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Immune Sources of Transforming Growth Factor-£,
Reduce Transplant Arteriosclerosis
Insight Derived From a Knockout Mouse Model

Jarg Koglin, Troels Glysing-Jensen, Ann€’iRanen-Sokolowski, Mary E. Russell

Abstract—Activated CD4-positive T cells are essential in the early stages of arteriosclerotic lesion development after
cardiac transplantation. Besides its parenchymal effects, transforming growth fa¢foGF-38,) mediates immuno-
suppressive effects on proliferation and activation of CD4 cells. This study was designed to assess immune contributions
of TGF-B, to arteriosclerosis by comparing the effect of TBfdeficient and —competent infiltrating inflammatory
cells on the development of intimal thickening in a heterotopic mouse transplant model (CBA to C57B6). Transplant
arteriosclerosis was evaluated in cardiac grafts placed into knockout recipients heterozygous Ryr(M&Fy and was
compared with those placed into wild-type recipients {11). At 55 days, allografts in TGB;—deficient recipients had
increased concentric intimal thickening. Computer-assisted analysis of all elastin-positive vessél8)(showed
significantly increased luminal occlusion (678.6%) in grafts from TGH3,—deficient recipients compared with
wild-type recipients (47.44.1%,P=0.003). To determine whether TGQ#-deficiency altered CD4 activation patterns,
we studied intragraft cytokine expression. Usi#@-reverse-transcriptase polymerase chain reaction assays, we show
that TGF8,—deficient recipients had an increased expression of the transcription factor STAT 4, interferon gamma, and
interleukin-2 (Thl-type response) and unaltered or reduced expression of the transcription factor STAT 6, interleukin-4,
and interleukin-10 (Th2-type response). Hence, when present, immune sources @8, Td&Enuate transplant
arteriosclerosis. This effect is associated with attenuation of Thl fofCés. Res 1998;83:652-660.)

Key Words: heart transplantatiom growth factorm Th1l cellm cytokinem graft rejection

Transplant arteriosclerosis is an accelerated form of inti-  Transforming growth factop, (TGF-B,) is a polypeptide
mal thickening that develops after cardiac transplanta- cytokine produced by a large variety of different cell types
tion. Alloimmune responses are believed to initiate an inflam- that can modulate cellular differentiation, cell proliferation,
matory cascade culminating in neointimal smooth muscle cell and extracellular matrix formatiott® Though not focus of the
proliferation, perivascular fibrosis, and expansion of extra- present study, much attention has focused on the fibrotic roles
cellular matrix}? The importance of CD4-positive T cells in  of TGF-8, in vascular remodeling. Increased expression of
this cascade has been established using rodent midels. TGF-8, in tissue from primary arterial and secondary reste-
Depletion or inhibition of CD4 cells prevents or significantly  notic lesions suggested a role as a regulator of arteriosclerotic
reduces neointimal thickening. However, less is known about lesion development™* In vitro studies have shown that
the specific molecular mechanisms through which these TGF-B8; has actions that could promote as well as attenuate
T-cell effects are conferred. One area of active investigation lesion development. For example, T@E-inhibits both

has focused on cytokine pathways because activated CD4migration and proliferation of vascular smooth muscle cells

cells differentiate into distinct Thl and Th2 subsefEhl in vitro.'>'® At the same time, TGIB, promotes extracellular
cells produce interferon gamma (IFN; interleukin (IL)-2, matrix expansion through stimulation of matrix formatibt
and tumor necrosis factg@- (TNF-8), whereas Th2 cells  and suppression of matrix degradatié.GF-8, promotes a
produce IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13.Recently, prothrombotic state by stimulation of plasminogen activator

we’ and others have collected in vivo evidence that Thl inhibitor activity and protein synthesis in smooth muscle
forces promote arteriosclerotic lesion development. Using cells®

recipient mice with targeted deletion of IFin our mouse Far less attention has focused on the immunosuppressive
transplant model, we showed that allograft vessel thickening effects of TGFB,. Early death due to multifocal inflamma-
and neointimal smooth muscle cell expansion are reducedtory processes in mice with homozygous disruption of the
when IFN<—mediated Thl responses are abgent. TGF-B, argues that its dominant effect involves immune cell
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response&:® The immunosuppressive role of TG¥-is of Histological Analysis of Rejection
great interest because it has been shown to inhibit Thl The degree of parenchymal rejection was evaluated in transverse
responses. TGPB, suppresses lymphocyte proliferation and paraffin sections of all grafts stained with hematoxylin and eosin.

