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ABSTRACT

Despite advances in immunosuppressive regimens, acute graft-versus-host disease remains a frequent complication
of allogeneic hematopoietic cell transplantation. Pathogenic donor T cells are dependent on correct attachment of
small GTPases to the cell membrane, mediated by farnesyl- or geranylgeranyl residues, which, therefore, consti-
tute potential targets for graft-versus-host disease prophylaxis. A mouse model was used to study the impact of a
farnesyl-transferase inhibitor and a geranylgeranyl-transferase inhibitor on acute graft-versus-host disease, anti-
cytomegalovirus T-cell responses and graft-versus-leukemia activity. Treatment of mice undergoing allogeneic
hematopoietic cell transplantation with farnesyl-transferase inhibitor and geranylgeranyl-transferase inhibitor
reduced the histological severity of graft-versus-host disease and prolonged survival significantly. Mechanistically,
farnesyl-transferase inhibitor and geranylgeranyl-transferase inhibitor treatment resulted in reduced alloantigen-dri-
ven expansion of CD4 T cells. In vivo treatment led to increased thymic cellularity and polyclonality of the T-cell
receptor repertoire by reducing thymic graft-versus-host disease. These effects were absent when squalene produc-
tion was blocked. The farnesyl-transferase inhibitor and geranylgeranyl-transferase inhibitor did not compromise
CD8 function against leukemia cells or reconstitution of T cells that were subsequently responsible for anti-murine
cytomegalovirus responses. In summary, we observed an immunomodulatory effect of inhibitors of farnesyl-trans-
ferase and geranylgeranyl-transferase on graft-versus-host disease, with enhanced functional immune reconstitu-
tion. In the light of the modest toxicity of farnesyl-transferase inhibitors such as tipifarnib in patients and the
potent reduction of graft-versus-host disease in mice, farnesyl-transferase and geranylgeranyl-transferase inhibitors
could help to reduce graft-versus-host disease significantly without having a negative impact on immune reconsti-
tution.
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Introduction demonstrated that farnesyltransferase inhibitors (FTI) can
reduce the severity of collagen-induced arthritis® and that this

Currently applied prophylaxis against graft-versus-host dis-  effect is paralleled by a decreased expression of the pro-inflam-

ease (GvHD) significantly reduces the beneficial effects of
donor T cells, especially the control of opportunistic viral infec-
tions and graft-versus-leukemia activity. Strategies which pro-
mote tolerance and at the same time have antitumor activity
may help to improve outcome after allogeneic hematopoietic
cell transplantation (HCT). Activation, cytokine production
and expansion of pathogenic donor T cells are hallmarks of
GvHD. The process of T-cell activation is dependent on func-
tional GTPases that transmit transmembrane signaling. Among
isoprenylated proteins the GTPases Ras, Rheb, Rho and Rab
are crucial in biochemical signaling cascades controlling pro-
inflammatory gene expression and T-cell phenotype.' In order
to be active, GTPases must associate with the T-cell mem-
brane, a process which is dependent on their covalent attach-
ment to isoprenoids.” In vivo studies in different murine models

matory cytokines tumor necrosis factor (INF) and interleukin
(IL)-1B, which also play a central role in GVHD. There are sev-
eral lines of evidence indicating that allogeneic immune
responses can be modified by the inhibition of protein farnesy-
lation or geranylation. By using a mouse model for the rejection
of MHC class II-disparate skin allografts it was observed that
treatment with FTI delayed the rejection process.*
Cinnamaldehyde, which inhibits farnesyltransferase,” was
shown to modulate T-cell differentiation and proliferation.’
The anti-inflammatory activity of protein FTI was also exam-
ined in various i vitro and in vivo studies.”® Measurement of
FTl-induced inhibition of nuclear factor kappa B (NF«B)-medi-
ated pro-inflammatory effects revealed significant inhibition of
mRNA and protein production of the chemokines CCL2 and
CCXL1 with nanomolar doses of the FTI R115777.° Inhibition
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of Ras has been shown to increase FoxP3 expression in a
human T-cell line," suggesting that FII treatment could
increase the number of T regulatory cells which can effec-
tively contribute to the control of GVHD." A large clinical
study showed that the incidence of rejection after cardiac
transplantation was reduced by pravastatin.” Pravastatin is
an inhibitor of the HMG-CoA reductase, which inhibits
protein farnesylation and geranylation; its protective effect
against cardiac allograft rejection was independent of the
cholesterol level which indicated a second mechanism that
was not related to the lipid-lowering effects of pravastatin
and was most likely an immunomodulatory mechanism.
Although these data suggest an immunoregulatory poten-
tial of FTI and geranylgeranylation inhibitors (GGTI), the
impact of these inhibitors on GvHD was unclear.

In this study we examined the effects of FTT and GGTI
on acute GvHD severity, immune reconstitution, the graft-
versus-leukemia effect and response to murine
cytomegalovirus (MCMV) in a murine model.

