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Background: Deoxyhypusine synthase promotes mRNA translation by catalyzing the hypusine modification of eIF5A.
Results: Inhibition of deoxyhypusine synthase reduced accumulation and proliferation of Th1 cells in type 1 diabetic mice and
in vitro by reducing CD25 expression in T cells.
Conclusion: Deoxyhypusine synthase promotes Th1 cell proliferation and differentiation.
Significance: Inhibition of deoxyhypusine synthase may provide a novel strategy for reducing diabetogenic Th1 cells in type 1
diabetes.

In type 1 diabetes, cytokines arising from immune cells cause
islet� cell dysfunction even before overt hyperglycemia. Deoxy-
hypusine synthase catalyzes the crucial hypusine modification
of the factor eIF5A, which promotes the translation of a subset
of mRNAs involved in cytokine responses. Here, we tested the
hypothesis that deoxyhypusine synthase and, secondarily, hypusi-
natedeIF5Acontribute to thepathogenesisof type1diabetesusing
the non-obese diabetic (NOD) mouse model. Pre-diabetic NOD
mice that received injections of the deoxyhypusine inhibitor
N1-guanyl-1,7-diaminoheptane (GC7) demonstrated significantly
improved glucose tolerance, more robust insulin secretion, and
reduced insulitis compared with control animals. Analysis of
tissues from treatedmice revealed selective reductions in diabe-
togenic T helper type 1 (Th1) cells in the pancreatic lymph
nodes, a primary site of antigen presentation. Isolated mouse
CD90.2� splenocytes stimulated in vitro with anti-CD3/anti-
CD28 and IL-2 tomimic autoimmuneTcell activation exhibited
proliferation and differentiation of CD4� T cell subsets (Th1,
Th17, and Treg), but those treated with the deoxyhypusine syn-
thase inhibitor GC7 showed a dose-dependent block in T cell
proliferation with selective reduction in Th1 cells, similar to
that observed in NOD mice. Inhibition of deoxyhypusine syn-
thase blocked post-transcriptional expression of CD25, the high
affinity IL-2 receptor � chain. Our results suggest a previously
unrecognized role for deoxyhypusine synthase in promoting T
cell proliferation and differentiation via regulation of CD25.
Inhibition of deoxyhypusine synthasemay provide a strategy for
reducing diabetogenic Th1 cells and preserving � cell function
in type 1 diabetes.

The development of type 1 diabetes mellitus (T1D)2 involves a
cascade of events that results in the eventual autoimmune
destruction of insulin-producing islet � cells. In the pre-dia-
betic phase, evidence suggests that � cell autoantigens, pre-
sented in the context of MHC class II molecules by antigen-
presenting cells, stimulate CD4� T helper cells in local
pancreatic lymphnodes. This stimulatory event initiates signals
that lead to the infiltration of islets by macrophages, CD8� T
cells, and CD4� T cells (among others), resulting in insulitis
and the release of pro-inflammatory cytokines (IL-1�, IFN-�,
TNF-�) (for reviews, see Refs. 1, 2). Whereas the pathogenesis
ofT1Dhas primarily been studied in non-obese diabetic (NOD)
mice, there is evidence that it also applies to humans with T1D
(3, 4). The insulitis phase precedes the development of diabetes
in the NODmouse by several weeks, and recent studies in pre-
diabetic NOD mice and humans suggest that defects in � cell
function in the early insulitis phase, possibly a result of endo-
plasmic reticulum stress, result in glucose intolerance (5–7).
Maintenance of � cell mass and function has been of recent
interest in the area of T1D therapeutics, particularly with the
findings from the Diabetes Control and Complications Trial
that persistence of � cell function (as assessed by serumC-pep-
tide) independently reduces the risk of microvascular compli-
cations and hypoglycemia (8). In this study, we tested whether
inhibition of a new target, deoxyhypusine synthase (DHS),
might offer a novel approach to preserve � cell function in the
face of ongoing autoimmunity in T1D.
DHS is an enzyme that catalyzes the rate-limiting step in the

