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Selective T-cell subset ablation demonstrates a role for T1 and T2 cells in ongoing
acute graft-versus-host disease: a model system for the reversal of disease

Jinli Liu, Britt E. Anderson, Marie E. Robert, Jennifer M. McNiff, Stephen G. Emerson, Warren D. Shlomchik, and Mark J. Shlomchik

Graft-versus-host disease (GVHD) is a
major cause of morbidity and mortality of
allogeneic stem cell transplantation. Strat-
egies to control GVHD while maintain-
ing graft versus leukemia (GVL) include
herpes simplex virus thymidine kinase
(HSV-tk) gene transduction of donor T cells
followed by treatment with ganciclovir
(GCV). Alternatively, GVHD and GVL may
be mediated by distinct processes. In this
regard, whether cytokine polarization oc-
curs and to what degrees various subsets
of cytokine-producing T cells mediate
GVHD or GVL has been an active area of
research using cytokine or cytokine anti-

body infusion or genetically deficient
mice. This study takes a different ap-
proach that allows simultaneous investi-
gation into both the mechanisms underly-
ing GVHD reactions and the efficacy of
HSV-tk suicide gene-based T-cell dele-
tion. A source of donor T cells, spleno-
cytes from mice transgenic for HSV-tk
controlled by elements of either the inter-
leukin-2 (IL-2) or IL-4 promoters (IL-2-tk
and IL-4-tk, respectively) was used, thus
allowing investigation into the roles of T1
and T2 cells in ongoing GVHD reactions.
To assess treatment rather than preven-
tion of GVHD, GCV was started at peak

disease. Remarkably, treatment at this
late time point rescued mice from the
clinical effects of GVHD caused by T cells
expressing either transgene. Thus, both
T1 and T2 cells play an important role in
clinical GVHD in a minor histocompatibil-
ity antigen-mismatched setting. In ad-
dition, because clinical disease was re-
versible even at its maximum, these
observations provide controlled evidence
that this strategy of treating ongoing
GVHD could be effective clinically. (Blood.
2001,;98:3367-3375)
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Introduction

Graft-versus-host disease (GVHD) remains a major cause ie€.!%-21 However, in some cases infusion of Thl-promoting
morbidity and mortality from allogeneic stem cell transplantationytokines, such as interleukin-12 (IL-1¥)! have augmented
(alloSCT). It thereby limits the application of this therapy for theGVHD, whereas in others it has protecté&imilarly, anticyto-
cure of hematopoietic stem cell disorders. In the context of candeéne antibody studies have given conflicting restt&GVHD has
therapy, GVHD is often accompanied by graft versus leukemizeen investigated by using donor T cells from knockout (KO) mice
(GVL), which is responsible for much of the antineoplasti¢acking either IL-4 or interferory (IFN-v).2223These studies have
effect}2The combination of toxic and desirable effects of donor Buggested a role for both T1- and T2-type cells, although theyFN-
cells creates a therapeutic paradox. It would be ideal to devik® T cells were less capable of causing disease, suggesting a
methods of separating GVHD from GVL or to control GVHD,dominant T1 role. These studies were carried out in fully or major
balancing the benefits of GVL with the toxicity of GVHD. Much histocompatibility complex (MHC)—mismatched strain combina-
effort has gone into various approaches to accomplish these gotits)s in which the allogeneic stimulus is strong. Recently, similar
with partial success’ results were obtained by using donor T cells from Stat4 or Stat6 KO
Nonetheless, ultimate success will require a better understangice, which tend to polarize to Th2- or Thl-type cells, in a fully
ing of the pathophysiology of GVHD and the mechanisms of GVLmismatched bone marrow transplantation systénm view of
An area of active GVHD research is whether cytokine polarizatiahese conflicting results, the relative roles of T1 and T2 cells in
occurs and to what degrees various subsets of cytokine-produc@®gHD and in particular GVL remain unclear.
T cells contribute to disea$é® In particular, it has been suggested Other investigators have proposed strategies to gain control of
that acute GVHD (aGVHD) is the result of T1 polarizationGVHD or to separate GVHD from GVE4-30°most notably suicide
whereas chronic GVHD may be due to outgrowth of T2-polarizegene transductiofi-34In this strategy, donor T cells express a gene,
donor T cells*17-20Indeed, there is some evidence that Th2 cellsuch as herpes simplex virus thymidine kinase (HSV-tk), which
can inhibit aGVHD although studies on this issue have beerenders the T cell sensitive to killing by ganciclovir (GCV),
equivocal. Cytokine reverse transcriptase—polymerase chain repwvided the cell is also dividing. To apply this strategy clinically, a
tion results from mice undergoing either aGVHD or chronienethod of efficient gene transduction is required, along with the
GVHD in a parent into F1 (P> F1) model have been support-ability to select transduced cells. Furthermore, a number of
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biological issues need to be worked out, including T-cell and GCV
dosing schedule, specificity/toxicity of GCV treatment, evaluatiofyaterials and methods
of GCV effectin various target tissues, effect on T-cellimmunocom-
petence after treatment, and the reversibility of established GVH\tice
lesions®> Nonetheless, this strategy has been implemented dfk- to 8-week-old AKR and B10.BR male mice (Jackson Laboratories,
humans as well as in animal models. Indeed, promising althoughr Harbor, ME) were used as recipients and BM donors. For the induction
anecdotal reports have suggested efficacy in humans, arguing #a&VHD, splenocytes from male IL-2-tk or IL-4-tk Tg mig&* (6-9
further effort should be put into this approat¥.Similarly, a few weeks) were used as the source of alloreactive T cells. The Tg mice were
murine models using T cells from mice that are transgenic (Tg) f§foSSed onto the B10.BR background; they are more than 99.9% B10.BR.

