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Background. Among the fundamental immunologic abnormalities induced by sertous traumatic or
thermal injury are alterations in T cell activation, reduced lymphocyte interleukin-2 (IL-2)
production, and associated depression of T lymphocyte proliferation. This study attempts to localize
the cellular mechanisms underlying abnormal IL-2 production in thermal injury.

Methods. Following National Institutes of Health guidelines, 150 A/J mice were anesthetized,
subjected to a 20% full-thickness scald burn injury or sham burn, and killed at intervals from 4 to
21 days later; splenocyles were harvested for in vitro studies. For measurement of 1L-2 production,
cells were cultured with either concanavalin A or a combination of the phorbol ester PM A, which
directly activates protein kinase C, and the calcium ionophore A23187, which increases
intracellular calcium. Cylokine mRNA expression was measured by Northern blot analysis and

IL-2 production by bicassay.

Results. Both 1L-2 production and IL-2 mRNA expression were consistently suppressed in
concanavalin A-stimulated cells from burned mice compared with sham burns. This suppression of
1L-2 and IL-2 mRNA also occurred when T cells were activaled with PMA and A23187,
bypassing the earlier stages of the signal transduction mechanism. IL-18 and tumor necrosis
Jactor-a mRNA expression were consistently increased in burned animals, indicating that
decreased IL-2 mRNA expression was spectfic to IL-2 and not representative of a global decrease

in cytokine mRNA expression.

Conclusions. These resulls suggest that the principal cellular abnormalities that result in altered
T cell activation and IL-2 production after thermal injury lie downstream of the initialing signal
transduction events and before IL-2 gene transcription. (SURGERY 1993;114:407-15.)

From the Department of Surgery, Harvard Medical School, Brigham and Women’s Hospital,

Boston, Mass.

IN SPITE OF MODERN THERAPEUTIC advances, sepsis
remains a significant cause of death after burn injury.'
Severe thermal or traumatic injury leads to depression
of cell mediated immunity,? with abnormalities of T
lymphocyte activation and proliferation in response to
antigenic or mitogenic stimuli.> Our laboratory has
previously shown that one of the major immunologic
abnormalities in this setting is decreased production of
interleukin-2 (IL-2) in response to mitogenic stimula-
tion.* 3 IL-2 plays a central role in immunoregulation,
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supporting lymphocyte proliferation, promoting helper
cell activity, and augmenting cytotoxicity.

When resting (Gp phase) T lymphocytes are stimu-
lated with mitogenic lectins such as concanavalin A
(Con A), cells enter the G; phase of the cell cycle where
they produce IL-2 and express IL-2 receptor proteins,
thus becoming committed to activation. The earliest
events in T cell activation from the stimulation of T cell
receptors to IL-2 gene transcription have been the sub-
ject of intense investigation in recent years. At least two
separate stimuli are necessary for T cell activation and
the production of lymphokines, one of which acts
through activation of the T cell receptor (TCR) result-
ing in increased intracellular calcium ([Ca2*];)*7 and
the other that acts either through activation of protein
kinase C (pkC) or through accessory cell signals such as
1L-1.8 Among the early events that result from trigger-
ing of T cell surface receptors is activation of phospho-
lipase C, leading to hydrolysis of phosphatidylinositol
4,5-bis-phosphate and the generation of two important
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second messengers, inositol ¢ris-phosphate and diacyl-
glycerol. Diacylglycerol stimulates pkC activation,’ and
release of inositol ¢ris-phosphate results in increased
[Ca?*}; through both mobilization of intracellular cal-
cium'® and increased membrane calcium uptake.!!
These signals communicate by ill-defined mechanisms
with the cell nucleus and control a set of nuclear pro-
teins that interact with the regulatory regions of genes
such as IL-2, thus regulating transcription.

Through the use of pharmacologic agents we can
manipulate [Ca®*}; and pkC activation so as to investi-
gate some of the earlier events in the T cell signal trans-
duction cascade. Calcium ionophores directly increase
[Ca?*]; and can substitute for the role of TCR stimula-
tionin T cell activation.'? When [Ca?*}; is increased, the
addition of a phorbol ester such as phorbol myristate
acetate (PMA), which is a potent activator of pkC,” re-
sults in T cell activation.!3 Depletion of T cell pkC ac-
tivity by pretreatment with phorbol esters leads to the
inability of these cells to proliferate in response to TCR
ligands,'* emphasizing the central role of pkC in T cell
activation.