post-translational conversion of lysine to hypusine, which is
curiously found only at position 50 in eukaryotic translation
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is the primary isoform present in most cell types, and will
simply be referred to here as “eIF5A.” Although originally
identified as a translation initiation factor, recent studies have
revealed that eIF5A appears to participate in the elongation
phase of mRNA translation in eukaryotes, possibly via interac-
tion with the elongation factor eEF2 (10–12). Studies from our
group have shown that eIF5A participates in the innate
immune response, wherein the normal response to cytokines
within the � cell is dependent upon the hypusinated form of
eIF5A (eIF5AHyp). eIF5AHyp is responsible for binding to the
mRNA encoding inducible nitric-oxide synthase (iNOS) and
ensuring its translation at the ribosome (13, 14). Specific inhi-
bition of DHS using N1-guanyl-1,7-diaminoheptane (GC7)
resulted in protection of islets from cytokine-induced dysfunc-
tion (13). A role for eIF5AHyp has also been suggested in the
adaptive immune response. In dendritic cells (DCs), upon
exposure to antigen, eIF5AHyp ensures the nucleocytoplasmic
shuttling and translation of the mRNA encoding the cell mat-
uration marker CD83 (15). In T cells and B cells, eIF5AHyp and
its modifying enzyme DHS have been suggested to promote
cellular proliferation (16, 17). Because T1D emanates from a
confluence of both the innate and adaptive immune responses
(1, 18), we hypothesized that DHS and eIF5AHyp contribute to
the immunopathogenesis of T1D.
To investigate a role for DHS (and by inference eIF5AHyp) in

T1Dpathogenesis, we performedDHS inhibition studies (using
GC7) in the NODmouse model. Our results indicate that DHS
contributes to glucose intolerance and insulitis and suggest fur-
ther that DHS plays a central role in the proliferation and dif-
ferentiation of pathogenic T helper type 1 (Th1) cells through
regulation of the cell surface expression of CD25 (the IL-2
receptor � chain). We therefore propose that DHS inhibition
may serve as a novel approach for the reduction of pathogenic
Th1 cells in the treatment of T1D.

EXPERIMENTAL PROCEDURES

Animals and Methods—All procedures involving mice were
approved by the IndianaUniversity Animal Care andUseCom-
mittee, and all experiments were performed in agreement with
the principles and procedures outlined in the National Insti-
tutes ofHealthGuidelines for theCare andUse of Experimental
Animals. Mice were housed in a specific pathogen-free envi-
ronment under controlled conditions of temperature and light
(12 h on/12 h off) and were provided free access to water and
food. Female NOD/ShiLTJ (NOD) mice were obtained from
Jackson Laboratories. Beginning at 6 weeks of age, groups of 10
NODmice were subjected to daily intraperitoneal injections of
GC7 as described previously at doses of 0.5, 4, and 10mg/kg for
a total of 4 weeks. Somemice were euthanized at the end of the
4-week treatment period for harvesting of tissues; others were
euthanized upon the development of diabetes (two consecutive
blood glucose readings �300 mg/dl) or when the animals
reached 20 weeks of age (whichever came first). The spleen and
pancreatic lymph nodes were harvested at the time of euthana-
sia. Spleens were lysed with red blood cell lysis buffer (155 mM

NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) before washing. Pan-
creatic islets were isolated following collagenase digestion (19).
Intraperitoneal glucose tolerance tests (GTTs) (2 mg/kg glu-

cose injection) on fasted animals were performed as described
previously (20).
Immunohistochemistry and Insulitis Scoring—Pancreata

were harvested, fixed, embedded, and sectioned as described
previously (20). Tissue images (three pancreas sections at least
70�mapart from three animals per group)were acquired on an
Axio-Observer Z1 microscope (Zeiss) fitted with an AxioCam
high resolution color camera and scored for insulitis using the
following grading scheme: grade 1 � no islet-associatedmono-
nuclear cell infiltrates; grade 2 � peri-insulitis affecting �50%
of the circumference of the islet without evidence of islet inva-
sion; grade 3 � peri-insulitis affecting �50% of the circumfer-
ence of the islet without evidence of islet invasion; grade 4 �
islet invasion. Approximately 150 islets/pancreas were evalu-
ated for insulitis scoring. For the immunofluorescence studies,
frozen pancreas sections were stained with insulin, anti-CD4
(clone RM4-5), and 4�,6-diamidino-2-phenylindole (for visual-
ization of nuclei), and images were acquired using an Axio-
Observer Z1 microscope as described above.
RNA Analyses—Quantitative RT-PCR was performed using

SYBR Green technology. RNA was isolated as described previ-
ously (21), as were primers for spliced Xbp1 (22). Primers for
mouse Il2ra mRNA were: forward, 5�-CTTGCTGATGT-
TGGGGTTTC-3�, and reverse, 5�-CAGTTTAGGATGGTG-
CCGTT-3�. All data were normalized to the message encoding
�2 microglobulin, and represent the average of independent
determinations from at least three independent experiments.
FlowCytometric Analysis—Spleen samples were treated with