. Il the mice were maintained under specific pathogen-free conditions at
HSV-tk have been developed, which have largely been used 9 L -

- ) o ale University School of Medicine, New Haven, CT.

show that treatment with GCV at the time of transplantation in fully
allogeneic models can prevent disease, although in one repefp induction

there was partial efficacy in a treatment motfe® 37

We have taken a somewhat different approach that aIIoWL‘?St animals received 950 cGy from#Cs source. Two or more hours
later, T-cell-depleted allogeneic donor BM (1€ells) with splenocytes

simultaneous. investigation into both the mechanisms underlyipg 5,555 Tg mice (IL-2-tk, IL-4-tk) (10 cells) or from Tg-negative

GVHD reactions and the feasibility of HSV-tk-based T-cellitermates were given via tail vein. Mice receiving only BM were included

deletion. Our model also takes advantage of Tg-based expressipBach experiment. After 2 weeks, an osmotic pump (Alzet, Model 2004,

of HSV-tk, thus obviating any issues of gene transduction. We ha@epertino, CA, 0.25uL per hour, 28 days) containing either GCV or

used Tg mice in which the HSV-tk transgene is controlled by eith@hosphate-buffered saline (PBS) was implanted subcutaneously.

the IL-2 or IL-4 promoters (IL-2-tk and IL-4-tk, respectively), thus _ _ _

allowing investigation into the roles of T1 and T2 cells in ongoin@SMetic Pump implantation

GVHD reactions’®4% These transgenes have been well studied iRecipients were randomly divided into 2 groups at day 14 to receive pumps

vitro. Although both are expressed very early after T-cell activaentaining GCV (625 mg/mL; 3.75 mg/d) (Roche Laboratories, Nutley, NJ)

tion, under conditions in which T cells are polarized toward Th®r PBS. Animals were anesthetized by injection with a mixture of ketamine

cytokine expression, only the IL-2-tk transgene is expresse(a,o mg/mL) and xylazine (2 mg/mL) at a dose of;lp/g intrap(_aritoneally.

whereas the opposite is true under Th2 polarization condi&offs. The pumps were implanted on the back under sterile conditions.

The use of conditional ablation differs from other approaches B)atholo . -

. S . . . gy techniques and staining

investigating cytokine polarization in that (1) T-cell polarization is

initiated normally, (2) potential developmental abnormalities assdissues (skin, ear, tongue, liver, and intestine) were harvested and divided

ciated with KO mice are avoided, and (3) deletion is more precidd© 2 parts. For hematoxylin and eosin (H&E) staining the organs were
L . R . . . fixed in 10% formalin and embedded in paraffin. For immunohistochemis-

than cytokine infusion or inhibition via antibodies that can affe peed . Lo . -

. . . . ry, tissues were fixed with diluted formalin (containing 0.7% formalde-
mU|t'F_)|e tlssugs gnd does n_c_)t ne_cess_ajnly mimic the effects de) overnight at 4°C, dehydrated in 30% sucrose for 3 hours, frozen in
cytokine polarization. In addition, inhibition or KO of particularrissyetek (Sakura, Elkhart, IN), and stored-80°C.
cytokines may not completely inhibit the biologic effect of a Frozen tissues were sectioned and mounted on 10% polylysine-coated
polarized cell (eg, IL-4 inhibition may leave the effects of IL-5slides. After blocking with 10% normal rat serum (Gemini Bioproducts,

unchecked, although it may also tend to polarize cells away frofflabasas, CA) and 3% bovine serum albumin (BSA), sections were
the T2 type). incubated with biotinylated anti-CD8 or -CD4 monoclonal antibodies

Pharmingen, San Diego, CA) overnight at 4°C. After washing with 1%
We have crossed these transgenes onto the B10.BR baCkgm&gQin PBS, slides were stained with streptavidin-conjugated horseradish

and have used the minor histocompatibility antigen (m'HA)_peroxidase followed by development with 3-amino-9-ethyl-carbazole
mismatched, MHC-matched B10.BR AKR model of aGVHD  (sigma, St Louis, MO). The sections were counter stained with hematoxylin
drslt#142In this model, CD4 T cells are required for full pathogenicand mounted with Glycergel (Dako, Carpinteria, CA).

ity,42 thus making the contribution of Th1 or Th2 cells relevant. We Sections were coded and scored without knowledge of the treatment group
used the spleen cells from the Tg mice as donors in G\VHby pathologists (M.E.R. f_or gut and liver; J:M.l_\/I._for ear, sl_<in, and tongue). Skin
experiments. To determine the contributions of T1 and/or T2 celi@s scored O to 3 for interface/apoptosis, infiltration, fibrosis, and extent of

