymii, and bone
marrow were determined using flow cytometric analysis proto-
cols as previously described (24,25). Cell surface markers were
detected on a FACScan flow cytometer (Becton Dickinson). Data
were analyzed using CellQuest Pro software (Becton Dickinson),
gating on 10,000 lymphocytes as defined by forward and side
scatter. Markers of T cell development and function included
CD3 [fluorescein isothiocyanate (FITC)-17A2], CD4 [phycoer-
ythrin (PE)-GK1.5], and CD8 (FITC-53.6.72); B cell markers
included CD19 (FITC-1D3), surface IgM (sIgM) (FITC-p-chain,
MP Biomedicals), and B220 (PE-RA3-6B2); and CD11b (PE-
Mac-lachain) was used as a marker of leukocytes in spleen.
Isotype-matched antibodies against IgG2a (B39-4), IgG2b
(A95-1), and IgM (R4-22) were used as controls. The percent
positive cells for each subpopulation of the thymus and spleen
were adjusted based on total cell numbers in that tissue and
results are presented as 10° cells per organ. Bone marrow data
are presented as percent positive cells for each subpopulation.
Total cell count of each organ or tissue was determined using a
Coulter Counter.

Immunoblot analysis. Weighed, frozen tissues were trans-
ferred to microfuge tubes on ice and homogenized in 7 volumes
of lysis buffer (13). The homogenates were immediately centri-
fuged at 10,000 X g for 10 min at 4°C for analysis of protein
levels and phosphorylation state as previously described (13).
Phosphorylation of eIF2 was assessed using an antibody that
recognizes the a-subunit only when it is phosphorylated at serine
51 (Cell Signaling Technology) and normalized for total elF2a
(Santa Cruz Biotechnology). Phosphorylation of eIF 4E binding
protein 1 and ribosomal protein S6 kinase 1 (S6K1) were
measured using polyclonal antibodies (Bethyl). Caspase-3 cleav-
age was evaluated by expressing the amount of cleaved form as a
ratio to the uncleaved protein, using polyclonal antibodies (Cell
Signaling Technology). Blots were developed with enhanced
chemiluminescence (Amersham Biosciences). Protein expression
was analyzed using a Kodak 4000MM multimodal imager and
band density was quantitated using Kodak Molecular Imaging
Software (version 4.0.4).

RT and real-time PCR. Total RNA was extracted from frozen
tissue using TriReagent (Molecular Research Center) followed
by DNase treatment (VersaGene DNase kit, Gentra Systems). To
inactivate the reaction, the samples were heated to 70°C for
5 min. The A260:280 ratio was between 1.8 and 2.0 following
RNA purification using the RNeasy mini kit (QIAGEN). mRNA
levels were determined by quantitative PCR using TagMan
reagents. One microgram of RNA solutions was used for RT
using a High-Capacity cDNA Reverse Transcription kit (Applied
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TABLE 1 Body weights of GCN2*/* and GCN2™/~ mice administered ASNase at 3 1U/g body weight or
equivolume PBS for 6 d'
GCN2** GCN2 7/~ P-value
PBS ASNase PBS ASNase Genotype ASNase G XA

Body weight

Initial, g 1743 = 1.26 18.18 = 0.89 18.63 = 0.90 18.66 = 0.68 ns? ns ns

Final, g 18.02 = 1.37 17.37 = 0.70 18.49 = 1.02 16.08 = 0.80 ns ns ns

% change 32+ 11 —42 +21% —08 = 1.4* —142 = 1.9% <0.001 <0.001 ns
Food intake, g/d 44 =02 42 +02¢ 46 =02 40 *+ 0.3* ns 0.001 ns

" Data are means = SEM, n = 6. *Different from corresponding GCN2*/*, P < 0.05; *different from corresponding PBS, P < 0.05.

2 ns, Not significant P > 0.05.

Biosystems) according to the manufacturer’s instructions. Taq-
Man Gene Expression Master Mix and TagMan Gene Expres-
sion Assays (Applied Biosystems) were used for the PCR step.
Amplification and detection were performed using the Step-
OnePlus Real-Time PCR System (Applied Biosystems) (20).
Each mRNA from a single sample was measured in triplicate.
18S ribosomal RNA was chosen as the normalization control
gene. Results were obtained by the comparative Ct method and
are expressed as fold of the experimental control (PBS-treated
GCN2**).