inhibits activation of natural killer cells and T cef&When Allografts were graded for severity of rejection using a modified
' ISHLT grading system (scale O [no rejection] to 4 [severe rejec-

added to CD4-positive lymphocytes, TGr+nhibits devel- tion]).2** Grading was performed by 2 independent observers in a
opment of IFNy—producing cell$® Furthermore, TG, blinded fashion. Scores are reported as mean value for all grafts in
antagonizes the effects of IL-2 and TNE Several lines of each recipient group.

evidence suggest that TGk-acts as an inhibitor of immu- . )

nological responses during cardiac allograft rejection. First, Morphometric Vessel Analysis

TGF-B, expression and activity are increased in tissue from Vascular analysis was performed in paraffin sections stained with
! Verhoeff's elastin as previously describ&@Microscopic images of

rejecting rat _‘”‘Hogra}ﬁg Second, 'mmunOS.Uppresls'VE_ actions elastin-positive vessels were captured. The captured images were
of cyclosporine A in humans are associated with increased ysed to trace the lumen and the internal elastic (NIH 1.6 software).

expression of TGEB,.%® Third, treatment with recombinant  The intimal area was determined by subtracting the area of the lumen
TGF-8,%% or TGF8,—encoding vectof$results in reduced from the area enclosed by the internal elastic lamina. From these

rejection and prolonged survival of the graft in different data we derived the percentage of luminal occlusion. Vessels were
classified by size as large subepicardial and smaller intramyocardial

tran;plant models. . . o arteries and analyzed separately. In addition, we analyzed sections
Given that TGFB, might have opposing effects in different  stained fora-actin (counterstained with Verhoeff's elastin) to esti-

cellular compartments within the same organ system, it has mate the area of the smooth muscle cell-rich media. From these data,

been difficult to assign a simple biological role for T@rin we derived intima/media ratios as a parameter corrected for vessel

arteriosclerotic lesion development. Our vascularized hetero- Size:* Values are calculated as the mean from all captured vessels
. . . per heart and reported as mez®EM for all grafts in each recipient

topic mouse model of transplant arteriosclerosis offers the group

opportunity to study one aspect of this question. In this

model, selective disruption of recipient sources permits the Analysis of Vascular Composition

study of TGFg, deficiency confined to infiltrating immune  To evaluate the composition of arteriosclerotic lesions, we compared

cells. By placing wild-type donor hearts into recipients with ~staining with Masson’s trichrome, anti-smooth muscle cell actin

targeted deletion of the TGB: gene, one can study the effect (counterstained with Verhoeff's elastin, clone 1A4, 1:20 000, Sigma

of onaoing reductions in TGB. on arteriosclerotic lesion Chemical Co), and anti-CD45 (clone 30F11.1, 1:1000, Pharmin-
going reductions | B ! ! : genf®in representative paraffin sections from allografts transplanted

development. However, mice with heterozygous gene dele- into TGF8, +/— recipients (%5) and wild-type recipients ¢ad).

tion (TGFB, +/—) have to be used because homozygous Lymphocytes, capable of differentiating toward Thl or Th2, were
gene disruption produces death within 3 weeks after birth due detected in frozen sections from the same allografts using an
to multifocal inflammatory diseasd? This combination of a  @ntibody for CD4 (clone GK1.5, 1:100).

ild-t d dak kout inient t di To estimate potential differences in perivascular fibrosis and
wild-type donor and a knockout recipient creates an caraiac o intimal smooth muscle cell expansion, we performed quantitative

allograft microenvironment that is composed of a TG~ image analysis using NIH Image 1.6. Microscopic images of all
intact parenchyma (donor-derived) and T@F-deficient vessels in this subset of grafts were captured separately. Because of
infiltrating inflammatory cells (recipient-derived). To study inherent resolution limits of the video capture system used for image

the effect of immune sources of TGHK-on transplant analysis, only a subset of vessels was studied. Larger vessels that had
rteri lerosis. W mpared v I'm lr hometry. v | rareas delineated by the internal elastic lamina860 wm? and that
arteriosclerosis, we compared vessel morphometry, vasculary,,q =400, luminal occlusion were includédzor each vessel cross

cell composition, and cytokine expression in grafts from section, the size was defined by tracing the external elastic lamina.