. . isease and the scores were totalled. For the intestine, an integrated GVHD
at the peak of GVHD, we began treating recipients at day 14 aftseerverity score was assigned (0 to 3) by the pathologist on the basis of the

transplantation, when weight loss is maximal and.mortality beQinfSllowing parameters: apoptosis, reactive epithelium, and inflammation.
Remarkably, we found that treatment at this late time rescued mice

from the clinical effects of GVHD, averting mortality in nearly all Flow cytometry
treated mice and allowing weight gain that typically matched that

. To determine the origin of lymphocytes in the lymphoid organs, single cell
of bone marrow (BM)-only controls. This effect was seen Whethgﬁspensions were stained with Cy5—-anti-Thy1.2 (clone 30H12, purified and

the donor T cells carried the IL-2-tk or the IL-4-tk transgene, but {tynjygated in our laboratory) and biotin-anti-Thy1.1 (clone 19E12, pre-
was not seen with Tg-negative T cells. Thus, these results indicafgled in our laboratory, and is specific for the recipient) followed by
that both T1 and T2 cells play an important role in maximal clinicatreptavidin-conjugated phycoerythrin (PE). Four-color staining was per-
GVHD in a miHA-mismatched setting. In addition, becausérmed (CD44-FITC, CD4-PE, CD8-QR, and CD62L-SA-APC) as de-
clinical disease was reversible even at its maximum, our obserg&tibed!® CD44 (clone IM7) and CD62L (clone Mel-14) antibodies were

tions further suaaest that a strateay of controlling ongoing GVH epared in our laboratory, and the others were obtained from Pharmingen.
99 9y g ongoing gells were analyzed on a FACSCalibur (Becton Dickinson, Woodstock,

could be effective clinically. This system could be a good model \91.)_ Intracellular cytokine staining was performed as descAbedter
study the mechanism and limitations of this approach. Indeed, th@{gring cells for 5 hours with phorbol myristic acid and ionomycin,

may be some limitations, because histologic disease was OH¥luding monensin during the last 2 hours of culture. Prior to permeabiliza-
partly ameliorated in both types of models. tion, dead cells were identified with ethidium monoaZtdend later gated

20z aunf g0 uo 3senb Aq ypd°29€€010£Z8U/0998.91/L9€€/Z1/86/4Pd-BJ01E/POO|q/ABU"SUOKEDIIGNdYSE//:dBY WOy papeojumog



BLOOD, 1 DECEMBER 2001 - VOLUME 98, NUMBER 12 SELECTIVE ABLATION OF T-CELL SUBSETS DURING GVHD 3369

out in the FL3 channel. The following antibodies (Pharmingen) were used: Weight Survival
rat immunoglobulin (Ig)G1-PE (clone R3-34), rat 1gG2b-APC (clone 30
A95-1), anti-IFNy—PE (clone XMG1.2), anti-IL-4-PE (clone 11B11), FoEe
anti—IL-2-APC (clone JES6-5H4). eag,
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Statistics

Differences between survival curves were assessed by Kaplan-Meier Mier i | o
analysis. The significance of differences in weights between groups at 114 22 28 34 41 48 1722 26 30 34 39 43 48
individual time points and between percentages of cells in flow-activated 100 :

cell sorter (FACS) gates was assessed by using the 2-tailed Stussht

The Mann-Whitney test was used to determine significance of histology :ﬁ: °—§50
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Our experiments had 2 goals: first, to use cell ablation to test th&xp3 Eﬂ \J'.-J, ;“: et
=

hypothesis that acute GVHD is a T1-polarized disease and, second, 4 L peagaty)
to model the treatment of aGVHD by GCV-mediated deletion of o e aan o] .
thymidine kinase—expressing T cells. To address the first aim, we 15 9 1317 212529 3337 41 1721 25 29 33 37 41
used both the IL-2-tk and IL-4-tk Tg mice. Although both oo
transgenes are expressed very early on in T-cell activation, under
Thi-polarizing conditions, IFN-expression by IL-4-tk CD4 cells
is unaffected by GCV treatment after only 2 days in culture in vitro, Exp4
whereas IL-4 production from the same cells is continually
sensitive to GCV. Thus, the IL-4-tk gene is a sensitive and specific 6 TP o
tool for the ablation of Th2 cells but not Th1 cetfs?0 I R TN by 7

To address the second aim_mOde”ng of GCV treatment, ratl‘]F(ieg;’ure 1. Weight and survival curves.  Four experiments are shown. The weight
than preventioﬁ‘,‘v37’46 of aGVHD—we initiated treatment at day curves show the average weight (Expériment 1) or the percentage of the individual
14 after transplantation, a time when weight loss is greatest amgygnt for each group, considering the initial weight of each mouse was 100%
mice are beginning to die. This time is also a peak of histo|og[§xp.eriments 2—4; squares for BM alone, triangl§§ for Tg negative, circles for IL-2-tk,
disease (data not shown). This design has the added benefif B C T en T e e e reated
allowing substantial in vivo time for any putative cytokinegroups. Asterisks or stars indicate that the difference between the GCV-treated and

Weight%
Survival%
3

polarization to take place, control groups are statistically significant (P < .05, 2-tailed ¢ test) (in Experiment 1*
for IL-2-tk, * for IL-4-tk group). The survival curves show the percentage of survival in
GCV treatment prevents death and reverses clinical GVHD each group. The P values are from chi-square test, comparing the GCV-treated and

as measured by weight gain control group.