Design and Methods

Mice
The animals used in this study are described in the Online
Supplementary Design and Methods.

Bone marrow transplantation model and histopathology
of graft-versus-host disease

Bone marrow transplantation experiments were performed as
previously described.” The severity of GvHD was determined
according to a previously published histopathology scoring sys-
tem."

B-cell leukemia model and in vitro cytotoxicity assay

To investigate the graft-versus-leukemia activity of transferred
donor T cells, we employed an A20-luc B-cell leukemia that had
been previously demonstrated to migrate primarily to the bone
marrow, with secondary infiltration of the spleen and other lym-
phoid organs when injected intravenously at the time of bone
marrow transplantation."” Animals were injected with A20-luc-
cells (BALB/c background, 2x10%) 2 days prior to administration of
the T cells to allow the tumor to home and establish.

To evaluate anti-tumor responses i vitro, CD4* and CD8" T cells
from C57BL/6 splenocytes were purified by negative selection and
co-cultured for 6 h with L1210 leukemia cells (BALB/c back-
ground). Cytotoxicity was quantified by flow cytometry-based
analysis of propidium iodide-positive cells.

Murine cytomegalovirus model

To evaluate antiviral T-cell responses, the MCMYV (Smith strain)
was employed. MCMV was produced by tissue culture with
mouse embryonic fibroblasts. On day 30 after bone marrow trans-
plantation, 1x10° plaque-forming units of MCMV were injected
intraperitoneally. Further details on the MCMV model are provid-
ed in the Online Supplementary Design and Methods.

In vivo and in vitro treatment with farnesyl-transferase
and geranylgeranyl-transferase inhibitors

FTI-276, GGTI-2133 and zaragocic acid A (ZA) (all from Sigma
Aldrich, Munich, Germany) were administered intraperitoneally
at a previously reported dosage of 20 mg/kg (FII, GGTI) or 10
mg/kg (ZA) daily from day -1 to day +10 after allogeneic HCT.

Cells were incubated with 10 uM FTI-276, GGTI-2133 or ZA
for the periods indicated for each individual experiment.

T-cell receptor V{3 spectratyping

RNA was extracted from splenic single-cell suspensions using
the RNeasy Mini Kit (Qiagen, Disseldorf, Germany) and then
reverse-transcribed into cDNA using the iScript cDNA Synthesis
Kit (Bio-Rad Laboratories, Munich, Germany). T-cell receptor
(TCR) CDR3 spectratyping was performed as previously
described.” Aliquots of the run-off reactions were analyzed on an
ABI 3130 XL capillary sequencer (Applied Biosystems, Darmstadt,
Germany).

In vivo bioluminescence imaging

Briefly, mice were injected intraperitoneally with luciferin
(150 ug/g bodyweight). Ten minutes later the mice were imaged
using an IVIS100 charge-coupled device imaging system
(Xenogen, Alameda, CA, USA) for 5 min.'® Cell expansion was
quantified in photons/second/mouse. Imaging data were ana-
lyzed and quantified with Living Image 3.0 software (Calipers,
Risselsheim, Germany).

In vitro proliferation assays

CD4" or CD8' T cells from BALB/c mice were purified by pos-
itive selection. CFSE labeling of cells was with Vybrant CFDA SE
(Molecular Probes, Eugene, OR, USA), as previously described,”
with 5 days of incubation.

Generation of bone marrow-derived dendritic cells

Bone marrow dendritic cells were prepared as described else-
where."® Bone marrow cells were cultured at 5x10° cells/10 mL
in the presence of 40 ng/mL granulocyte-monocyte colony-stim-
ulating factor (supernatant from the producer line X63-
Hybridom). On days 3 and 5, 10 mL of fresh medium containing
granulocyte-monocyte colony-stimulating factor were added.

Flow cytometry

All antibodies were purchased from BD Biosciences,
Biolegend, (Fell, Germany) and eBiosciences (Hatfield, UK) and
used conjugated with fluorescein isothiocyanate, phycoerythrin,
Alexa647 or Pacific Blue conjugates. The antibodies used are list-
ed in the Online Supplementary Design and Methods.

Data were acquired with a CyanADP (Beckman Coulter,
Krefeld, Germany) and then analyzed with Flow]Jo 7/8 software
(Tree Star, Ashland, OR, USA).

Conventional histology and immunohistochemistry

Fresh-frozen sections of 5 um thickness were mounted on
microscope slides (Superfrost/Plus; R. Langenbrink). For mor-
phological analysis the tissues were stained with hematoxylin
(Dako, Hamburg, Germany) and eosin (Thermo scientific,
Miinchen, Germany) (H/E) and analyzed on a Zeiss Axioplan 2
microscope (Zeiss, Jena, Germany). The standard objectives
used were 20x/numerical aperture 0.45 and 40x/numerical aper-
ture 0.60. For immunoenzymatic staining the tissue was fixed
for 10 min in acetone (Sigma) and the primary biotinylated anti-
body was applied. For visualization either streptavidin alkaline
phosphatase-coupled antibody and corresponding substrate
(Vector labs, Peterborough, UK) or the DAB-system (Dako
Cytomation) was used.