The aim of this study was to investigate the abnor-
malities of the T lymphocyte signal transduction path-
ways that lead to abnormal IL-2 production after ther-
mal injury.

METHODS

Animal model. All animal studies were performed
with the approval of and under the guidance of Harvard
Medical School’s Standing Committee on Animal Re-
search and the National Institutes of Health. As previ-
ously described,® male A/J mice, 7 to 8 weeks old
(Jackson Laboratories, Bar Harbor, Maine), were
caged in groups of five in a controlled environment with
water and mouse food ad libitum for acclimatization for
1 week. Animals were randomized into study groups
and anesthetized with pentobarbital sodium, and their
dorsa were shaved. Animals were placed in a plastic
template, and a burn injury of 20% body surface area
or sham burn was produced by immersion for 9 seconds
in water at 90° C or room temperature, respectively.
The former produced a localized, full-thickness burn.?
Animals were resuscitated with 1 ml 0.9% saline solu-
tion, recaged under the same conditions, and killed in
groups of 11 or more burns and 11 or more sham burns
4,7,10, 14, or 21 days later; spleens were harvested for
in vitro studies.

Organ harvesting and cell culture. Spleens were
teased apart, and single cell suspensions were produced.
Cells were washed three times in RPMI-1640 with 2
mmol/L L-glutamine, 10 mmol/L HEPES buffer,
5 X 102 mmol/L 2-mercaptoethanol, and a 1% anti-
biotic/antimycotic solution that contained 10,000 units
penicillin, 10 mg streptomycin, and 25 ug amphotericin
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B per ml. All reagents were obtained from Grand Island
Biological Company, Grand Island, New York. The
mononuclear cells were counted in Turk’s solution and
diluted to 2 X 10%/ml in the described medium with
added 5% heat inactivated fetal calf serum (complete
medium). For measurement of IL-2 production and
IL-2 mRNA expression, cells were cultured on 96-well
microtiter plates with 200 gl per well of a solution con-
taining 1 X 10° cells/ml at 37° C in 5% CO; and stim-
ulated in one of two ways. Con A (Sigma Chemical Co.,
St Louis, Mo.) was used at a final well concentration of
2.5 ug/mi Con A or, alternatively, cells were stimulated
with a combination of the phorbol ester, PMA (Sigma
Chemical Co.) at 20 ng/ml and the calcium ionophore
A23187 (Sigma Chemical Co.) at 40 ng/ml. For mea-
surement of IL-18 and tumor necrosis factor-a (TNF-a)
mRNA expression cells were stimulated with Escheri-
chia coli 026:B6 lipopolysaccharide (1 ug/ml) (Sigma
Chemical Co.).

Measurement of proliferative response. After 30
hours of stimulation 1 uCi tritiated thymidine *HTdr;
New England Nuclear, Boston, Mass.) was added to
each well, and plates were rapidly frozen 18 hours later.
Plates were subsequently harvested with a multiauto-
mated sample harvester (Cambridge Technology, Cam-
bridge, Mass.), and 3HTdr incorporation was counted
for 1 minute in a liquid scintillation counter (LKB In-
struments, Gaithersburg, Md.). Mitogen responses
were calculated by subtracting >HTdr incorporation in
unstimulated cell cultures from that in mitogen stimu-
lated cultures.

IL-2 bioassay. Splenocytes from individual mice
were cultured and stimulated with Con A or PMA/
A23187, as described above. At 48 hours supernatants
were harvested and frozen at —20° C for later assay.
Supernatants were diluted from 1:2 to 1:128 in 100 pl
complete medium and incubated for 1 hour at 37° C and
5% CO,, and CTLL-2 cells were added (100 gl at
5 X 10* cells/ml). Cultures were incubated for 20 hours
at 37° C in 5% CO,, and proliferation was assessed by
uptake of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) (Sigma Chemical Co.).
MTT was added (125 ug per well), and after 4 hours
cells were solubilized by the addition of 10% acidified
sodium dodecyl sulfate (SDS). Uptake and conversion
of MTT to formazan was determined in an automated
enzyme-linked immunosorbent assay reader (Molecu-
lar Devices, Mountain View, Calif.) at 570 nm, with
650 nm as reference. IL-2 production was then calcu-
lated from standard curves with probit analysis (com-
puter software provided by Brian Davis, Immunex
Corp, Seattle, Wash.).