Figure 1 shows the results of 4 separate experiments in whie@vere enough to cause substantial mortality in the PBS-treated
death was the end point. IL-2-tk mice were studied in eXpeﬁ:ontrols (ie, experiment 1 for IL-2-tk recipients and experiment 3
ments 1, 2, and 4 (total of 55 treated mice) and IL-4-tk ifior IL-4-tk recipients). Consistent with the weight gain of GCV-
experiments 1 and 3 (total of 28 treated mice). All experimentieated recipients of IL-tk T cells, there were very few deaths in
included BM alone and Tg-negative groups. In each cas#ese groups inany of the experiments.
treatment of IL-tk mice with GCV provided substantial improve- Thus, as measured by weight loss and mortality, ablation of
ment of clinical GVHD as demonstrated by weight gain (lef€ells expressing IL-2or IL-4 was sufficient to substantially
panels). In most experiments, the treated mice eventually gair@@eliorate aGVHD even when it was severe at the onset of
weight to match that of BM-only controls, and in every casf€atment (ie, when mice had already lost more than 30% of
weight equaled or exceeded pretransplantation weights. pgxiginal body weight, Figure 1). The potential mechanisms for this
treated mice typically had weights of 80% or less of pretransplaftotection will be discussed further below.
tation levels. Differences thWQQn GCV-and _PBS'treat_Ed rGCiFEi'CV treatment partially ameliorates histologic disease
ents of IL-tk T cells were significant on multiple days in every
experiment. In contrast, GCV-treated recipients of T cells froffio determine the effects on histologic disease, additional transplan-
Tg-negative mice had persistent weight loss. In fact, in afation experiments were performed in which all surviving mice
experiments except experiment 4, the recipients of Tg-negatiwere killed at day 28. The effect of GCV on weight was similar to
T cells that were treated with GCV had greater weight loss thdine prior observational experiments, thus further replicating and
those treated with PBS, the reverse of the situation wittorroborating these experiments (data not shown). Skin, ear,
recipients of Tg-positive T cells. This finding could reflect somé&ngue, small and large intestine, and liver were evaluated (Tables
degree of toxicity of GCV in these sick recipients of Tg-negativé and 2 and Figure 2). Statistically significant improvements in
T cells that was nevertheless counterbalanced by relief péthology score in GCV-treated recipients of IL-tk Tg T cells were
GVHD in the recipients of Tg-positive T cells. observed in some but not all organs. Disease was significantly
With the use of mortality as an end point, a similar situation wagduced in the tongue of IL-2-tk recipients. In particular, disease
seen, although only in those experiments in which GVHD wasas ameliorated in the large intestine in both the IL-2-tk and
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Table 1. Effect of GCV treatment on pathology scores in recipients of IL-2-tk spleen cells

Group
Organ BM (PBS) (2) BM (GCV) (2) Tg~ (PBS) (1) Tg™ (GCV) (5) IL-2-tk (PBS) (9) IL-2-tk (GCV) (11)

Liver 0.5 +0.7 0.5+ 0.7 2+0 2+0.8 2+04 1+0.7
Colon 0+0 0+0 3+0 3+05 2+04 1+0.7*
Small intestine 1.5*0.7 1+0 0*x0 2+04 1+07 2+05
Skin 0+0 0+0 7+0 1+37 0+22 0+22
Ear 0+0 0+0 8+0 6 + 3.6 3+25 0+2

Tongue 0*+0 0+0 2+0 2+22 2+14 0 + 0.9*

Shown are means = SD of scores from each indicated group. Numbers of mice in each are given in parenthesis after the group name.
*P < .05.

IL-4-tk T-cell recipients. Trends toward histologic improvement, ag/pe T cells?” Concurrently, the fraction of naive, CD44
indicated by the median scores in Tables 1 and 2, were seenOP62L" cells is reduced. We therefore asked if treatment with
several other organs, but they did not reach significance. Because@V of aGVHD induced by IL-tk Tg T cells would correct these
limited number of samples were subjected to pathologic analysigiterations in T-cell activation phenotype subsets. Indeed, GCV
the statistical power of the study to detect differences wageatment normalized these subsets for both CD4 and CD8 T
somewhat limited. cells in both the IL-2-tk and IL-4-tk mice. The distribution of T
Figure 2 provides examples of the histology in IL-4-tk recipicells in these subsets was the same in BM-alone controls as in
ents. The mouse treated with PBS demonstrates multiple apoptetic-treated mice (Table 3), whereas in PBS-treated mice there
cells in the epithelia as well as increased infiltrate in the lamiRgas 5 lower frequency of naive T cells and most notably a higher
propria. In contrast, both BM-alone and the GCV-treated mic@roportion of memory-type CD44CD62L" cells. There was no
demonstrate relatively normal histologic pictures with few or N@tect of GCV on these subsets in Tg-negative mice (not shown).
apoptotic cells and a sparse, normal content of lymphocytes in fifese data provide further objective evidence of the effect of

lamina propria. Staining for CD4 and CD8 revealed the mixegcy in reversing ongoing GVHD and are consistent with the
nature of the infiltrate and increased numbers of cells in ”beffect occurring directly on T cells