Histopathological analysis of the thymus

Thymi were fixed using 4% paraformaldehyde and later
embedded in paraffin. Sections 4-um thick were stained with
H/E. To distinguish between the cortex and the medulla by
immunofluorescence, paraffin sections were stained using
cytokeratin 5 (CK5) (catalog n. PRB-160P; Covance). The detec-
tion system on the secondary antibodies was alkaline phos-



phatase and the corresponding substrate (Vector labs). Sections
were analyzed using a Zeiss Axioplan 2 Imaging microscope. For
objective analysis of cortical thickness, the percentage of cortical
area indicated by CK5-negative areas was determined. Each
individual thymus was sectioned four times through various
parts of the organ, 50 um apart from each other. To assess corti-
cal area, the percentage of the cortex as an index of cortical thin-
ning was determined for all four sections using the following for-
mula: ([total area — medullary areal/total area) x100. Each per-
centage was averaged for the individual thymus.

Cytokine measurements

The levels of IL-6, IL-10, monocyte chemotactic protein 1
(MCP-1), TNF-a and interferon (IFN)-y were analyzed with the
flow cytometry-based CBA Inflammation kit (BD, Germany) in
serum collected on day 7 by cardiac puncture.

Western blotting

After sodium dodecylsulfate polyacrylamide gel electrophoresis
and transfer of proteins onto nitrocellulose membranes
(Amersham Biosciences, Munich, Germany), ERK (cell signaling
#9102), ribosomal protein S6 (cell signaling #2217), phosphorylat-
ed ERK (cell signaling #9101) and phosphorylated ribosomal pro-
tein S6 (cell signaling #4856) were analyzed using electrochemolu-
minescence (GE Healthcare). Densitometric analysis was per-
formed using Image] software.

Statistical analysis

Data are reported as mean values + standard error of mean. We
compared pairs by the Student’s ¢ test with the Welch correction.
Differences in animals’ survival were analyzed by the log-rank
test. A P value <0.05 was considered statistically significant.

Results

Farnesylpyrophosphate and geranylgeranylpyrophosphate
but not squalenes are relevant for protection from
graft-versus-host disease by L-mevalonate pathway
blockade

In order to better define the relevance of the down-
stream L-mevalonate pathway products farnesylpy-
rophosphate, geranylgeranylpyrophosphate and squalene
with regards to the severity of GVHD, we employed sev-
eral pathway inhibitors. These included ZA, GGTI-2133
and FT1-276 (Figure 1A). Survival studies in two different
major MHC class I and II mismatch models indicated that
both FIT and GGTI reduced GvHD severity and pro-
longed survival following allogeneic HCT (Figure 1B and
Online Supplementary Figure S1). Conversely, treatment
with vehicle or ZA did not improve survival (Figure 1B).

Consistent with its impact on survival, FTT and GGTI
treatment led to a decrease in apoptosis and GvHD-relat-
ed histopathology score for the small and large intestines
(Figure 2A and Ounline Supplementary Figure S2). Compared
to treatment with vehicle, FTT and GGTI treatment led to
significantly reduced serum levels of TNEF-a, IFN-y and IL-
6 (Figure 2B).

Inhibiting protein prenylation reduces the expansion
of CD4* but not CD8" T cells

We hypothesized that FTT and GGTI may affect T-cell
function based on the robust protective effect against
GvHD observed with both drugs in the survival studies.