TGF-B,—deficient recipients and wild-type recipients. The neointima was defined by tracing the internal elastic lamina and
the lumen. Perivascular fibrosis was quantified by measuring the
Materials and Methods perivascular area as the area encompassed by pixels of the color
intensity of collagen-positive tissue (blue) and was normalized by the
Mice respective vessel area. To estimate the contribution of smooth
Male CBA/CaJ (H-9) mice aged 6 to 8 weeks were used as heart muscle cells to the expanded neointima, the percent neointimal area
donors. As organ recipients, male heterozygous PEFdeficient stained specifically for-smooth muscle cell actin was detected by
TGF-B, +/— mice on a C57BL/6J (H® background were com- measuring the area encompassed by pixels of the color intensity of
pared with C57BL/6J (H-2 wild-type mice. All mice were obtained immunopositive cells. A mean from all captured vessels per heart
from Jackson Laboratory, Bar Harbor, Me. was calculated and is reported as the mean value for all grafts in each

recipient group.
Heterotopic Cardiac Transplantation ] ) ]
Vascularized heterotopic abdominal cardiac transplantation was CYtokine Expression: Gene Transcripts
performed as described by Corry efsind hearts were harvested as  Reverse-transcriptase polymerase chain reaction (PCR) to measure
described previously. Allografts from TGFg#, +/— recipients relative transcript levels was performed as published previcg&ly.
(n=7) were compared with those from allogeneic wild-type recipi- Briefly, total RNA was extracted from ventricular sections with
ents (n=11). CD4 and CD8 antibodies (GK1.5 and 2.43; 2.0 mg IP, RNAzol B (Tel-Test Inc). First-strand cDNA synthesis was com-
days 1 to 4 and then weekly to day 28) were used as T cell-depleting pleted for all samples at the same time to improve comparability
immunosuppressive therapy. This program of immunosuppression (CDNA kit, GIBCO BRL). Transcript levels were analyzed from a
was used to delay the onset of rejection and produce grafts under-cDNA panel prepared from allografts (placed in TBF-+/—
going chronic rejectiot®? Graft function was evaluated daily by  recipients [r=6] and wild-type recipients [a7]) and native host
measuring the force of palpable heart beat. Grafts and native hosthearts from TGH3, +/— (n=7) and wild-type (#7) recipients.
hearts were harvested when the palpation scoresalagon a scale PCR primers were designed with the use of MacVector 5.0 (Oxford
from O to 4) or when the graft reached 55 days. After perfusion with Molecular Scientific) and synthesized on an Oligo 1000 DNA
PBS, cardiac allografts were harvested. synthesizer (Beckman). Primer sequences, sequence accession num-
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TABLE 1. Primer Sequences, Sequence Accession Numbers, Annealing
Temperatures, and Cycle Numbers

Sequence

TGF-B; (M13177), 55°C/28 cycles

Sense TAA TGG TGG ACC GCA ACA ACG C

Antisense TCC CAG ACA GAA GTT GGC ATG GTA G
STAT 4 (U06923), 55°C/30 cycles

Sense ACT CAT TTG TGG TCG AGC GAC AGC

Antisense AAT TGC CAG CTC ATC ACT TCC CAG G
STAT 6 (L47650), 55°C/28 cycles

Sense TGC AAC GGC TCT ATG TTG ACT TTC C

Antisense TTG GAC CAG GAC CAT TGA GAG GAG
IFN-y (M28621), 60°C/29 cycles

Sense AGC GGC TGA CTG AAC TCA GAT TGT AG

Antisense GTC ACA GTT TTC AGC TGT ATA GGG
IL-2 (K02292), 60°C/34 cycles

Sense TGA TGG ACC TAC AGG AGC TCC TGA G

Antisense GAG TCA AAT CCA GAA CAT GCC GCA G
IL-4 (M25892), 60°C/36 cycles

Sense ATG GGT CTC AAC CCC CAG CTA GT

Antisense GCT CTT TAG GCT TTC CAG GAA GTC
IL-10 (M37897), 58°C/34 cycles

Sense TGC TAT GCT GCC TGC TCT TAC TGA C

Antisense AAT CAC TCT TCA CCT GCT CCA CTG
GAPDH (M32599), 50°C/20 cycles

Sense TGA AGG TCG GTG TGA ACG GAT TTG GC

Antisense CAT GTA GGC CAT GAG GTC CAC CAC

Sequence accession numbers are shown in parentheses.