PBS-treated mouse, consistent with the H&E staining. There are
numerous intraepithelial CD4 and CD8 cells as well. In contrasgCV treatment results in selective depletion
although there are CD4 and CD8 cells present in both tlécytokine-secreting cells
BM-alone and GCV-treated mice, they were fewer in number and ] )
were more rarely found in the epithelial layer, particularly for cDB€cause treatment of mice that received IL-tk Tg T cells led to
cells that are not normally detected in this location but are cleafmelioration of disease, one might expect that, at least in some
present in the PBS-treated mouse. organs, there would be a discernible effect of GCV treatment on
Overall, we conclude that GCV treatment substantially ameliéde frequency of cytokine-secreting cells. To search for this
rated but did not eliminate histologic GVHD. Differences amongffect, we killed mice 1 week after pump implantation (day 21
organs were noted, but it is difficult to draw conclusions about thedfter transplantation), a time when the effect of GCV on weight
meaning given the relatively small numbers of mice that wei& noticeable (Figure 1 and data not shown) and also when there
evaluated. In addition, the clinical significance of these residuafe substantial cytokine-secreting cells (J.L. and M.J.S., unpub-
lesions is uncertain, as there is no way to determine whether tHighed observations and Figure 3, 2001) in untreated mice.
are active or represent residua of previously active lesions. Becalrsgeed, in recipients of IL-2-tk T cells, treatment for 1 week
GCV only kills dividing cells that express thymidine kinase, thevith GCV led to a significant decrease in IL-2—secreting cells in
lesions may have been visible histologically but may not haumth spleen® = .03) and liver P = .008), as detected by FACS.
contained dividing cells. Nonetheless, this result suggests thdie frequencies of IFNr were also reduced in spleeR (=
actively dividing cells are critical to the maintenance of clini-019), but the frequency of IL-4—secreting cells was not
cal disease. significantly altered. Interestingly, in IL-4-tk T-cell recipients,
the frequency of IL-4—secreting cells was significantly reduced
by GCV treatment, but only in liverR = .03) and not in spleen
(P = .13, Figure 3). Treatment of IL-4-tk recipients with GCV
Mice undergoing aGVHD demonstrate increases in CDZ4 did not affect IL-2— or IFNy—secreting cell frequencies in either
cells, particularly of CD62L cells that include memory pheno organ. These data provide evidence that GCV does have a

GCV treatment restores naive, activated, and memory
T-cell populations

Table 2. Effect of GCV treatment on pathology scores in recipients of IL-4-tk spleen cells

Group
Organ BM (PBS) (4) BM (GCV) (4) Tg~ (PBS) (4) Tg™ (GCV) (4) IL-4-tk (PBS) (7) IL-4-tk (GCV) (7)

Liver 0.5+ 0.6 1+05 1+05 1+05 1+05 0+1.6
Colon 0=x1 0*+0 1+05 15+0.6 2+0.8 0+ 0.8*
Small intestine 0.5+ 0.6 05*1 0=1 15+1 1+05 1+1

Skin 0+05 0+0.8 25+17 35+33 45+22 0+1.6
Ear 0.5 + 0.96 1+12 45+ 1 6.5+ 35 5+24 2+21
Tongue 0+ 0.58 0+1 35+19 4+0.6 0+17 0*1.6

Shown are means + SD of scores from each indicated group. Numbers of mice in each are given in parenthesis after the group name.
*P < .05.
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Figure 2. Histopathology and immunohistochemistry of intestine. Tissue was prepared as described in “Materials and methods.” For immunohistochemistry, sections
were stained with biotin-labeled rat monoclonal antibodies to either CD4 or CD8, followed by streptavidin-conjugated horseradish peroxidase and development with 3-AEC.
Sections were counterstained with hematoxylin. Note on H&E-stained sections the massive inflammatory infiltration and isolated apoptotic cells in the IL-4-tk splenocyte
recipient treated with PBS, which had GVHD. IL-4-tk splenocyte recipients treated with GCV and BM controls appeared normal. Immunohistochemistry revealed many more
CD4* and CD8" cells in the IL-4-tk splenocyte recipient treated with PBS compared with a similar mouse treated with GCV or that received BM alone. Apparent magnification X 250.

specific effect on the intended target cells and indicate that teéect on these cells in spleen. The frequencies of donor T cells
independent effects of IL-4-tk and IL-2-tk inhibition do notand of cytokine-secreting donor T cells in mice receiving BM
work by cross-inhibition of the opposite cytokine. Because alone were substantially lower than in T-cell recipients for all
proportion of IL-2—secreting cells also express IFNi is not cytokines in all tissues; their frequency was also unaffected by
unexpected that GCV treatment had a minor but significa@®CV treatment (data not shown).