red blood cell lysis buffer for 3 min prior to washing with phos-
phate-buffered solution of 154 mM NaCl. For Treg analyses,
equal volumes of the single cell suspensions were stained using
anti-CD4 (clone RM4-5), and anti-CD25 (PC61.5) antibodies
and fixed overnight before being permeabilized and stained
with anti-Foxp3 (FJK-16s) antibody according to the manufac-
turer’s instructions (eBioscience). For the Th1 and Th17 cell
analyses, equal volumes of the single cell suspensions were first
incubated with 1� Cell Stimulation Mixture (eBioscience) for
4 h prior to staining with anti-CD4 antibody; cells were again
fixed overnight then permeabilized and stained for IL-17A
(eBio17B7) and IFN-� (XMG1.2) according to themanufactur-
er’s instructions (eBioscience). For DC analyses, equal volumes
of the single cell suspensions were stained with anti-CD11c
(N418), anti-MHCII (M5/144.15.2), anti-CD11b (M1/70), anti-
CD83 (3D11), and anti-CD80 (16–10A1). Cells were analyzed
using a FACSCalibur flow cytometer (BD Biosciences), an
LSRII flow cytometer (BD Biosciences), and FlowJo software
(TreeStar).
For flow cytometric analyses following stimulation in vitro,

single cell suspensions were made from spleens harvested from
mice as described above. Mouse pan T cells (CD90.2�) were
isolated from spleens and pancreatic lymph nodes using the
Dynabeads FlowCompMouse Pan T (CD90.2) kit (Invitrogen).
106 cells were cultured in the presence of 75 units/ml recombi-
nant human IL-2 (ProSpec) and activated with anti-CD3/anti-
CD28 antibody-coated beads (Invitrogen) at a concentration of
one bead/cell for 4 days. Cells were then harvested, nonspecific
Fc-mediated interactions were blocked with anti-CD16/32
(clone 93), and cells were stained as described above for the
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examination of Treg, Th1, and Th17 cell populations. The
LIVE/DEAD� Fixable Violet Dead Cell Stain kit (Invitrogen)
allowed for the exclusion of dead cells. Cells were analyzed
using a BD LSRII flow cytometer (BD Biosciences) and FlowJo
software.
Studies of Cellular Proliferation—For determination of cellu-

lar proliferation, single cell suspensions of cells were incubated
in 5�Mmembrane dye carboxyfluorescein diacetate succinimi-
dyl ester (CFSE) for 10 min at 37 °C, diluted with 5 volumes of
ice-cold media, and incubated for 5 min on ice. Samples were
then washed with PBS three times and subjected to stimulation
in vitro as described above.
Immunoblot Analyses—PanT cells were centrifuged through

a Ficoll gradient to separate live cells from dead cells. Protein
lysates from live cells were immunoblotted for CD25,
hypusine, total eIF5A, GAPDH, and iNOS and visualized
using an Odyssey Imaging System (Li-Cor Biosciences) as
described previously (13).
Hormone and Cytokine Analyses—Serum insulin was mea-

sured using the Ultra Sensitive Mouse Insulin ELISA kit (Crys-
tal Chem), and serum proinsulin was measured using the Pro-
insulin Rat/Mouse ELISA kit (Mercodia). Cytokine levels were
measured using the Multi-Analyte ELISArray (Qiagen) or sin-
gle analyte ELISA kits (eBioscience).
Statistical Analyses—All data are presented as the mean �

S.E.One-wayANOVA (with either the Bonferroni orDunnett’s
post test) was used for comparisons involving more than two
conditions. Survival curve analyseswere analyzed using the log-
rank (Mantel-Cox) test. Prism 5 software was used for all sta-
tistical analyses, including AUC analyses via the trapezoidal
method (23). Statistical significance was assumed at p � 0.05.

RESULTS

Inhibition of DHS in Pre-diabetic NODMice Protects against
Glucose Intolerance—To address the role of DHS in the patho-
genesis of autoimmune T1D, we employed the well character-
ized DHS inhibitor GC7. GC7 is potent at inhibiting DHS in
vitro and in cells (24–26), and intraperitoneal injections of GC7
have shown efficacy in streptozotocin models andmouse mod-
els of type 2 diabetes (13, 27). To date, however, no studies have
shown efficacy of GC7 in the NOD mouse model of type 1
diabetes.We subjected 6-week-old pre-diabetic NODmice to 4
weeks of daily GC7 treatment (0, 0.5, 4, and 10 mg/kg body
weight) and then performed analysis of glucose homeostasis.
We have shown previously that NOD mice in the pre-diabetic
phase of the disease (6–10weeks of age) showprogressive� cell
dysfunction because of increasing insulitis and endoplasmic
reticulum stress (6). As shown in Fig. 1A, treatmentwithGC7 at
all doses resulted in significantly improved glucose tolerance in
10-week-old pre-diabetic mice at the end of the 4-week treat-
ment period. These improvements in glucose tolerance are
reflected in a statistically reduced AUC for the GC7-treated
animals (Fig. 1B). Insulin levels during the GTTweremeasured
within the control and 4 mg/kg GC7 groups (Fig. 1C). Analysis
of these results revealed that although the AUC for insulin
secretion was not different between groups (Fig. 1D), the
change in insulin levels (�insulin) during the first 2 min fol-
lowing glucose injection was significantly greater in GC7-
treated animals compared with controls (Fig. 1E). The �insulin
at 10 min, however, was not different between the two groups
(Fig. 1F). These results are consistent with prior studies that
show that insulin secretion during the first 2min of aGTTwere