bers, annealing temperatures, and cycle numbers were as shown irprocedure was used for post hoc testing. Group data are expressed as

Table 1. meant SEM. A value ofP<<0.05 was considered significant.
For each primer pair, conditions were optimized to generate a
single specific band. The identity of the PCR product was confirmed Results

by restriction analysis. Triplicate samples were amplified using ]

0.625 U AmpliTaqg gold DNA polymerase (Perkin Eimer) in a total TGF-f3, Expression

volume of 25uL. After initial activation of the specific polymerase  Corrected transcript levels for TGB-were higher in allo-

at 95°C for 9 minutes, the thermal cycling parameters were denatur- grafts compared with native hearts (Figure 1). As expected,

ation at 94°C for 30 seconds, annealing at a primer-optimized . L
temperature for 20 seconds, and extension at 72°C for 60 secondsgra‘ﬁS placed in TG, +/— recipients had lower corrected

(increased by 2 seconds per cycle) followed by a final extension of transcript levels (1.750.31 relative units) compared with
7 minutes at the end of all cycles?®]dCTP (150 000 cpm per  grafts in wild-type recipients (2.720.59 relative units,
reaction) was included for quantitative PCR studies. The amount of P=0.04). Infiltrating, inflammatory cells of the respective

incorporated $P]dCTP in amplified product bands from dried . . - - .
agarose gels was measured by volume integration (Molecular Dy- recipients are most likely responsible for this difference, since

namics). Corrected levels of the specific product were derived by donor hearts in both TGB; +/— ?”d wild-type recipients
dividing the amplified product value by the mean value for the were homozygous for TGB;. Native hearts had corrected
control gene GAPDH in the respective sample. transcript levels of 0.080.03 relative units in TGFB, +/—

recipients and 0.1%0.06 relative units in wild-type recipi-

) ) . ents. Thus, use of TGB: +/— recipients produced reduc-
To confirm the presence of cytokine gene products, which had been . aros .
shown to be regulated at the transcript level, we performed immu- F'ons of ~35% in graft TG'_:Bl levels. Given tha_t TGB,
nostainings in frozen sections as published previotfsKhe anti- itself has been shown to stimulate T@E-expression, para-
bodies we used were anti-IFji{clone R4-6A2, 1:100, Pharmin-  crine effects may have partially masked differences produced
gen), anti—IL-2 (clone S4B6, 1:100, Pharmingen), and anti—IL-10 by heterozygous gene deletion.
(clone JES5-16E3, 1:100, Pharmingen).

Cytokine Expression: Gene Products

Statistical Analysis Histological Analysis of Allografts

For comparison between TGE- +/— and wild-type groups, un- All allografts placed in wild-type and TGPB;—deficient

pairedt tests were used. For comparisorve? groups, ANOVAwas ~ lecipients survived=55 days. By histological analysis, both
used. If the ANOVA determined significance, the Bonferroni/Dunn  wild-type and TGFg1—deficient recipients produced allo-
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4 A —— p<0.05—— +/— recipients compared with allografts from wild-type
. controls. In large subepicardial arteries, the mean luminal
3 T occlusion was increased by40% from 42.3:2.2% in
wild-type controls to 60.75.4% in TGF,; +/— recipients
(P=0.003). In small intramyocardial arteries, the mean lumi-
nal occlusion showed a comparable increase from
50.0+5.1% in wild-type controls to 70:65.7% in TGFg,