Table 3. Effect of GCV treatment on T-cell subsets in spleen

Experiment A Experiment B
BM IL-2-tk BM IL-4-tk
Cell population PBS GCV PBS GCV PBS GCV PBS GCV
CD4
Naive 29 5.2 28 +3.3 19+81 33+ 6.7* 32+0.1 23*35 10 = 5.8 17 £ 9.3
Activated 19+1.1 24 +22 9+16 13 +2.2* 26 + 11 3074 27 £ 9.9 34 +£6.7
Memory 40+ 0.8 41x25 63 + 10.1 46 * 6.6* 3454 41x0.2 59 + 9.2 44 = 7.8t
CD8
Naive 8+35 9=*45 841 13 = 4.1% 20 = 1.0 19 =34 4x24 12 = 5.8%
Activated 28 + 13 32+ 10 21+ 4.6 28 + 6.8% 37 £ 10 37x8 22 +11.8 34 + 8.0%
Memory 50 9.5 49 = 12 60 + 7.3 46 = 7.6* 27 8.4 33*18 61 +6.2 45 + 8.0t

Spleen cells from the indicated groups of mice (either BM alone or IL-tk transgenic T-cell recipients) treated with either PBS or GCV were recovered 4 weeks after treatment
(6 weeks after transplantation) and analyzed by 4-color flow-activated cell sorter as described in “Materials and methods.” Cells were gated to analyze either CD4- (first 3 lines)
or CD8- (last 3 lines) positive cells and then considered as naive (CD44°°/CD62"), activated (CD44"/CD62LM), or memory (CD44"/CD62L"°) as described.** Shown are
percentages = SD. Experiment A used IL-2-tk donor T cells, and experiment B used IL-4-tk donor T cells. There was no difference among Tg~ recipients treated with PBS or
GCV, which were included in both experiments (not shown). P values refer to comparisons between PBS- and GCV-treated groups receiving the same types of cells.

*P < .001.

TP <.01.

P < .05.
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Figure 3. Flow cytometric analysis of cytokine production by donor T cells in
spleen and liver. (A) Dot plots of intracellular cytokine staining from aGVHD mouse
spleen and livers. Samples are gated on Thyl.2* and EMA-negative (ie, live) cells.
The percentage of positive cells is given in each quadrant. (B,C) Graphs show the
means and SDs of the percentages of cytokine-positive cells as determined in A.
(B) IL-2-tk spleen cell recipients treated with PBS (n = 10, solid bars) or GCV (n = 10,
hatched bars) are compared. Notice that GCV treatment significantly decreased the
percentage of IFN-y—positive cells in the spleen and the percentage of IL-2—positive
cells in both organs (P < .05, indicated by asterisk). However, no significant effect on
IL-4—positive cells was observed. (C) Graphs show the significant decrease of
IL-4—positive cells in the liver of IL-4-tk spleen cell recipients treated with GCV
(n = 10) in comparison with the PBS group (n = 9). No other cytokine-positive
population was affected in either organ.

GCV treatment does not impair donor engraftment of T cells

One potential drawback of GCV treatment in this setting is that

BLOOD, 1 DECEMBER 2001 « VOLUME 98, NUMBER 12

with donor-derived T cells as well in all groups of mice (Table 4).
When animals were killed at day 21, after 1 week of GCV and at a
time when thymi were hypocellular in all mice, the majority of
splenic T cells was Thyl:2and therefore donor in origin as well
(data not shown). In these groups, there were substantially higher
frequencies of donor-derived T cells in mice receiving BM plus T
cells than BM alone, again indicating that mature T cells also
engraft quantitatively in the presence or absence of GCV treatment.
Thus, GCV treatment did not lead to the elimination of all mature
donor T cells, again in accord with the idea that we selectively
ablated cytokine-producing cells (Figure 3).

Discussion

These studies had 2 main goals: to test the hypothesis that aGVHD
is a Tl-mediated disease and to determine the feasibility of
GCV treatment of established severe aGVHD in a murine
miHA-matched model.

We addressed the first issue because cytokine polarization,
which is known to control the phenotype of several autoimmune
syndromes? could have important implications for the mechanism
of GVH/L and its therapeutic manipulation. For example, polariza-
tion could explain the nature of lesions in various tissues and the
differences between aGVHD and chronic GVHEINn addition, it
has been proposed that control of polarization or selective inhibi-
tion of one T-cell cytokine subset may be a way to separate GVHD
from GVL.351-54

We addressed the second goal, a model of suicide gene—based
control of GVHD, in part because of its promising clinical
utility.3335So far this has been demonstrated in only a limited way,
and it is clear to us that animal models will be useful if not
indispensable in truly understanding the mechanism of HSV-tk—
based T-cell deletion and how it controls ongoing GVHD. To most
closely mimic the clinical situation, we have used an MHC-
matched, miHA-mismatched system and have administered GCV
only after GVHD was well established.

Clinical disease as measured by weight gain and survival
regressed in GCV-treated IL-2-tk and IL-4-tk recipients. This
clinical improvement correlated with partial amelioration of histo-
logic disease, reduction in the frequency of the specifically targeted
cytokine-secreting cells, and a decrease in memory T-cell accumu-
Iﬁltion, consistent with GCV-induced death of activated, dividing,

might lead to nonselective depletion of donor T cells. Unfortufi‘lloreacwe donor T cells.