GVHD protection by FTI and GGTI e

Expansion of alloreactive T cells is a typical characteristic
of acute GvHD. FTT and ZA reduced expansion of CD4*
cells in response to allogeneic antigen-presenting cells in
vitro (Figure 3A). Compatible with this in vitro finding, we
observed that FTI, GGTI and ZA did not significantly
inhibit CD8 T-cell expansion in vivo (Online Supplementary
Figure S3A,B). Conversely, FTI and GGTI treatment
reduced the expansion of unseparated luciferase trans-
genic T cells after allogeneic HCT, quantified by photons
over the total body area, as shown for representative time
points (Figure 3B) and when quantified in photons (Figure
3C). As the photon signal seemed to be reduced in the
abdominal region but not in the cervical region in the
GGTl-treated group, we divided the signal intensity
derived from the cervical lymph node area by the signal
intensity from the abdominal area. The ratio in the GGTI-
treated group was higher than that in the vehicle-treated
group (Figure 3D). These differences were not seen when
FTI/vehicle and ZA/vehicle ratios were calculated (data
not shown). This may indicate that T cells were not able to
leave the lymph nodes and migrate towards the gastroin-
testinal tract as a GVHD target organ in the GGTI-treated
group. To evaluate the mechanism for this potent reduc-
tion of T-cell expansion in vivo and in vitro, we investigated
the roles of squalene production and protein farnesylation
and geranylation in the signaling steps involved in the
extracellular signal-related kinase (ERK1/2) signaling
pathway. This pathway was previously shown to be rel-
evant for statin-mediated effects in other disease mod-
els.” When FTT or GGTI was included in the culture 24 h
before, there was a trend towards reduced ERK1/2 phos-
phorylation in T cells after stimulation with CD3/CD28,
as determined by western blot (Figure 4A, B). The reduc-
tion in Erk activation seen with both drugs is most likely
secondary to decreases in cytokine production and
autocrine signaling by cytokine receptors that occur when
farnesylation and geranylgeranylation are blocked. To
study different phosphorylation patterns in CD4 and
CD8 T cells we isolated and stimulated them separately
and also detected a trend towards lower phosphorylation
in CD4 T cells than in CD8 T cells when FTI (but not
GGTI) was given (Figure 4C and data not shown). We also
investigated phosphorylation of ribosomal protein S6,
because FIT have previously been reported to inhibit sig-
naling by Rheb,” but could not find any difference when
T cells were incubated with inhibitors (Figure 4 D, E). T-
cell viability was not affected by exposure to FIT or GGTI
in vitro (Online Supplementary Figure S4).

Reduced graft-versus-host disease after pharmacological
inhibition of farnesyl- and geranylgeranyltranferase
diminished thymic stroma damage and led to a more
diverse T-cell receptor repertoire

Since T-cell immunodeficiency is a central causative
factor for the high morbidity and mortality after clinical
allogeneic HCT, we next analyzed the impact of reduced
GvHD on thymic structure and function in FTI/GGTI-
treated mice. Conventional histology demonstrated an
intact corticomedullary demarcation in the group of ani-
mals that had received bone marrow alone, while recipi-
ents of additional T cells and vehicle displayed a dis-
turbed thymic architecture with no distinguishable corti-
cal region (Figure 5A). Treatment of bone marrow/T-cell
recipients with FTT or GGTI allowed recipients to survive
the acute phase of GvHD and these animals later showed
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repaired thymic damage and a normal corticomedullary
demarcation (Figure 5A). Immunhistochemical analysis
with the thymic medullary marker CK5 demonstrated
that cortical thinning, normally a key feature of thymic
GvHD, was reduced when FTI/GGTI but not ZA treat-
ment was given (Figure 5B). Quantitative analysis of the
cortical area in relation to the total area of the thymus
showed that the statistically significant loss of cortical
area in recipients of T cells compared to in recipients of
bone marrow alone was antagonized when FIT or GGTI
was administered but not when ZA was given (Figure
5C). Cortical thinning was associated with significantly
reduced numbers of CD4*CD8* thymocytes (Figure 5D),
which would indicate a disturbance in thymopoiesis. The
number of CD4*CD8* thymocytes was significantly high-
er when GGTI was administered than when T cells/vehi-
cle was given (Figure 5D). In order to study host thymic
stroma we determined the number of medullary thymic
epithelial cells (mTEC), cortical thymic epithelial cells
(cTEC) and fibroblasts after allogeneic HCT and found
them to be dramatically reduced in the T-cell/vehicle
group (Figure 5D). Thymi of mice treated with FII or
GGTI tended to have higher numbers of cells than thymi
of animals treated with the vehicle (Figure 5D). These
observations indicate that pharmacological inhibition of
farnesyl- and geranylgeranyltranferase reduces hallmark
features of thymic GvHD.

The next question was to determine whether or not T-
cell immune reconstitution was polyclonal. To this end
TCR-VB spectratyping sequence analyses were carried
out on the CDR3 region within each VB region from
cDNA derived from RNA extracted from spleens gath-
ered on day 25 after bone marrow transplantation. A
Gaussian distribution of the CDR3 region lengths in prac-
tically all of the 23 Vp gene families studied was observed
when either untreated animals or mice that only received
bone marrow were assessed (Figure 5E). In contrast, bone
marrow recipients treated with T cells and vehicle dis-
played a more restricted distribution of peaks, resulting in
an oligoclonal (VB1,5.2,6.2, 8.3, 12, 16) or virtually clonal
(Vp8.2, 8.3) TCR-Vp repertoire (Figure SE). Conversely,
the TCR-Vp repertoire of animals that received T cells
and FTT or GGTI appeared to be more diverse, with a
polyclonal distribution of the CDR3 lengths of most V3
regions (Figure 5E). By using congenic markers we deter-
mined that bone marrow-derived T cells (Thy1.2*) and
transferred T cells (Th1.1%) on day 20 were equally repre-
sented in the spleens of the allogeneic HCT recipients.
Analysis of the TCR Vp repertoire by flow cytometry
demonstrated a polyclonal repertoire in the groups given
bone marrow only, FTT or GGTI, while the groups given
ZA or vehicle displayed a clonal repertoire with expan-
sion of VB 8.3 TCR" T cells (Online Supplementary Figure
S5).