pt

corrected transcri
levels
[relative units]
N
1

17 +/— recipients P=0.008).
. To demonstrate that the increase in luminal occlusion was
0 - E——— independent of vessel shrinkage, we measured the intimal and
TGF-8, */- control medial areas in 40 vessels from a subset of grafts stained for
native;leart allograft native heart allog;aft a-actin. The mean intimal area had a 40% increase from
(n=7) (n=6) (n=7) n=7) 1505+502 uwm? in wild-type controls to 2175458 um? in
Figure 1. TGF-B; mRNA expression is decreased in allografts TGF-B, +/— recipients. The mean medial areas were com-
placed into heterozygous TGF-B; +/— recipients compared with parable in grafts from both groups (wild-type
those placed into wild-type control animals. Reverse- 2. - 2 . ’
transcriptase [*?P]PCR amplification normalized against GAPDH 2812t_764 Hm ’ _TGF'_Bl +=, _3161—651 P’“m) This re' )
was compared in allografts and native host hearts of TGF-8; sulted in a significant increase in the mean intima/media ratio
+/— and wild-type recipients. Each bar represents the in grafts placed into TGFB,—deficient recipients

mean=SEM from all cDNAs in each subgroup performed in

triplicate. (0.73+0.06) compared with the ratio in wild-type recipients

(0.50+0.04, P<0.05). Hence, the intimal area increased
independently of the medial area. This suggests that the
increase in percent luminal occlusion was due to neointimal
expansion rather than vessel shrinkage.

grafts that undergo chronic rejection with diffuse inflamma-

tory infiltrates, patches of myocyte necrosis, advanced inter-
stitial fibrosis, and scattered interstitial edema and

hemorrhage. A modified ISHLT scoring system was used to Analysis of Vascular Composition

estimate parenchymal rejection, and mean histological grad-The vascular composition was analyzed using a series of
ing scores were similar in allografts from TQ#—deficient staining protocols to assess the contribution of inflammatory
recipients (3.3:0.3) compared with allografts from wild-type  cells, perivascular fibrosis, and neointimal smooth muscle

recipients (2.8:0.4, P=0.4). cells in arteriosclerotic lesions in representative grafts from
o ) ) each group. For all 3 stains, vascular lesions in grafts placed

Quantitative Morphometric Analysis of into TGFB, +/— and wild-type recipients were similar in

Intimal Thickening appearance. Figure 3 shows typical histological sections from

Elastin-stained sections were used to evaluate the frequencyyp, allograft vessel in a TGBrdeficient recipient.

and severity of arteriosclerotic lesion development. Although  cp45-positive cells were found scattered throughout the
glllvesseI.s in a!lografts from poth groups had some degree of perivascular and myocardial spaces (Figure 3C). Mononu-
intimal thickening, the severity of lesion development was cjear cells staining positive for the leukocyte marker, CD45,
increased in allografts from TGPr-deficient recipients.  accounted for50% of the cells in the expanded neointima.
With the use of computer-assisted morphometric analysis, aTo detect lymphocyte subsets capable of Th1/Th2 differenti-
total of 176 vessels were analyzed in subgroups according t0ation, we performed immunostaining in frozen sections from
the vessel size. As shown in Figure 2, both subepicardial cardiac allografts in both recipient groups for CDA4. Infiltrat-
large arteries and small intramyocardial arteries had signifi- jng CD4-positive mononuclear cells were shown to be scat-
cant increases in luminal occlusion in a”ografts from TﬁlF- tered throughout the myocardia| and perivascu|ar spaces,
accounting for roughly one third of the CD45cells positive

A subepicardial large arteries B intramyocardial arteries for CD4 (data not shown). There was no obvious difference in

grafts from TGFB, +/— and wild-type recipients in the

1007 1001 : . o "
- p<0.005 - p<0.01 am(_)l_mt, intensity, or distribution of CD45-positive and CD4-
£ A e , positive cells.
"?354 ] 1 @E ) . Trichrome staining highllighting. collagen depqsition (blue
;:Sg 50 38@ 50 1 fibers) was seen predominantly in the adventitial spaces of
N < . . T .. .
g8 £3 A most arteries, with sparse positive staining in the expanded
Eé gﬁ neointima (Figure 3A). The perivascular fibrosis surrounding
2 ® vessels had similar appearances in grafts from BaH/—
gl 1n=33 0L [ n=65 recipients and those from wild-type controls. Staining for
control TGF-8,/- control TGF-8,/- a-smooth muscle cell actin identifies vessels undergoing
Figure 2. Luminal occlusion of both large subepicardial (A) and arteriosclerosis by highlighting the media and the presence of
small intramyocardial (B) arteries is increased in allografts sclerotic cells in the expanded neointima (Figure 3B). As
placed into heterozygous TGF-f, +/— recipients (n=7) com- would be expected in our model at this time point, the media
pared with those placed into C57B6 wild-type controls (n=11). . .
Percent luminal occlusion from all captured vessels per heart is IS intact, and th_e expanded neointima has S.mOOth m.USCIe cells
reported as mean+SEM for all grafts in each recipient group. interspersed with mononuclear cells. In spite of the increased
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Trichrome