Histology. Tissues fixed in 4% paraformaldehyde were frozen
and then sectioned (10 um) using a cryostat. Terminal
deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL) assays were performed according to the manufac-
turer’s instructions (Trevigen TACS 2 TdT-Blue Label In Situ
Apoptosis Detection kit, R&D Systems). TUNEL-positive cells
were measured from 3 equal-sized areas per section. Digital
images of selected areas captured at 200X were imported into
Scion Image for Windows (Scion) and TUNEL-positive cells
were manually marked and counted using the counting tool.
Frozen sections were also stained with Oil Red O and counter
stained with hematoxylin to visualize lipid content and tissue
histology.

Statistics. All data were analyzed by the STATISTICA statistical
software package for the Macintosh, volume II (StatSoft). Data
were analyzed for homogeneity of variance and data sets
with unequal variance underwent log transformation before
ANOVA. Data were analyzed using 2-way ANOVA to assess
main and interaction effects, with genotype and ASNase
treatment as independent variables. When a significant main
or interaction effect was detected, Tukey’s post hoc analysis was
used to identify the means that differ. The data presented are
expressed as means = SEM. The level of significance was set at
P < 0.05 for all statistical tests.

Results

Food intake, body weight, tissue weights, and total cell
numbers. No mice died or were moribund during the course of
this study. ASNase reduced food intake in both strains of mice
(Table 1), resulting in loss of body weight on d 3, 4, and 6 (Table 1;
Supplemental Table 1). A different response pattern was noted
in the immune tissues. Following 3 daily injections of ASNase,
GCN2 null mice possessed substantially smaller thymii com-
pared with GCN2™/~ PBS controls and GCN2** mice injected
with ASNase (genotype X ASNase, P < 0.02; Supplemental
Table 1). By d 6, the wet weights of both spleen and thymus from
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GCN2™'" mice treated with ASNase were smaller than those
from ASNase-treated GCN2** mice (genotype X ASNase, P <
0.05; Fig. 1A,B; Supplemental Fig. 1). No other body organs in
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FIGURE 1 Changes in thymus (A) and spleen (B) wet weights and
numbers of CD3+ thymocytes (C) and splenic CD19+ B cells (D) in
GCN2** and GCN2™/~ mice administered ASNase at 3 IU/g body
weight or PBS for 6 d. In C, numbers of CD3+ thymocytes are shown.
In D, numbers of splenic CD19+ B cells are shown. Values are
means = SEM, n = 6. *Different from corresponding PBS, P < 0.05.
When the genotype X ASNase interaction was significant, labeled
means without a common letter differ, P < 0.05.



TABLE 2 Total cell counts and thymocyte subpopulations in GCN2** and GCN2 ™/~ mice administered
ASNase at 3 1u/g body weight or equivolume PBS for 6 d'

GCN2** GCN2~/~ P-value
PBS ASNase PBS ASNase Genotype ASNase G XA
cells x 10°
Total 7828 = 949° 4123 = 829*® 6968 = 11.60% 236 + 0.66**° <0.001 <0.001 <0.001
CD4-CD8- 1.53 = 0.20° 150 + 0.17*2 1.32 + 0.20* 0.25 + 0.04%*° <0.001 <0.001 <0.001
CD4+CD8+  66.31 = 8.72°  33.18 = 746*°  57.66 = 7.74* 0.10 = 0.05"*¢ <0.001 <0.001 <0.001
CD4+CD8- 8.08 = 0.75° 5.05 * 0.65*" 821 = 1.86% 149 + 0.45%° <0.001 0.003 0.007
CD4-CD8+ 247 + 051° 150 * 0.14*° 249 + 0.65% 048 + 0.14%¢ <0.001 0.005 0.006

" Data are means * SEM, n = 6. *Different from corresponding GCN2*/*, P < 0.05; *different from corresponding PBS, P < 0.05. When the
genotype X ASNase interaction was significant, labeled means without a common letter differ, P < 0.05.

the GCN2™/~ mice had this pattern of reduction in wet weight
following administration of ASNase (data not shown).