The data indicate polyclonal development of the TCR-
VB repertoire when FIT or GGTI treatment was given,
which is consistent with the protective effects on the thy-
mus seen histologically.

Farnesyl-transferase inhibitor treatment is permissive
for graft-versus-leukemia activity

The intact effector function of cytotoxic T lymphocytes
is critical for the elimination of the underlying malignant
disease after allogeneic HCT. Our previous observation
that CD8" T-cell expansion was not diminished by FTT or
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Figure 1. Pretreatment with FTI/GGTI improves survival after major
MHC mismatched bone marrow transplantation (BMT). (A) The L-
mevalonate pathway. Metabolites and enzymes in the pathway are
shown in black, inhibitors of squalene production (green), geranylger-
anylation (blue) and farnesylation (red) are shown in color. (B)
Survival of mice receiving bone marrow alone (BM, black line,
square), or with T cells and treatment with vehicle (black line, trian-
gle), FTI (red line), GGTI (blue line), or zaragocic acid (ZA, green line)
in the C57BL/6 into BALB/c model. The following dosage was
applied: zaragocic acid, 10 mg/kg day -1 to +10, GGTI-2133, 20
mg/kg day -1 to +10 and FTI-276, 20 mg/kg day -1 to +10.
Percentage survival of BMT recipients is significantly higher than
that of the vehicle-treated group when FTI or GGTI were given (num-
ber of animals and P-values for the comparison with the vehicle
group are indicated next to each treatment group). Data are pooled
from at least three experiments.

GGTI treatment (Online Supplementary Figure S3) led us to
hypothesize that CD8" cytolytic function could be intact.
T cells isolated on day 10 from transplanted BALB/c mice
that had been treated with FII, GGTI or vehicle dis-
played comparable cytolytic activity against L1210 cells
as targets (Online Supplementary Figure S6).

To study whether in vivo anti-tumor activity was main-
tained an A20™ leukemia rejection model” was used.
When indicated, vehicle, FTT, GGTI or ZA treatment was
given. Serial bioluminescence images demonstrated
leukemic bone marrow and organ infiltration at different
time points after transplantation in all animals (Figure
6A). Animals which received bone marrow and T cells
plus vehicle achieved tumor control (Figure 6B), yet died
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from acute GvHD (Figure 6C). FTI-, GGTI- or ZA-treated
recipients rejected the A20 cells, as determined by loss of
tumor signal (Figure 6A,B) and elimination of yfp+ A20
cells (Figure 6D), which is indicative of an intact in vivo
effector function of CD8 T cells. Survival was significant-
ly improved in the group that received T cells/FTT or T
cells/GGTI as compared to the group given T cells/vehicle
(Figure 6C). The viability of A20 or L1210 cell lines was
not affected by FTI or GGTI exposure in vitro (Online
Supplementary Figure S7A,B).

Farnesyl-transferase inhibitor treatment allows
the T-cell immune reconstitution required for immunity
to murine cytomegalovirus

Since reactivation of CMV in the immunodeficient
patient after allogeneic HCT is a significant clinical prob-
lem, we next studied whether FTI- or GGTI-mediated
immune modulation would interfere with the generation
of MCMV-specific T-cell clones.

Markers reported to be down-regulated on T cells upon
viral infection (CD62L, CD27, CD127) were lower after
MCMV infection than in non-infected controls (Online
Supplementary Figure S8A). The levels of KLRG1, which
have been reported to increase after viral infection, were
higher in the MCMV treated groups than in the group
receiving only bone marrow, independently of inhibitor
treatment (Online Supplementary Figure S8A).”* In a further
step we aimed to assess the amount of virus-specific T
cells in the spleen. The frequency of CD8" cells in the
spleen was comparable in all groups on day 58, when ani-
mals were sacrificed (Online Supplementary Figure S8B),