FIGURE 1. Effect of DHS inhibition on glycemic control in pre-diabetic NOD mice. Female NOD mice were injected daily with different doses of the DHS
inhibitor GC7 in the pre-diabetic period beginning at 6 weeks of age and ending at 10 weeks of age. A, results of intraperitoneal GTTs from pre-diabetic NOD
mice at age 10 weeks that received vehicle control (n � 6), 0.5 mg/kg GC7 (n � 10), 4 mg/kg GC7 (n � 7), and 10 mg/kg GC7 (n � 9). B, AUC analysis of GTT data
in A. * indicates that the corresponding value is significantly different from vehicle control by one-way ANOVA or the Mann-Whitney U test. C, results of serum
insulin ELISAs following intraperitoneal glucose administration in pre-diabetic NOD mice at 10 weeks of age that received vehicle control (n � 4, filled symbols)
and 4 mg/kg GC7 (n � 4, open symbols). D, AUC analysis of serum insulin data in C. E, change in serum insulin levels between 0 and 2 min following
intraperitoneal glucose administration. * indicates that the value is significantly different from Control by two-tailed t test. F, change in serum insulin levels
between 1 and 10 min following intraperitoneal glucose administration.
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most closely correlated with overall glycemic control in NOD
mice (5, 6).
mRNA analysis from islets of 10-week-old pre-diabetic NOD

mice showed that there was a significant reduction in the
spliced formofXbp1 inGC7-treatedmice (Fig. 2). SplicedXbp1
is a reflection of inositol-requiring enzyme 1 (IRE-1) activity in the
unfolded protein response/ER stress pathway. These studies sug-
gest that improvements in glycemic control in GC7-treated ani-
malswere likely secondary to improvements in� cell function and
reduced ER stress.
Inhibition of DHS Reduces Insulitis and Percentage of Th1

Cells in Pancreatic LymphNodes—The improvements in glyce-
mic control and islet ER stress led us to examinemore carefully
the occurrence of insulitis in GC7-treated mice, as changes in
immune cell infiltration and/or make-up in the pancreas might
account for our findings. Pancreata from 10-week-old pre-dia-

betic control and GC7-treated mice were harvested and exam-
ined by immunohistochemistry for severity of insulitis. Repre-
sentative images (Fig. 3A) show reductions in the severity of
insulitis in the control versus the 4 mg/kg GC7-treated groups,
and quantification frommultiple tissue sections revealed dose-
dependent reductions in both incidence and severity of insulitis
in GC7-treated groups (Fig. 3B). Notably, development of dia-
betes in the 4 mg/kg GC7-treated group (n � 22 animals) was
delayed in the initial 5 weeks following cessation of therapy
(until 15 weeks of age, p � 0.05 by log-rank test), but this delay
in diabetes did not persist in the subsequent 6 weeks (until 21
weeks of age, p � 0.3 by log-rank test), as shown in Fig. 3C.
Upon development of diabetes, which was diagnosed by two

consecutive blood glucose readings of �300 mg/dl, the spleen
and pancreatic lymph nodes of control and GC7-treated ani-
mals were then harvested, and CD4� T cells in these tissues

FIGURE 2. Effect of DHS inhibition on markers of ER stress in islets from NOD mice. Female NOD mice (n � 4) were injected daily with 4 mg/kg DHS inhibitor
GC7 in the pre-diabetic period beginning at 6 weeks of age and ending at 10 weeks of age, after which islets were isolated and subjected to RT-PCR. The figure
shows results of RT-PCR for the genes Bip, Chop, Xbp1, and spliced Xbp1s (Xbp1s). Data were normalized to the housekeeping gene Actb. * indicates that values
are significantly different from vehicle controls by a two-tailed t test.