Measurements of cell loss were consistent with tissue
weights. Specifically, ASNase reduced the total numbers of cells
in the thymus (Table 2) and spleen (Table 3) in both strains of
mice (P < 0.001). GCN2 deletion augmented cell losses by
ASNase in thymus and spleen, reducing cell numbers to just 3.4
and 8.5% of PBS-injected GCN2 ™/~ mice, respectively (geno-
type X ASNase, P < 0.05). Total numbers of CD3+ thymocytes
and CD19+ splenic B cells were also reduced to a greater extent
by the combination of ASNase and GCN2 deletion (genotype X
ASNase, P < 0.05; Fig. 1C,D). Furthermore, ASNase more
substantially reduced the total number of cells in the bone
marrow (genotype X ASNase, P < 0.05; Table 4) and mesenteric
lymph nodes (genotype X ASNase, P < 0.05; Supplemental Fig. 3)
in GCN2™/~ mice. Thus, the functional absence of GCN2
enhanced cell losses by ASNase in all immune tissues studied.

Initial experiments testing once daily injections of ASNase for
7 d included inactivated ASNase as the excipient control, which,
importantly, did not negatively affect body weights, tissue
weights, or cell counts following 7 daily injections (Supplemen-
tal Tables 2—4). Administration of low-dose ASNase (<2 IU/g
body weight) modestly reduced body weight gain and wet
weights of the spleen and thymus aftr 7 d (P < 0.03;
Supplemental Table 2). Administration of low-dose ASNase to
GCN2™'~ mice treated with ASNase resulted in additional
reductions in spleen and thymus weights (genotype X ASNase,
P < 0.05) and cell numbers in the thymus (Supplemental Table 3)
and spleen (Supplemental Table 4) (genotype X ASNase, P <
0.05). Thus, loss of GCN2 function rendered lower doses of
ASNase more cytotoxic to lymphocytes in the thymus and
spleen.

Mechanism of cell death in thymus. To address the under-
lying basis for the severe reduction in thymic cell number in
GCN27'~ mice by ASNase, the proportions of maturing
thymocytes expressing the T cell surface markers CD4 (T helper
cell) and/or CD8 (cytotoxic T lymphocyte) were examined
(Table 2). In all subpopulations of maturing thymocytes,
GCN2™'" mice treated with ASNase had substantially fewer
numbers compared with GCN2** mice treated with ASNase
(genotype X ASNase, P < 0.05). However, the immature CD4
+CD8+ subpopulation in GCN2™/~ mice was especially af-
fected, with over 99% reduction in cell number.

In the thymus of GCN2** mice, the phosphorylation of eIF2
was not altered by ASNase at the time points measured (Fig.
2A). Nevertheless, both ASNS and CHOP mRNA were
robustly induced by ASNase in GCN2*/* mice (P < 0.05; Fig.
2B,C), whereas cleavage of caspase-3, a marker of apoptosis,
was not (Fig. 2D). In contrast, the phosphorylation of eIF2 in
the thymus of GCN2™/~ mice was reduced (genotype X
ASNase, P < 0.05), whereas ASNS and CHOP mRNA
expression remained unchanged. Additionally, caspase-3 cleav-
age was increased (genotype X ASNase, P < 0.05), suggesting
increased apoptosis. To confirm this, a TUNEL assay
performed on frozen sections of thymus, which showed an
increased number of apoptotic cells in GCN2™~ mice admin-
istered ASNase at 2 and 4 d following treatment (genotype X
ASNase, P < 0.05; Fig. 3; Supplemental Fig. 2A). Frozen
sections of thymus from GCN2 ™'~ mice treated with ASNase
for 4 d also demonstrated increased abundance of neutral lipids
not detected in GCN2*"* mice treated with ASNase for the
same number of days (Supplemental Fig. 2B). Fatty infiltration
of the atrophic thymus is reported under conditions of severe
malnutrition and stress, but the mechanism is unknown (26).