Relative level

GvHD protection by FTI and GGTI

Figure 2. FTI and GGTI treatment
reduces GvHD severity and inhibits
proinflammatory cytokine produc-
tion. (A) Ten days after transplanta-
tion, mice from the indicated
groups were sacrificed and ana-
lyzed. Histopathological scoring
was performed as described in the
Design and Methods section. Data
are pooled from two experiments,
representing six animals per group.
The P-values are shown when a sig-
nificant difference as compared to
the vehicle group was found
(*P<0.05, **P<0.01). (B) Serum
was collected by cardiac puncture
on day 7 after bone marrow trans-
plantation and analyzed for the
indicated cytokines. Data are
pooled from three independent
experiments, representing at least
six animals per group. P-values are
in comparison to the vehicle group
and are defined as follows:
*P<0.05, **P<0.01, ***P<0.001.
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indicating that FTI, GGTI or ZA treatment did not induce
lymphopenia. We assessed the frequency of CD8 T cells
specific for the MCMV peptides pp89 or M164 by
tetramer staining and found that the frequency of MCMV-
specific T cells in the spleen did not differ significantly
regardless of FIT, GGTI or ZA treatment with the excep-
tion of the T cells specific for M164 peptide which were
slightly less frequent in the GGTI-treated group (P=0.049)
(Online Supplementary Figure S8C). Almost all tetramer-
positive cells also expressed KLRG1, a marker of prolifer-
ating cells.”® The frequency of pp89 or M164 assessed by
tetramer-positive CD8" T cells was 1% in uninfected bone
marrow controls indicating that this level represents the
non-specific staining of the tetramers (data not shown). We
detected a comparable MCMYV viral load in the salivary
glands of all groups (Online Supplementary Figure S8D).
There was no MCMYV detectable in the liver of the infect-
ed animals (Online Supplementary Figure S9) indicating that
effective viral clearance had taken place. These data show
that FTT and GGTI treatment did not affect the reconstitu-
tion of the T cells that were subsequently responsible for
antiviral immunity.

Discussion

Despite the identification of risk factors, acute GvHD
remains a frequent complication of allogeneic HCT, hav-
ing a significant impact on early morbidity and mortality.”
Our previous studies have shown that extracellular adeno-
sine triphosphate, which is released from dying or stressed
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cells that are damaged by the conditioning regimen,
affects the CD4 T-cell phenotype.”” These and other
studies in models of inflammation”” demonstrated the
importance of metabolites for T-cell responses. In this
study we used specific inhibitors that targeted key branch-
es of the L-mevalonate pathway which lead to the deple-
tion of its active downstream products. Our data demon-
strate the protective effects of inhibitors of farnesylation
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and geranylgeranylation against GvHD-related mortality
and histologically confirmed GvHD severity. We observed
that interfering with protein-geranylgeranylation or farne-
sylation reduced pro-inflammatory cytokines. In vitro stud-
ies using murine Th1 and Th2 clones, stimulated in the
presence of FTI, showed a dose-dependent reduction of
lineage-specific cytokine secretion.” The cytokines ana-

lyzed in this study included IFN-y, IL-2, IL-4 and IL-5.

Figure 3. Impact of FTI and GGTI on T-
cell expansion in vitro and in vivo. (A)
In vitro expansion of CFSE-stained CD4
T cells (H2") stimulated with DC (H2¢).
Comparison of the absolute values
when FTI-276, GGTI-2133 or ZA was
included as compared to medium
alone as indicated. Proliferation was
assessed as reduced CFSE intensity by
flow cytometry. Ratios represent den-
dritic cells: T cells. The results of one of
three independent experiments with
comparable results are shown
(**P<0.01; ***P<0.001). (B)
Allogeneic HCT was performed as
described in the Design and Methods
section with at least four mice in each
group. In vivo expansion of luc trans-
genic T cells (H2") in allogeneic recipi-
ents (H2°) is displayed for serial time
points. Representative time points for
BALB/c recipients with expanding luc
transgenic T cells (H2"). (C) Where indi-
cated FTI/GGTI as compared to vehicle
treatment led to lower signal derived
from expanding T cells (*P<0.05). (D)
The signal derived from the cervical
area divided by the signal from the
abdominal area. The resultant ratio is
displayed. Experiments were per-
formed twice.
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Figure 4. FTI and GGTI treatment
leads to reduced ERK signaling. (A) T
cells (H2°) were preincubated with
inhibitors for 24 h. Cells were then
stimulated with CD3/CD28 beads
and incubated with inhibitors for 4 h.
Phosphorylated ERK protein was
detected by western blot. (B)
Quantification of the signal derived
from phosphorylated ERK. Pooled
data from three experiments are
shown. (C) CD4* or CD8* T cells were
separately pretreated with inhibitors
for 24 h. Cells were then stimulated
with CD3/CD28 beads and incubated
with inhibitors for 4 h. Quantification
of the signal derived from phosphory-
lated ERK for FTI-treated cells is
shown. (D) T cells (H2°) were preincu-
bated with inhibitors for 24 h and
then stimulated with CD3/CD28
beads and incubated with inhibitors
for 4 h. Phosphorylated ribosomal
protein S6 was detected by western
blot. (E) Quantification of the signal
derived from phosphorylated riboso-
mal protein S6. Pooled data from
three experiments are shown.
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However, the cells used in these studies” were clonal cell
lines committed to a Thl or Th2 cytokine profile.
Conversely, in our in vitro experiments we used primary T
cells which were stimulated by either allogeneic antigen-
presenting cells or CD3/CD28 beads. Our observation
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that FTI reduced alloantigen-driven CD4 T-cell prolifera-
tion in vitro are, therefore, novel. Furthermore, we extend-
ed previous findings® by studying the in vivo effects of FTI
and GGTI in a GVHD model. Thus the effects of an FTI
and a GGTI on alloreactive immune responses that we
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Figure 5. FTI and GGTI reduce thymic damage and favor a