nately, congenic mice that would allow us to easily distinguis
donor from recipient hematopoiesis are unavailable on the§

h The significance of residual lesions and some residual cells
xpressing the “target” cytokine is difficult to assess. They could

strains?® Furthermore, in this model, engraftment of even T-cell—
depleted BM is complete. Nevertheless, as B10.BR and AKR mitCeble 4. Engraftment of donor T cells is not inhibited by GCV treatment

differ at the Thy1 allele, we were able to assess the development of Thyl.1 Thyl.2
donor-derived T cells via analysis of thymi and spleens (Table 4) of Group n (mean * SD) (mean * SD)
GCV-treated GVHD mice. Thymi of GCV-treated spleen celbw ccv-) 3 24+12 234+ 7
recipients were much more cellular than PBS-treated mice at d&y (Gcv+) 2 45+37 14.4 = 5.0
42 (data not shown), consistent with the clinical amelioration g~ (Gcv-) 7 14+13 10.4 = 7.3
GVHD in GCV-treated animals. The majority of thymocytes irfg- (GCV") 2 0.7+05 103+ 1038
GCV-treated GVHD mice was donor derived and had the typickt2-tk (GCV7) 2 07+04 74+58
thymic distribution of CD4 and CD8 staining (data not shown)-2%(©cv?) 4 2119 12565

. . . . If_—4—tk (GevH) 2 34*16 15.0 = 0.23
suggesting that T-cell progenitor and likely pluripotent hematopoi-

IL-4-tk (GCV™) 4 24+£22 18.1 =51

etic stem cell engraftment occurred in GCV-treated mice, as also

found by otherd$? The hypocellular thymi of PBS-treated mice

Spleen cells were stained with antibodies to recipient (Thyl.1) and donor

precluded meaningful comparison with GCV-treated mice b&'li:hyl.Z) Thyl alleles and then analyzed by FACS. The percentage of donor and
' " recipient cells among the total cell population is indicated, along with the number of

GCV if anythmg facilitated engraftment rather than hindered it 1Riice analyzed. It is evident that GCV treatment did not adversely affect donor T-cell