TABLE 3 Total cell counts and lymphocyte subpopulations in the spleen of GCN2*/* and GCN2™/~ mice
administered ASNase at 3 |U/g body weight or equivolume PBS for 6 d'

GCN2** GCN2~/~ P-value
PBS ASNase PBS ASNase Genotype ASNase GXA
cells x 10°
Total 91.89 =+ 8.78° 4348 + 4.76%° 84.69 = 2.08* 7.23 = 2.26%* <0.001 <0.001 0.001
CD4+ 17.36 + 1.82° 10.10 + 0.70*° 17.07 = 0.84% 2.97 + 0.80%*¢ <0.001 <0.001 0.005
CD8+ 923 * 1.33° 548 = 0.77*° 8.28 + 0.327 079 = 0.267* <0.001 <0.001 0.015
CD4/CD8 1.88 = 0.12° 1.85 + 0.12*P 2.06 = 0.08" 406 + 0.32%*@ <0.001 <0.001 <0.001
CD11b+ 712 +0.98° 372 + 0.29*° 413 = 0.60* 0.24 + 0.04%*¢ <0.001 <0.001 <0.001

" Data are means * SEM, n = 6. *Different from corresponding GCN2*/*, P < 0.05; *different from corresponding PBS, P < 0.05. When the
genotype X ASNase interaction was significant, labeled means without a common letter differ, P < 0.05.

Immunosuppression by asparaginase in GCN2™/~ mice 2023



TABLE 4

Total cell counts and B lymphocyte subpopulations in the bone marrow of GCN2** and
GCN2~'~ mice administered ASNase at 3 1U/g body weight or equivolume PBS for 6 d'

GCN2** GCN2~/~ P-value
PBS ASNase PBS ASNase Genotype ASNase G XA
cells x 10°
Total 1819 = 1.74° 1635 + 1.33*® 1585 = 0.73% 508 = 0.38** <0.001 <0.001 0.001
B220- slg- 819 = 090°  10.01 = 1.00° 779 = 074° 398 = 0.29° ns? ns 0.002
B220+ slgM- 5.26 = 0.48° 3.14 = 0.45*° 416 = 0607 014 = 0.02*" <0.001 <0.001 < 0.001
B220+ slgM+ 462 = 0742 3.06 * 0.60*° 382 £ 0157 092 = 0.10** <0.001 <0.001 0.003

" Data are means = SEM, n = 6. *Different from corresponding GCN2*/*, P < 0.05; *different from corresponding PBS, P < 0.05. When the
genotype X ASNase interaction was significant, labeled means without a common letter differ, P < 0.05; 2ns, Not significant, P > 0.05.

These results support the idea that GCN2 enhances the
expression of key ISR genes that are required to alleviate
amino acid stress in the thymus. The inability of GCN2 ™/~
mice to invoke the ISR upon ASNase treatment reduces cell
survival of these immune cells.

The mammalian target of rapamycin complex 1 (mTORC1)
signaling pathway was also assessed by examining the phos-
phorylation states of S6K1 and elF 4E binding protein 1.
(Supplemental Fig. 4A,B). ASNase by itself did not dampen
mTORCT signaling in thymus. However, GCN2 '™ mice treated
with ASNase demonstrated reduced phosphorylation of both
proteins (genotype X ASNase, P < 0.05).

Mechanism of toxicity in the spleen and bone marrow.
Injection of ASNase into GCN2™'~ mice resulted in a consid-
erable decline in both CD4+ and CD8+ cells, exceeding that in
GCN2** mice treated with ASNase (genotype X ASNase, P <
0.05) (Table 3). ASNase also affected the CD4:CD8 ratio in the
spleen of GCN2™/~ mice, suggesting that fewer CD8+ T cells
survived relative to CD4+ T cells (genotype X ASNase, P = 0.05)
(Table 3). Furthermore, the proportion of cells expressing
CD11b, a marker found on granulocytes, monocytes, natural

killer cells, and subsets of T and B cells, was also substantially
depleted in the spleens of GCN2™'~ mice treated with ASNase
(genotype X ASNase, P < 0.05), suggesting broad immunosup-
pression as opposed to 1 or 2 specifically targeted immune cell
subpopulations.