FIGURE 3. Insulitis and diabetes incidence in NOD mice. Female NOD mice were injected daily with vehicle control or 4 mg/kg of the DHS inhibitor GC7 in the
pre-diabetic period beginning at 6 weeks of age and ending at 10 weeks of age. A, representative images of pancreata immunostained for insulin (brown) and
counterstained with hematoxylin (blue) from pre-diabetic 10-week-old mice (magnification, �400). Arrows identify invading immune cell infiltrate. B, results of
quantification of insulitis in pre-diabetic 10-week-old mice (n � 3 per group, total of 100 –150 islets per group). C, diabetes incidence in female NOD mice
treated with vehicle control (n � 22) or 4 mg/kg GC7 (n � 22). The period over which GC7 was administered is indicated by the bracketed line.
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were examined by flow cytometry. Although no differences in
the percentages of Th1 (CD4�/IFN-��), Th17 (CD4�/IL-
17A�), and Treg (CD4�/CD25�/Foxp3�) cells were seen
between control and GC7-treated groups in the spleen (Fig.
4A), therewas a significant 2-fold reduction inTh1 cell percent-
age in the pancreatic lymph node of GC7-treated animals com-
pared with controls (Fig. 4B).
Separately, we examined levels of conventional DCs

(MHCII�CD11c�CD11b�) in NODmice treated with 4mg/kg
GC7. Conventional DCs in the pancreatic lymph nodes at 10
weeks of agewere too rare to quantitate (data not shown). In the
spleens, although conventional DCpercentages inGC7-treated
mice increased, there was a trend (p� 0.06) toward a reduction
in CD83� expression in this cell population (Fig. 5). CD83 is a
maturation marker for DCs (28), and this latter result is in
accordance with the reported role of DHS in the maintenance
of the CD83 surface expression on mature DCs (15).

Inhibition ofDHSAttenuates TCell Proliferation by Reducing
Cell Surface CD25 Expression—Given the reductions in
insulitis and Th1 cell percentages in pancreatic lymph nodes
uponDHS inhibition, we considered the possibility that DHS
might directly control the T cell proliferative and polarization
responses to autoantigens in mice. To test this possibility,
CD90.2� T cells from spleen and pancreatic lymph nodes from
C57BL6/J mice were harvested, treated with varying doses of
GC7 (0, 1, 10, 100�M), and stimulated for 4 dayswith anti-CD3/
anti-CD28 and IL-2 to mimic antigen-dependent/independent
triggers for proliferation in a polyclonal fashion. The non-dia-
betes-prone C57BL6/J strain was selected for these experi-
ments to exclude effects of endogenous antigen-dependent T
cell stimulation from the autoimmune process. Prior to stimu-
lation in vitro, T cells were loaded with the fluorescent dye
CFSE to monitor proliferation. The decline of CFSE fluores-
cence with time reflects the dilution of the dye following suc-
cessive rounds of cell division. Fig. 6,A–C, shows that there is a
dose-dependent reduction in CFSE dilution with increasing
concentrations of GC7, with a near complete block in prolifer-
ation at 100 �M GC7. This block in proliferation is reflected by
the reduced number of cells seen at the end of the 4-day incu-
bation (Fig. 6, A–C).
To explore the mechanism for the reduction in T cell prolif-

eration with DHS inhibition, we examined cell surface expres-
sion of CD25 on T cells stimulated in vitro. CD25 is the high
affinity IL-2 receptor � chain that, together with the � and �
signaling chains, is important for the maximal proliferative
response to IL-2. Stimulated CD90.2� T cells were subjected to
flow cytometry, gated on CD4� cells, and examined for cell
surface expression of CD25. As shown in Fig. 6, D and E, the
CD25 fluorescence intensity increased upon stimulation of
control cells, but increasingGC7 concentrations prevented this
increase in a subpopulation of cells. The T cell incubation
experiments in vitro were also subjected to immunoblot analy-

FIGURE 4. Effect of DHS inhibition in vivo on T cell subtypes in NOD mice. Female NOD mice were injected daily with vehicle control or varying concentra-
tions of the DHS inhibitor GC7 in the pre-diabetic period beginning at 6 weeks of age and ending at 10 weeks of age (n � 5–9 per group). Upon development
of diabetes, Th1, Th17, and Treg cell populations were examined via flow cytometry within spleens (A) and pancreatic lymph nodes (B). * indicates that values
are significantly different from vehicle controls by one-way ANOVA.