a-actin

CD45

Figure 3. Vascular composition. Photomicrographs showing the serial cross section of a representative 55-day allograft vessel from a
TGF-B; +/— recipient stained with Masson’s trichrome (collagen), anti-a-actin (smooth muscle cell), and anti-CD45 (mononuclear cells)
(original magnification x100). Neointimal formation is accompanied by perivascular collagen accumulation (A). The expanded neointima
is composed of a-actin—positive smooth muscle cells (B) interspersed with CD45-positive mononuclear cells (C).

neointima, there were no striking differences in grafts from
TGF-B, +/— and wild-type recipients.

To identify potential quantitative differences, we used
image analysis to measure positivity in all vessets40) in

grafts from TGFB, +/— recipients compared with wild-type
recipients (STAT 4, 0.1£0.01 versus 0.0¥0.01 relative
units, respectively F=0.002]; IFN-y, 1.47+0.33 versus
0.79+0.10 relative units, respectively£0.006]; and IL-2,

this representative subset of grafts stained with Masson’s 0.44+0.11 versus 0.240.04 relative units, respectively

trichrome and antie-actin. As shown in Table 2, image

[P=0.005]). The presence of the IFN-and IL-2 gene

analysis showed similar degrees of perivascular collagen product was confirmed by immunostaining in grafts from
accumulation. The neointimal area that stained positive for TGF-8, +/— and wild-type recipients. The IFN-antigen

a-actin was also comparable in grafts from T@F+/— and
wild-type recipients. Hence, TGB; deficiency in the recip-
ient did not alter perivascular fibrosis and the proportional
contribution of neointimal smooth muscle cells to the ex-
panded neointima.

Cytokine Activation Patterns in Allografts of
TGF-B,—Deficient and Control Recipients

To assess differences in Thl-type responses, we compare

MRNA expression for IFNy and IL-2 as signature cytokines
as well as for STAT 4, the specific transcription factor for
differentiation of Th1l cellS.As shown in Figure 4A, cor-
rected transcript levels were significantly increased in allo-

TABLE 2. Comparison of Perivascular Fibrosis (Perivascular
Collagen-Positive Area/Vessel Area) and Neointimal SMC
Expansion (Percent Neointimal Area Stained «-Actin Positive)
in Allograft Vessels From TGF-p,-Deficient (n=19) and
Wild-type (n=21) Recipients

Wild-type TGF-By +/— P
Perivascular fibrosis 0.52+0.13 0.42+0.06 NS
Neointimal SMC expansion 24+2% 22+2% NS

SMC indicates smooth muscle cell. Values are mean=SEM.

was typically found within the thin cytoplasmic rim of
mononuclear cells diffusely distributed throughout the
perivascular myocardium (Figure 4B). IL-2 antigen localized
intracellularly and extracellularly in disseminated clusters of
mononuclear cells (Figure 4C).

Th2-type responses were assessed by comparison of
mMRNA expression for the signature cytokines IL-4 and IL-10

nd the transcription factor STAT 6. As shown in Figure 4A,
cgifferences between allografts from TGd-+/— and wild-
type recipients for STAT 6 and IL-4 (STAT 6, 0.89.13
versus 1.250.27 relative units, respectiveli?0.12]; IL-4,
1.82+0.54 versus 2.6¥0.63 relative units, respectively
[P=0.14]) did not reach significance. However, IL-10 ex-
pression was significantly reduced in allografts of knockout
versus control recipients (IL-10, 1.3#41.08 versus
3.03£0.71 relative units, respectivelP£0.001]). The pres-
ence of the IL-10 gene product was confirmed by immuno-
staining. Similar to the IFNy staining pattern, IL-10 antigen
was also localized to the thin cytoplasmic rim of mononuclear
cells, which were distributed throughout the perivascular
myocardium (Figure 4D). Taken together, there was in-
creased expression in the Thl program associated with
decreased IL-10 transcript levels.
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A
Thl-program Th2-program
p<0.01 control " ns.
STAT4 . T , , , , : STAT 6
015 0. 0.05 0 0 05 1 15 2
p<0.05 I ns.
IFNy I | 1
25 2 0 1 2 3 4
p<0.05 p<0.01
2 — . IL-10
08 06 04 02 0 0 1 2 3 4
corrected transcript levels
[relative units]
B D