To understand the biochemical mechanism behind the
changes in spleen, key markers of the ISR and mTORC1
pathways were again examined. ASNase-induced activation of
the ISR in spleen was reflected by increased elF2 phosphoryl-
ation and mRNA expression of ASNS and CHOP (P < 0.035; Fig.
4A-C). These events were absent in the spleens of GCN2 ™/~
mice administered ASNase (genotype X ASNase, P < 0.05).
Cleavage of caspase-3 was unchanged in the spleens from
GCN2** mice treated with ASNase, similar to the thymus. On
the other hand, caspase-3 cleavage and both expression and
phosphorylation of S6K1 were reduced in the spleens of
ASNase-treated GCN2™/~ mice (genotype X ASNase, P <
0.05) (Fig. 4B; Supplemental Fig. 4C,D). The reduction in
caspase-3 cleavage may suggest differential activation of apo-
ptotic pathways between tissues or could simply be a reflection
of the very small numbers of remaining splenic lymphocyte
populations (Fig. 1D; Table 3).
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In the bone marrow, the cell surface markers B220 and sIgM
were used to delineate preferential differentiation of bone marrow
precursors into B lymphocytes, with B220 expression signifying
lineage commitment to B cells and additional sIgM expression
representing mature B cells. Gated cells not expressing either
marker would also preferentially, but not exclusively, represent
early pro-B cells. ASNase reduced B220+sIgM- and B220+sIgM+
cell populations in GCN2** mice to 60 and 66% of PBS-injected
GCN2** mice, respectively (P < 0.05) while not altering the
double negative B220-sIgM- population (Table 4). ASNase in
GCN2™"~ mice caused further reductions in total cell numbers
and all bone marrow subpopulations, reducing the B220+sIgM-
and B220+sIgM+ cell populations to 3.4 and 24% of PBS-injected
GCN2™'~ mice, respectively (genotype X ASNase, P < 0.05).

A GCN2 GCN2 B

+/+ -f- +/+ -/-

GCN2 GCN2

Discussion

In this study, we found that the ability of ASNase to reduce
immune cell populations in the spleen, thymus, and bone
marrow of mice is broadly augmented in the absence of GCN2.
As a consequence, loss of GCN2 enhances immunosuppression
by ASNase, emphasizing the essential role for GCN2 in the
ability of the immune system to adapt to amino acid stress. This
is the first report to our knowledge to document an essential role
for GCN2 in the intact immune system, revealing a broader
importance than that previously described in T cells (17). This
work also emphasizes that the amino acid deprivation response
is important to study with respect to ASNase and similar drugs
used to treat cancer. Previously, we reported that GCN2, but not
another eIF2 kinase called PERK, mediated the effects of
ASNase on the ISR (20). These data, along with the current
results, collectively establish ASNase as a valid model of amino
acid deprivation. These findings also have important implica-
tions for development of anticancer therapies that rely on
nutritional stress for targeted cell death.

In response to amino acid deprivation, GCN2 phosphory-
lates elF2 to lower general protein synthesis while increasing the
translation of a select group of mRNA. Reduced protein
synthesis conserves energy, while preferential translation of the
transcriptional activator ATF4 activates stress-related genes in
the ISR, which function to reestablish amino acid homeostasis.
Failure of ISR to alleviate cell injury, either because the nutrient
stress is too intense and/or prolonged or because the ISR
machinery is defective, can drive cells toward apoptosis.

GCN2 is required for adaptation to dietary amino acid
starvation (13,15) and for ISR activation by ASNase in liver
(7,20). This in combination with our findings that ASNase
increases the ISR in spleen led to the hypothesis that GCN2 plays
a vital role in the survival of immune cells when challenged with
ASNase. Indeed, the current data shows that GCN2 is critically
important for leukocytes and especially for lymphocytes to
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survive amino acid deprivation by ASNase. Loss of GCN2
blocks induction of the ISR to ASNase, eliciting cell death of
immune cells but not causing overall morbidity as previously
reported in leucine deprivation (13). This is because whereas a
leucine-devoid diet starves for an amino acid that cannot be
made de novo in any tissue, ASNase depletes amino acids that
can be synthesized in the body. Thus, it is those tissues that are
most sensitive to loss of an exogenous supply of asparagine and/
or glutamine that rely on GCN2-activated amino acid stress
responses. These results establish that GCN2 is central for cell
survival in the immune system in response to amino acid stress
by ASNase, influencing the survival of both B and T lymphocytes
as well as other leukocytes and perhaps even early hematopoietic
progenitor cells.