FIGURE 5. Effect of DHS inhibition in vivo on conventional DC percentages
in NOD mice. Female NOD mice were injected daily with vehicle control or 4
mg/kg of the DHS inhibitor GC7 in the pre-diabetic period beginning at 6
weeks of age and ending at 10 weeks of age (n � 4 –5 per group). Upon
development of diabetes, conventional DC (MHCII�CD11c�CD11b�) per-
centages within spleens (left) and median fluorescence intensity of CD83 on
gated conventional DCs (right) were examined by flow cytometry. * indicates
that values are significantly different from vehicle controls by a two-tailed t
test.
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sis. As shown in Fig. 7A and the corresponding quantitations in
Fig. 7, B–D, stimulation of T cells resulted in an increase in
CD25 protein levels as well as eIF5AHyp levels, without changes
in total eIF5A levels (when normalized to GAPDH levels).
However, with increasing doses of GC7 (10 and 100 �M), there
were decreases in CD25 levels that correlatedwith a decrease in

eIF5AHyp levels (Fig. 7,A–D). Interestingly, despite the decreas-
ing CD25 levels observedwith 1, 10, and 100�MGC7, real-time
RT-PCR revealed that levels of the mRNA encoding CD25
(Il2ra) actually increased (Fig. 7E), suggestive of post-transcrip-
tional regulation of CD25 levels. Taken together, these results
suggest that DHS inhibition reduces T cell proliferation, con-

FIGURE 6. Effect of DHS inhibition on CD4� T cell proliferation and CD25 expression in vitro. Isolated mouse CD90.2� splenocytes cells were stimulated
in vitro with anti-CD3/anti-CD28 and IL-2 for 4 days in the presence or absence of varying concentrations of the DHS inhibitor GC7, then gated on CD4� cells
by flow cytometry. A, CFSE dye fluorescence intensity in unstimulated (black line) and stimulated (red line) CD4� cells. B, effects of 1 �M (black line), 10 �M (red
line), and 100 �M (green line) GC7 on CFSE fluorescence intensity in stimulated CD4� cells. C, quantitation of CFSE fluorescence intensity from experiments in
A and B from three independent experiments. * indicates that comparisons are significantly different by one-way ANOVA. D, median CD25 fluorescence
intensity in unstimulated (black line) and stimulated (red line) CD4� cells. E, effects of 1 �M (black line), 10 �M (red line), and 100 �M (green line) GC7 on CD25
fluorescence intensity in stimulated CD4� cells.

FIGURE 7. Effect of DHS inhibition on CD25 protein and Il2ra mRNA levels in vitro. Isolated mouse CD90.2� splenocytes were stimulated in vitro with
anti-CD3/anti-CD28 and IL-2 for 4 days in the presence or absence of varying concentrations of the DHS inhibitor GC7, then cell extracts were harvested for
immunoblotting and RT-PCR analysis. A, immunoblots of CD25, eIF5AHyp, total eIF5A, and GAPDH protein levels (representative immunoblots from four
independent experiments). B, quantitation of immunoblot band intensities for CD25 (normalized to GAPDH, n � 4). C, quantitation of immunoblot band
intensities for eIF5AHyp (normalized to GAPDH, n � 3). D, quantitation of immunoblot band intensities for total eIF5A (relative to GAPDH, n � 3). E, real-time
RT-PCR analysis of Il2ra mRNA (normalized to �2 microglobulin). * indicates that the value is significantly different compared with the sample containing 0 �M
GC7 by one-way ANOVA.
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comitant with impairments in hypusination and production of
CD25.
DHS Inhibition Affects Proliferation of T Cell Subpopulations—

To determine whether the block in T cell proliferation affected
specific subtypes of T cells, CD90.2� T cells stimulated in vitro
were harvested and subjected to flow cytometry to determine
percentages of Th1, Treg, and Th17 cell populations. As shown
in Fig. 8, A–C, there was a GC7 dose-dependent reduction in the
percentage of Th1 cells after 4 days stimulation, with percentages
declining by 6-fold at 100�MGC7 comparedwith untreated con-
trols (Fig. 8B).Thesedecreaseswereaccompaniedbyreductions in
IFN-� release into themedium (Fig. 8C).

In contrast to Th1 cells, Th17 cell percentages increasedwith
1 �M GC7 treatment (Fig. 8D). Corresponding IL-17A levels in
the medium appeared to increase, as well, although the differ-
ences did not reach statistical significance by one-way ANOVA
(Fig. 8E). Inducible nitric-oxide synthase is an enzyme that is
negatively correlated with Th17 cell differentiation (29).
Because GC7 inhibits iNOS production (14), we asked whether
this increase in Th17 cells with GC7 treatmentmight be caused
by inhibition of iNOS. As shown in Fig. 9, GC7 treatment
blocked iNOS synthesis, thereby providing an explanation for
the observed increase in Th17 cells.
Finally, we examined Treg percentages. As shown in Fig. 10,

A and B, frequency of Tregs increased in a dose-dependent
manner with GC7 treatment (by 	2-fold compared with
untreated cells). The secretion of the Treg cytokine IL-10 into
the medium also appeared to increase with GC7, although this
increase did not reach statistical significance (Fig. 10C). Nota-

bly, the increase in Tregs occurred despite declining CD25
expression as a percentage of total CD4� cells (Fig. 10,A andD).
Similar results were seen in a mixed splenocyte population
(data not shown).