interferon-y interleukin-2 interleukin-10

Figure 4. Th1/Th2 cytokine activation patterns. A, Corrected mRNA transcript levels of the Th1 transcription factor STAT 4 and the sig-
nature cytokines IFN-y and IL-2 were increased in allografts from TGF-3; +/— recipients (solid bars, n=6) compared with those from
wild-type control animals (open bars, n=7), whereas the Th2 transcription factor STAT 6 and the signature cytokines IL-4 and IL-10
were unchanged or decreased in TGF-3; +/— recipients. Reverse-transcriptase [*P]JPCR amplification was normalized against GAPDH
and presented as corrected levels in relative units. Values are mean+=SEM. B to D, IFN-y (B), IL-2 (C), and IL-10 (D) expression by
mononuclear cells infiltrating the perivascular and myocardial spaces of allografts from both groups was confirmed by immunostaining.
Photomicrography of representative sections in allografts from wild-type recipients is shown (original magnification x200).

Discussion biological levels, mediate inhibitory effects on intimal thick-
ening in our model.
Immune Sources of TGF, Reduce To determine whether TGB; deficiency altered CD4

Intimal Thickening . . . __activation patterns, we studied intragraft cytokine expression.
The present study was designed to assess |mmunolog|ca\Ne found that increased intimal thickening in TG

contributions of TG, on arteriosclerosis by comparing the deficient recipients correlated with increased expression of

effect of TGFB,—deficient and —competent infiltrating in- Thi cytokines. We speculate that T(E- when present
flammatory cells on the development of intimal thickening. e jates its immunosuppressive effects on arteriosclerotic

By using recipient mice with targeted gene deletion, we |egion development, at least in part, by attenuating Thl
produced ongoing TGIB, deficiency confined to infiltrating  forces.

immune cells. We demonstrate that reduction of Tg&F-

levels results in exacerbated arteriosclerosis in wild-type TGF-B, as Regulator of the Th1/Th2 Balance

donor hearts independent of parenchymal changes. Hence, waVe found that in the setting of chronic cardiac rejection,
conclude that immune sources of T@EE-when present at TGF-8, deficiency resulted in increased expression of Thl
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signature cytokines IFN~and IL-2 as well as of STAT 4, the  kines and the programs. Each subset produces cytokines that
transcription factor responsible for Th1 differentiation. This serve as its own autocrine growth factokt the same time,
suggests that, when present, TBFserves as a negative each Thl or Th2 subset is capable of producing cytokines that
regulator of Thl cell differentiation. These studies in mice inhibit each other's differentiation.The fact that targeted
with targeted deletion of TGIB, confirm other reports gene deletion of IFNy reduces but does not completely
characterizing its immune properti®-? In vitro, TGF8, abolish lesion development in our motisliggests that other
has been shown to inhibit the development of both Thl and Thl responses, such as expression of IL-2, may make
Th2 cytokine—producing T celf§-*8In vivo, the data seemto  independent contributions. In addition, we and others have
vary dependent on the pathological stimulus. In response tojust begun to explore how individual Th2-type responses,
Candida albicansTGF-8, is obligatory for Thl differentia- classified as leukocyte suppressive, may contribute to the
tion* In contrast, Th1-mediated delayed-type hypersensitiv- regulation of intimal thickening. This TGB; model can be

ity is inhibited by oral administration of TGB;, as mani- used to determine whether targeting of molecular circuits
fested by inhibition of IL-2 and IFNy and induction of controlling Th1/Th2 differentiation rather than individual
IL-10.*° TGF-B,—producing T cells suppress experimental Th1/Th2 effectors might be of therapeutic value.
autoimmune encephalomyelitis, another Th1l cell-driven pro-

cess, by downregulating Thl ceflsTaken together, these ~TGF-fB; and Vascular Modeling

data suggest that one of the T@Fimmune actions is to Beyond immunological effects, which are the focus of the
modulate CD4 effector pathways, as evidenced by the atten-present study, TGPB, mediates other regulatory roles in
uation of Th1-type responses in vivo. The precise mechanism arteriosclerosis:™ TGF-g, is often considered proarterio-

is unclear. However, one possibility is that T@racts as a  Sclerotic because it promotes extracellular matrix accumula-

transcriptional regulatot. tion, activation of plasminogen activator inhibitor-1, and
cell-matrix and cell-cell adhesidi®* However, TGFp,