the thymus. Spleens at this point were predominantly populategraftment.
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represent healing or inactive lesions. Alternatively, they could be Itisimportant to put our data in the context of other work on the
the result of ongoing inflammation induced by (1) nondividingole of cytokine subsets in GVHE$:4°The concept that aGVHD is
terminally differentiated T cells, (2) T cells no longer producing T1-mediated syndrome (and chronic GVHD a T2-mediated
IL-4 or IL-2, or (3) processes that have become independent of thgndrome) was initially proposed by Ferrdr@hey found that
previously infused T cells. Finally, the lesions could be due t®h2-polarized cells do not cause GVHD and, in fact, inhibit it when
inefficiency in the GCV-mediated deletion of IL-tk T cells. cotransferred with Thl T cefl®! and that IL-11 was found to
Regarding the second goal, our data demonstrate that irp@@mote T2 polarization and to reduce GVHEF® However,
MHC-matched model, established GVHD can be reversed by usiadministration of IL-10, a cytokine that is sometimes associated
GCV ablation of tk-expressing T cells. It is important to emphasizeith T2 responses, either did not prev@nir else exacerbatéd
that the evidence for this in humans thus far is anecdotal, limiteda@VHD. IL-12, a cytokine associated with T1 polarization, has had
a few patients in an uncontrolled tria#® Although these human variable effects on GVHD. During induction, neutralization of
trials are promising and in fact a rationale for our work, thél-12—inhibited GVHD in a P>F1 modelf® whereas administra
extensive experiments shown here establish the efficacy of tien of exogenous IL-12 also inhibited GVHD in a fully mis-
strategy in a controlled way and, perhaps more importantly, provideatched modél* In this same system, IL-12 if given later can
a model for further investigation. There have been a few othenhance GVHD by inducing host-derived IFN# These results
reports on the use of tk-Tg mice and GCV for GVHD inhibition. Inalone illustrate the complexity of the situation and how difficult it is
all but one report, GCV was given at the time of transplantation éo probe the system by cytokine administration or neutralization,
shortly thereafter, thus providing a prevention and not a treatmemhich can have effects on multiple donor and host cell types and
model343746|n one case, GCV treatment was delayeth that activate several downstream pathways.
study, there was full MHC and miHA mismatch, a situation in More recently, using KO strategies, both Murphy ¥ and
which a very high frequency of both CD4 and CD8 cells ifNikolic et al® provided evidence that Th2 cells could be important.
expected to be activated, unlike most human transplantationsTItells from IFN<y KO mice, surprisingly, caused a more virulent
may be difficult to extrapolate this to the human miHA-aGVHD in a fully MHC-mismatched model, suggesting a protec-
mismatched or haplomismatched situation. Indeed, although sotive effect of IFN«y, a T1 cytokine. This finding had been
efficacy was shown in this full-mismatch model, mice remainedemonstrated before by infusion, although again this must occur
symptomatic if GCV was delayed even until day 5 after transplaearly because late infusion had the opposite effedbwever, in a
tation, and, if delayed until 2 weeks, only partial protection waB—F1 model, the lack of donor T-cell IFN-modified disease and
seen. delayed mortality, demonstrating the dependence of the results on
Our studies are also informative on the roles of T1 and T2 celise particular model used However, if donor T cells lack IL-4 in a
in aGVHD. This is a complex issue. It is well established that ondally mismatched or MHC-mismatched model, disease was moder-
a T-cell clone is polarized, progeny of that clone maintain the T1 ately but significantly mitigated. However, these workers did not
T2 phenotype of the parent $i405558=0r this reason, we chose tofind that anti—IL-4 antibodies had the same effé$tat4 or Stat6
treat our mice at day 14 when one would reasonably expect th&D mice, which have defects in CD4 T-cell polarization toward
most mature donor T cells that were going to both survive 14 day$1 or Th2 phenotypes, respectively, have also recently been used
and see a recipient antigen strongly enough to contribute to GVHI3 T-cell donors, again in an MHC-mismatched systetdere,
would have been activated. Indeed, infiltrating T cells—whictonor T cells from either KO had reduced capacity to cause
must include some effector cells—are present in GVHD lesions disease, although those which could not evolve into T1 cells were
day 147 (J.L. and M.J.S., unpublished observations, 2001)- Fumuch more impaired, suggesting a dominant role for T1 cells.
ther, we see strong T-cell activation and few naive T cells in spleeNgvertheless, those that differentiated more toward T2 did produce
from mice killed well before day 14 (not shown). Most importantlydisease that preferentially targeted skin and liver but not gut. Thus,
we see strong T-cell polarization in both spleen and liver at day 2dis result demonstrated that either type of T cell could cause
(Figure 3). Although both Thl- and Th2-type T cells are presergVHD, albeit of somewhat different character.
Th2 cells are a minor population. Although GCV treatment did not GCV/HSV-tk ablation differs from other strategies of cytokine
completely ablate the target populations of T cells, it did haveiahibition. In selective ablation, the T cells develop normally in the
significant effect without affecting the nontargeted population. It idonor, whereas this may not be the case in KO mice. In the IL-tk
not surprising that GCV did not have a complete ablative effect, agstem, after donor T-cell transfer to the recipient, disease evolves
this effect may depend on whether the cells are cycling and hawrmally, including initial T-cell polarization, until the point at
much of the cytokine is being expressed, among other factorghich GCV is given. This again might differ from the situation
Taking these considerations together, we favor the interpretatiosing KO T cells. Ideally, the ablative approach deletes cytokine-
that GCV-mediated ablation of IL-tk T cells in our GVHD modelproducing T cells and thus negates the effects of secreted cytokines
represents at least in part specific ablation of T1- and T2-typeab well as other cytotoxic mechanisms such as FasL, granzyme, and
cells, supporting roles for both in aGVHD. This is also irtumor necrosing factos (TNF-c), all known to be important in
agreement with prior in vitro data using these Tg n#c#. GVHD.>6667The latter effect might not be the case for both KO
In particular, the lack of effect of GCV treatment on IL-4—and anticytokine antibody approaches. Therefore, the interleukin-tk
secreting cells in the IL-2-tk recipients argues against the possilslystem adds a different dimension to the body of work that has
ity that manipulations designed to block either T1 or T2 cells a@ddressed the issue of cytokine polarization in GVHD.
instead acting on TO cells. Starting GCV treatment at day 14, when One curious aspect of our results is that both types of T cells
polarization has had enough time to occur, probably explains teeem obligatory for clinical disease. In other GVHD models, either
specific effect. However, the issue of inhibiting TO cells likely doe$1 or both subsets were shown to contribute, but there was still
apply in those strategies in which inhibition is constant from theesidual disease when one or the other was inhiBReé&23 This
beginning of allogeneic T-cell transfer, when a TO phenotype woufihding could reflect a difference in models. We use MHC-matched
be expected among newly activated T célIg?>9 strains, in which donor T-cell activation is not likely as widespread
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as the MHC-mismatched models. Thus, the contribution from eadfiferent mechanisms. Polarization as an approach to maintain
T-cell cytokine subset may be relatively more important. Th&VL while treating GVHD has also been suggested by oth-
relatively complete inhibition of clinical disease with ablation ofrs!65377 GVHD proceeds via multiple mechanisms, at least
either IL-2— or IL-4—producing T cells could also reflect anvolving FasL, perforin/granzyme, TN&; macrophage activation
difference in the mechanism of inhibition, with T-cell deletionby CD4 cells, and other systemic cytokine effects (eg, IL-1). At
perhaps being more efficient and thus showing a stronger phepoesent we do not know the mechanisms for GVL, which could
type. Itis also possible that the 2 cell types are synergistic. Theresigen vary by tumor, but which may be a subset of the above. For
precedent for this, including asthrf&’® autoimmune gastriti, example, FasL could be an important mechanism and its expression
immune response$,tumor models? and in vitro?*7> Clinical is largely limited to Thl cell€8 If this were the case, then Th2
GVHD may be a threshold phenomenon, as is likely the case witfhibition might treat GVHD without hindering GVL. We plan to
frank clinical autoimmunity® This would be consistent with test this hypothesis by using a novel primary chronic myeloid

residual histopathology we observed in clinically well-appeateukemia model based on retroviral transformation of BM.
ing animals.

That selective ablation of either T1 or T2 cells was enough to

reverse clinical GVHD in this system, raises the possibility thghcknowledgments
GVHD could be treated while preserving some GVL. This is

particularly tantalizing as the cytokine secretion data suggest tide thank Ann Haberman for critical reading of the manuscript and

ablation in the 2 different settings are working at least in part vigichard Flavell for donating the tk transgenic mice.
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