DISCUSSION

Studies in both humans andNODmice suggest that the T1D
disease process exhibits an early, protracted phase that is char-
acterized by � cell dysfunction and mild hyperglycemia (5, 6,
30–33). Whether this early phase results from defects that are
inherent to � cells, from stress imposed by invading immune
cells or some combination of the two has remained controver-
sial (6, 7, 34–36). Studies by our group and others have shown
that � cell dysfunction in pre-T1Dmay emanate from ER stress
(6, 7), which in turn may promote the expression of � cell neo-
antigens that exacerbate autoimmunity and epitope spreading
(35). In this respect, interventions that mitigate � cell stress in

FIGURE 8. Effect of DHS inhibition on Th1 and Th17 cell polarization in vitro. Isolated mouse CD90.2� splenocytes were stimulated in vitro with anti-CD3/
anti-CD28 and IL-2 for 4 days in the presence or absence of varying concentrations of the DHS inhibitor GC7, then subjected to flow cytometry. A, representative
contour plots showing gating of CD4� splenocytes (upper panels) followed by separation by IFN-� and IL-17A staining intensities (lower panels). B, quantitation
of Th1 cells (CD4�IFN-��) as a percentage of total CD4� splenocytes (n � 5 independent experiments). C, levels of IFN-� in cellular supernatant. D, quantitation
of Th17 cells (CD4�IL17A�) as a percentage of total CD4� splenocytes (n � 5). E, levels of IL-17A in cellular supernatant. * indicates that the values are
significantly different from Control by one-way ANOVA.

FIGURE 9. DHS inhibition in vitro impairs iNOS production in T cells. Iso-
lated C57BL/6J mouse CD90.2� splenocytes were stimulated in vitro with
anti-CD3/anti-CD28 and IL-2 for 4 days in the presence or absence of varying
concentrations of the DHS inhibitor GC7, and then cell extracts were har-
vested for immunoblot analysis using antibodies against iNOS, eIF5A, and
GAPDH.
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the pre-diabetic phase may limit severity and/or progression to
T1D.Here, we provide evidence that inhibition of DHS appears
to protect � cell function and glycemic control during a crucial
early phase of T1D.
DHS is required exclusively for the post-translational hypusi-

nation of eIF5A (37). eIF5A (and DHS) is thought to be
expressed ubiquitously, with some cells (such as DCs and T
cells) expressing eIF5A only during periods of stimulation or
stress (15). Previous work suggests that under conditions of
stress, eIF5A facilitates the nuclear export and translation of a
subset ofmRNAs, includingmRNAs encoding iNOS andCD83
(a DC maturation marker) (13, 15, 38). Virtually all of the
known functions of eIF5A (including mRNA binding, trans-
port, and translation) appear to depend upon its hypusination
(9). We have previously reported that DHS activity is at least
partially required for the post-translational responses of � cells
to pro-inflammatory cytokines and that inhibiting DHS (with
GC7) reduces the � cell apoptosis and enhances � cell mass in a
mouse model of type 2 diabetes (13, 14, 27). We therefore
hypothesized in this study that DHS promotes � cell apoptosis
in T1D.
To investigate the role of DHS in autoimmune diabetes, we

employed the NOD mouse model, which is thought to mimic
closely the pathogenesis of human T1D (4). We hypothesized
that delivery of GC7 during a pre-diabetic time frame that is
characterized by insulitis and� cell dysfunctionwould preserve

� cell function and glucose tolerance. Indeed, treatment of
NOD mice with GC7 resulted in improvements in insulin
secretion and glucose tolerance and a reduction in islet ER
stress as evidenced by reduced spliced Xbp1message. Notably,
however, these improvementswere coincidentwith a reduction
in insulitis, a finding that questions whether the apparent
improvements in � cell function were direct effects of DHS
inhibition in � cells versus indirect effects related to alterations
in immune cell invasion. A potential role for DHS in T cell
activation was previously reported by Hauber and colleagues
(15), who showed that inhibition of DHS interfered with the
maturation of DCs and hence their ability to activate cognate T
cells. The impairedDCmaturation correlatedwith reduced cell
surface expression of CD83.We similarly observed a reduction
(although not statistically significant) in median CD83 fluores-
cence intensity in conventional DCs in the spleens of NOD
mice treatedwithGC7.Todate, however, a direct role forCD83
in DC maturation in NOD mice has not been established.
Importantly, we observed that mice treated with GC7 also
exhibited reduced Th1 cells in pancreatic lymph nodes, with no
changes in Th17 or Treg cell populations. On the one hand,
these findings might reflect the inability of DCs in GC7-treated
mice to activate Th1 cells. On the other, they might suggest a
separate, direct role for DHS in T cell proliferation and/or
polarization. To address the latter possibility, we performed T
cell stimulation assays in vitro using anti-CD3/anti-CD28 and