untreated

polyclonal TCR repertoire. (A) Thymi were removed on day
10 from three mice in each group (vehicle; ZA)/d100 (oth-
ers) and paraffin-fixed thymus sections (untreated, BM only,
+T cells (Tc)/vehicle, +Tc/FTl, +Tc/GGTl and Tc/ZA) were
analyzed for detection of the corticomedullary junction. C,

BM
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cortex; M, medulla. Original magnification x100.
Representative sections are shown. (B) Representative
paraffin-fixed thymus sections collected as described above
(a) from the indicated groups were stained for K5-positive

Te/
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(red) medullary regions and analyzed by conventional
microscopy. The dotted lines indicate the corticomedullary
junction and solid lines represent cortical thickness. Original
maghnification, x100. Representative images are shown. (C)
The cortical area (% of total area) was quantified by using

Te/
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Dbl

i
L

the CK5 negative region. Symbols represent individual ani-
mals, the horizontal bars indicate the mean. P-values:
untreated versus vehicle P=0.039; BM only versus vehicle
P=0.41. (D) Thymic cell subsets were assessed by flow
cytometry on day 12 from three mice in each group.
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Absolute numbers are displayed. mTec: CD45-MHC class
1I""UEA-1%; Fibroblasts: CD45-PDGFR1
(CD140b)+(*P<0.05). (E) TCR Vp usage of splenic T cells on
day 20 after transplantation in BALB/c recipients is shown
for the respective groups (untreated, BM only, +Tc/vehicle,

1l
i
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+Tc/FTl, +Tc/GGTl and Tc/ZA). Spectratyping analysis of
CDR3 length distribution was performed using C57BL/6-
specific V3 and common Cf3 primers from purified splenic T
cells. Representative spectratypes of V31, 4,5.2, 6, 8.2, 8.3,
10, 12, 13 and 16 gene families are shown. Histograms

(blue peaks) depict CDR3 sequence lengths (x-axis) and fre-
quency of occurrence (y axis). Red peaks within each his-
togram represent molecular weight markers added to the
run-off reactions. Data are representative of at least three
animals studied per group, from one of two experiments.
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observed are beyond the previously reported in vitro find-
ings using cell lines.”” A possible explanation for the potent
reduction of GVHD that we observed was the strong effect
of both the FIT and the GGTI on TNEF-a and IEN-y
cytokine levels in mice, an effect which could involve other
types of cells besides T cells. In light of the observed reduc-
tion of T-cell expansion in vivo in FTI-treated recipients and
the previously reported central role of ERK1/2 phosphory-

lation during T-cell activation in acute GvHD,” the

multiple pro-inflammatory cytokines are released follow-
ing irradiation and allogeneic HCT. Compatible with the
importance of ERK1/2 phosphorylation for T-cell alloreac-
tivity i vivo, the ERK1/2 inhibitor PD98059 was reported
to attenuate murine cardiac allograft rejection, with
decreased IFN-y and increased IL-4 secretion.”

When using prenylation inhibitors it is important to
consider the relative specificity of the inhibitors. The
specificity of FT1-276 for farnesyltransferase is 100-fold

inhibitory effect of FTT and GGTI in vivo could be via this
pathway. The reduction in ERK activation observed with
FTI/GGTI is likely to be secondary to reduced cytokine
production and autocrine signaling by cytokine receptors.
This may also explain the potent effects in GvHD since