Several reports have suggested an important role for GCN2
in T helper cell proliferation and differentiation (17,18,27).
Activation of the enzyme indoleamine 2,3-dioxygenase (IDO),
produced by immunoregulatory dendritic cells, inhibits activa-
tion of responding T cells, favoring the induction of T regulatory
cells. The generation of tolerogenic properties by IDO is
associated with GCN2 activation of the ISR, which is activated
in response to IDO-mediated tryptophan catabolism (17).
Recently, it was also discovered that treatment of CD4+ T
helper cells with halifugnone (a drug used to treat fibrotic
diseases such as scleroderma) inhibits Ty;17 cell differentiation
in association with activation of the GCN2-ATF4 ISR (18). The
current study bolsters the idea that GCN2 is vital to the T cell
and extends this concept to all immune cell populations. Indeed,
the current data show that when faced with amino acid
deprivation by ASNase, all immune cell populations from
GCN2~ mice demonstrate enhanced cell death. Thus, the
role of GCN2 in immunity is much broader than regulating T
cell anergy.

Lymphocytes, when differentiating or proliferating, are
exquisitely sensitive to amino acid supply (28,29). Early
literature reports concluded that glutamine is essential for both
lymphoblastic transformation and plasma cell differentiation
(30,31). In addition, many immune cells require an exogenous
supply of glutamine as an energy source and precursor for DNA
synthesis (32). This creates a conundrum with respect to ASNase
chemotherapy, because although glutamine hydrolysis augments
asparagine depletion to enhance the killing of leukemic lym-
phoblasts, it also starves normal, healthy leukocytes of an
essential nutrient, leading to a generalized immunosuppression
that can increase patient morbidity and mortality (33). Previous
work testing a glutaminase-free form of ASNase that retains
antilymphoma activity demonstrated reduced phosphorylation
of eIF2 in the spleen of healthy mice (7). We speculate that
GCN2 inhibition in combination with this drug could further
improve tumor killing. Considering that chemical and small
molecule inhibitors of GCN2 are currently being developed (34),
the testing of this combination in anticancer regimens is
promising.

It is also noted that the T and B lymphocyte subpopulations
most negatively affected were those at an early stage of
differentiation. Lymphocyte development is a process in which
proliferation is coupled to differentiation. To undergo efficient
proliferation, lymphocytes must coordinate entry into the cell
cycle with increased metabolism (35). This is consistent with the
idea that amino acid deprivation would be particularly stressful
during lymphocyte development. Phosphorylation of elF2
allows the cell to coordinate rates of protein synthesis with
nutrient and energy stores to survive nutrient-limiting conditions
during cell differentiation (9). Thus, loss of this checkpoint
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would be disadvantageous for the cell at a most critical point in
its life cycle. Additional loss of ATF4 expression and the ISR
would further compromise the ability of cells to reprogram the
transcriptome that is required to reestablish metabolic homeo-
stasis. Considering the reported defects in hematopoiesis iden-
tified in the ATF4 knockout mouse (36), it is possible that the
GCN2-directed ISR is vital for managing amino acid stress
across all leukocyte lineages.

Based on the results of this study, we suggest that targeted
inhibition of GCN2 may serve to enhance the efficacy of current
formulations of ASNase and other anticancer drugs that involve
deprivation of amino acids [e.g. aminopeptidase inhibitors (19)].
Considering that the absence of GCN2 increased cell losses
following lower doses of ASNase (Supplemental Tables 2-4), we
predict that treatment with a GCN2 inhibitor targeted to
lymphocytes would render a hyperproliferating lymphocyte
much more sensitive to lower doses of ASNase. This approach
could reduce overall cytotoxicity and complications associated
with ASNase, currently a major problem in older patients.
Support for this idea is found in the recent report demonstrating
that inhibition of ATF4 expression blocks proliferation and
survival of transformed cells, and abrogation of GCN2 or ATF4
expression significantly inhibits tumor growth in mice (37).
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