Transplant Arteriosclerosis and the also has antiarteriosclerotic effects in vascular smooth muscle

Th1/Th2 Paradigm cells. In cell culture, TGH3, has been shown to inhibit both

The presence of both Thl and Th2 cytokines in grafts migration and proliferation of vascular smooth muscle
undergoing transplant arteriosclerosis has raised questionscells’>* Activation of the latent form of TGFB, has been
about the specific contributions of these distinct cytokines to shown to be blocked by plasminogen activator inhibitor-1 and
intimal thickening®® Some progress has been made establish- lipoprotein(a):>* Hence, elevated levels of these factors in
ing functional roles for individual Thl and Th2 cytokine the microenvironment may contribute to neointimal smooth
programs in the various stages of transplant arteriosclerosis.muscle expansion by reducing the antiproliferative effect of
Recently, we have used a mouse model involving major active TGF8, on neointimal smooth muscle cell expansion.
histocompatibility complex class | and Il mismatched donors Recently, evidence for such a role has been provided by a
and recipients to study the Thl cytokine IFN-By using population study by Grainger et‘atlescribing reduced serum
recipients with targeted deletion of IFi-we have shown levels for TGF8 in patients with advanced arteriosclerosis.
that the frequency and severity of intimal thickening is  Although of interest, the present study did not specifically
reduced compared with the corresponding values in wild-type assess the potential contributions of T@Fassociated with
recipients. Analysis of vessel composition in grafts from the donor vascular smooth muscle cells. The mutant mice
IFN-y—deficient recipients also showed a decrease in neoin- used in this study are characterized by selective disruption of
timal smooth muscle cells, indicating that, when present, the TGF#, isoform and have no phenotypic overlap with
IFN-y promotes myointimal expansion. mice with disruption in other mammalian isoforms of T@F-
Roles for Thl cytokines have also been demonstrated in (TGF-B,*® and TGF8;**%9). Hence, we have selectively stud-
other cardiac allograft models involving less severe immuno- jed TGF, independent of the other TGFisoforms. Using
genetic mismatches. With the use of more qualitative analy- the present donor/recipient combination as a model to pro-
sis, both targeted gene deletion of IRNbr treatment of the  duce selective TGIB, deficiency confined to immune
recipient with anti—IFNy reduced intimal thickening.Fur- sources, we were able to dissect out parenchymal effects from
thermore, this proarteriosclerotic effect of IFNhas also  potential immunological effects. Because recipient deficiency
been demonstrated in other forms of lesion development, of TGF-8, did not change the neointimal smooth muscle cell
such as atherosclerosisBy crossing IFNy receptor knock-  contribution, our findings suggest that the observed antiarte-
out mice with apolipoprotein E knockout mice, Gupta ét al  riosclerotic effects of TG, are independent of direct
produced reductions in vascular lesion size, lipid accumula- vascular smooth muscle cell effects.
tion, and lesion cellularity. Taken together, IFN-a Thl
signature cytokine, plays a pivotal role in intimal thickening. Conclusions
The next step will be to determine whether IRNmediates We show that immune sources of T@@t-contribute to
these proarteriosclerotic effects through activation of T-cell vascular occlusion in this transplant arteriosclerosis model.
and macrophage effector pathways that concentrate the in-By using TGF8, +/— recipients, we show that TGB;,
flammatory and fibrotic responses within the vasculature.  when present, has an inhibitory effect on intimal thickening.
It is unlikely that cytokine modulation of arteriosclerosis Our findings confirm that TGFB; modulates proximal as-
involves a single cytokine in isolation. There is complex pects of the immune response by regulating the Thl/Th2
networking between individual Thl and Th2 effector cyto- balance in the setting of transplant arteriosclerosis. Beyond
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transplantation, immunosuppressive effects of T&Hnay 21
also regulate inflammatory responses in other arteriosclerotic
conditions.
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