higher than for geranylgeranyltransferase,” whereas the
GGTI that we used (GGTI-2133) has been shown to have
a 140-fold higher speciﬁcity for geranylgeranyltransferase
than for farnesyltransferase.*® We next studied the effects
of FTI/GGTI treatment on immune reconstitution and
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Figure 6. FTI allows for graft-versus-leukemia activity in vivo (A) Bone marrow transplantation (BMT) was performed as described in the
Design and Methods section. On day O following irradiation 2x10° A20 luc* were given (i.v.) while T cells (Tc) (3x10°) were given on day 2.
Representative bioluminescence images on days 9 and 14 demonstrate intact rejection of A20 cells in the groups receiving T cells [A20+Tc
(vehicle), A20+Tc (FTI), A20+Tc (GGTI) and A20+Tc (ZA)], while progressive tumor growth is seen in the absence of T cells (A20). (B)
Expansion of luc* A20 tumor cells as measured in photons over total body area (photons/second/mouse). Animals rejecting the A20
leukemia cells demonstrate a lasting loss in signal. Data from three independent experiments are combined. Signal intensity derived from
luc* A20 cells was measured in photons over total body area at different time points. BALB/c mice receiving bone marrow (BM) plus A20
leukemia cells (A20, n=5) BM plus A20 leukemia cells plus T cells (Tc) after treatment with vehicle [A20+Tc (vehicle, n=5) or FTI (A20+Tc
(FTI), n=3) or GGTI (A20+Tc (GGTI), n=3) or ZA (A20+Tc (ZA), n=3]. (C) Survival of the groups described in (B). Survival: group A20+Tc (vehicle)
versus A20+Tc (FTI), P<0.001, group A20+Tc (vehicle) versus A20+Tc (GGTI), P=0.03. Data from three independent experiments are com-
bined, numbers of animals are indicated next to each group. (D) Bone marrow transplantation was performed as described in (B) with
luc*yfp*A20 cells for three mice in each group. On day 16 mice were sacrificed and bone marrow and spleens were isolated and analyzed
for yfp* A20 cells by flow cytometry. The P-values are shown when a significant difference compared to the A20 only group was found
(**P<0.01, ***P<0.001).




observed a more intact thymic structure as well as poly-
clonal development of the TCR-Vp repertoire.

The observed reduction in thymic damage in FTI- and
GGTl-treated animals could be an indirect effect due to a
reduction in CD4 T-cell expansion and dendritic cell migra-
tion, affecting the alloreactivity of the donor T cells in gen-
eral. Previous studies have shown that alloreactive T cells
play a central role in thymic GvHD.* Besides alloreactive
Tc, the conditioning-induced epithelial injury is a central
event that affects thymic function. However, there is no
evidence in the literature that FIT or GGTI could protect
tissue against irradiation or chemotherapy. We observed
reduced levels of TNF-a and IEN-y under FTT and GGTI
treatment. TNF-a was shown to cause epithelial damage®
which could participate in damage to thymic epithelial
cells and its reduction by FII and GGTI would support
thymic protection. IFN-y was shown to cause thymic dam-
age” and the reduced serum levels in animals treated with
FTT and GGTI could contribute to thymic protection. In the
light of these observation the described protection of
thymic structure and improved TCR repertoire are due to
reduced expansion and activation of the donor T-cell com-
partment and reduced TNF-a and IEN-y levels.

Previous studies had addressed the immunosuppressive
effects of statins on GvHD"* and in this study we
observed that interfering with certain steps of the L-
mevalonate pathway is not purely immunosuppressive
but rather immunomodulatory. In line with intact T-cell
immunity we found intact graft-versus-leukemia effects.
CMV reactivation is a frequent complication after allo-
geneic HCT in humans and causes significant morbidity
and mortality.” We observed that FII treatment allowed
for reconstitution of T cells that were subsequently
responsible for anti-MCMV immunity indicating that the
treatment did not cause general immune paralysis.

While our study shows the effectiveness of FIT on
GvHD, other preclinical studies demonstrated that FT1 can
reduce the severity of collagen-induced arthritis,’ delay the
rejection of cardiac allografts,” and prolong the survival of
skin allografts in mice.” Mechanistically it was shown in
vitro that FTT can modulate T-cell differentiation and pro-
liferation.”® In particular the study by Gaylo ez al.,* show-
ing that FTI can significantly delay the rejection of skin
allografts in mice, provides strong evidence that FTI have

potent immunmodulary properties. In their studies the
authors showed that FTT affected both CD4* and CD8" T
cells.* We found that the FIT had a major effect on the
expansion of CD4 T cells and only modest effects on CD8
T cells; this difference between the findings of the two
studies may be a consequence of differences in the models
used. However, both, our study and the study by Gaylo et
al.4 demonstrate that CD4" Th cytokine production is
inhibited by FTL.

Different molecular mechanisms have been proposed
for the immunomodulatory effects of FII. The FTI
manumycin A has been shown to inhibit kB kinase activ-
ity*' and IKK catalytic subunits play a key role in cytokine-
mediated NFkB signaling which is a central factor in mul-
tiple pro-inflammatory pathways.”” FIT have been stud-
ied in clinical trials for the treatment of leukemia and
shown a moderate toxicity profile,** suggesting their
potential applicability in patients with residual leukemia
burden undergoing allogeneic HCT.

In summary, we demonstrate that GGTI and FTI exert
differential immunomodulatory effects that result from
inhibition of the L-mevalonate pathway. Both inhibitors
interfered with CD4 but not CD8 T-cell activation and
proliferation while the graft-versus-leukemia effect, thymic
function and anti-MCMV effects were preserved. Based
on these results the use of FTI and GGTI as prophylaxis
could help to reduce GvHD in patients without having a
negative impact on immune reconstitution.
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