FIGURE 10. Effect of DHS inhibition on Treg cell polarization in vitro. Isolated mouse CD90.2� splenocytes were stimulated in vitro with anti-CD3/anti-CD28
and IL-2 for 4 days in the presence or absence of varying concentrations of the DHS inhibitor GC7 and then subjected to flow cytometry. A, representative
contour plots showing gating of CD4� splenocytes (upper panels) followed by separation by CD25 and Foxp3 staining intensities (lower panels). B, quantitation
of Treg cells (CD4�CD25�Foxp3�) as a percentage of total CD4� splenocytes (n � 5 independent experiments). C, levels of IL-10 in cellular supernatant. D,
quantitation of CD25� cells as a percentage of total CD4� splenocytes (n � 5). * indicates that the values are significantly different from Control by one-way
ANOVA.
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IL-2 incubations and fractionated CD90.2� splenocytes to
bypass DC-mediated stimulation (39). In agreement with the
reductions in insulitis observed in GC7-treated mice, these
studies revealed inhibition of total cellular proliferation in the
presence of increasing concentrations of GC7, with a specific
reduction in the proportion ofTh1 cells. Additionally, increases
in Treg cell proportions were observed in these assays in vitro
but not recapitulated in themouse studies; this dichotomymay
reflect (i) differential effects of DHS inhibition in the models in
vitro versus in vivo, (ii) insensitivity of our measurements to
differences in T cell populations in the pancreatic lymph node
in vivo, or (iii) our failure to select the right time window for
observation of these highly dynamic T cell populations in vivo.

An important role of DHS and hypusinated eIF5A in pro-
moting cell cycle progression has been well documented in the
literature, and themechanisms have been variably attributed to
their impact upon polyamine homeostasis and/or the transla-
tion of growth-promotingmRNAs (13, 40, 41). In this study, we
show that GC7 treatment reduces the cell surface expression of
CD25 in a subpopulation CD4� T cells (see Figs. 6E and 10D),
likely a result of impaired production of CD25 from its encod-
ing mRNA. CD25, the IL-2 receptor � chain, is rapidly induced
in antigen-activated T cells and is required for the formation of
a high affinity IL-2 receptor complex needed formaximal T cell
expansion (42). Treg cells, in contrast to other T cells, exhibit a
high level of CD25 expression (43). Thus, we suggest that the
differential proliferative effects of DHS inhibition on Th1 and
Treg populations that we observed in our studies may result
from a greater dependence of Th1 cells on DHS/eIF5A for
CD25 induction, whereas Treg cells are allowed to maintain or
expand preferentially because of their highCD25 expression. In
agreement with this perspective, a recent study suggests that
Treg differentiation from CD4�CD25�Foxp3
 requires IL-2
signaling (44). CD25 has proved to be an important target of
inhibition in both autoimmunity and islet transplantation, as
evidenced by the efficacy of CD25-blocking monoclonal anti-
bodies (45–47). Given the known role of hypusinated eIF5A in
stress-induced mRNA translation, it is tempting to speculate
that translational elongation of CD25-encodingmRNA in anti-
gen-activatedT cells requires hypusinated eIF5A. Further stud-
ies are warranted to test this hypothesis.
Taken together, our studies here provide evidence for a role

forDHS in the pathogenesis of T1D, specifically in naïveT cells.
We report here thatDHS (and eIF5Ahypusination) contributes
to Th1 cell proliferation, likely by promoting production of
CD25. As such, the crucial balance between Th1 cells and Treg
cells may be altered, favoring the immune-suppressive actions
of Tregs over the immune-effector actions of Th1 cells (2). In
our studies, the eventual incidence of diabetes remained unaf-
fected, althoughwe cannot rule out the possibility that glycemic
controlmight have been improved.Whereas continued therapy
with a DHS inhibitor past the age of 10 weeks may alter the
eventual progression of disease, we favor the notion proposed
by Matthews et al. (48) that combination therapies (e.g. a DHS
inhibitor combined with other � cell-protective or immune-
modulating agents) may result in better disease outcomes.
Future studies will focus on both the impact of such combina-

tion therapies and the underlying mechanisms by which DHS/
eIF5A contributes to CD25 production.
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