RNA isolation and Northern blot analysis. North-
ern blot analysis for cytokine mRNA expression was
performed on days 4 through 14 after injury. After 8



Surgery
Volume 114, Number 2

O’Riordain et al. 409

Table. In vitro proliferation in mice in response to stimulation with Con A or PMA + A23187 expressed in

counts per minute

Day after burn
' 7 10 14 21

Con A

Sham 40,864 51,029 47,154 78,281 89,409

Burn 20,499 31,904 36,189 74,238 78,978

Percent change -50* =37* =23 =5 -12
PMA/A23187

Sham 80,878 47,148 96,966 59,536 95,051

Burn 73,807 42,156 82,896 50,841 82,404

Percent change -9 -1 -17 =15 -15

Percent change is the percent dilference in burns compared with controls.
*» <0.05.

hours of cell culture and appropriate stimulation, cells
from mice of each study group (n = 11 per group) were
pooled, lysed in guanidium isothiocyanate, and stored at
—70° C. Total cellular RNA from 1 X 108 cells per
sample was isolated by use of a phenol-chloroform ex-
traction. RNA samples were electrophoresed on 1%
agarose-formaldehyde gels and transferred to nylon
membranes by capillary action. RNA was fixed to
membranes by ultraviolet cross-linking.

cDNA probes. cDNA probes were produced from
plasmids for murine IL-2,'> murine IL-18 and TNF-q,
and chicken B-actin and radiolabeled with [a-3?P)
deoxycytidine triphosphate (New England Nuclear)
with random sequence hexanucleotide priming.'¢
Briefly, 25 ng of the cDNA probe was denatured at 100°
C for 10 minutes and then incubated with Klenow en-
zyme, a mixture of deoxyadenosine triphosphate, de-
oxyguanosine triphosphate, and deoxythmidine triphos-
phate, and 50 uCi [@?P] deoxycytidine triphosphate
(Boehringer Mannheim, Indianapolis, Ind.) for 120
minutes at 37° C. The reaction was terminated with
ethylenediaminetetraacetate, labeling was measured in
a liquid scintillation counter (LKB Instruments), and
specific activity was calculated. Specific activity ranged
from 5% 10% to 5 % 10° cpm/ug. Probes were dena-
tured with sedium hydroxide, and fish sperm DNA was
added to decrease nonspecific binding.

Hybridization. Prehybridization was at 42° C for 1
to 2 hours in a solution containing 0.1% SDS, 50
mmol/L Tris, ] mol/L NaCl, and 1 mmol/L ethylene-
diaminetetraacetate in a rotating glass bottle. Radiola-
beled cDNA probes (25 ng) were hybridized with the
membranes for 18 hours under the following conditions:
50% formamide, 1 X Denhardt’s solution, 0.1% SDS, 10
mmol/L phosphate buffer, 5 X SSC (0.15 mol /L NaCl,
15 mmol/L sodium citrate), and 20 pg/ml denatured
salmon sperm DNA (Sigma Chemical Co.) at 42° C.
Membranes were washed four times for 30 minutes
each: two washes at room temperature, 2 X SSC and

0.1% SDS, and two washes at 55° C, 0.1 X SSC and
0.1%SDS. Autoradiography was performed with Kodak
XAR-5 film (Sigma Chemical Co.) and intensifying
screens at —70° C. Probes were stripped from mem-
branes in a 1% glycerol solution at 80° C for 10 min-
utes and hybridization with 8-actin cDNA was subse-
quently performed.

Quantification and standardization of mRNA ex-
pression. Autoradiographs were quantified with a laser
densitometer (300 Series computing densitometer; Mo-
lecular Dynamics). Signal intensity for cytokine mRNA
expression was normalized with the -actin signal and
expressed as a ratio of cytokine to B-actin mRNA
expression.

Statistical analysis. Control and burned animals
were compared and results expressed as percent change
in the burn group compared with the sham group. Pro-
liferation and IL-2 production between the different
groups were compared with the Mann-Whitney U test.
Results were considered significant if p < 0.05.

RESULTS

IL-2 production and mitogenic response to Con A
stimulation. Initially, cells [rom burned and sham burn
animals were stimulated with the mitogenic lectin Con
A, which directly activates the CD3/Ti receptor com-
plex, mimicking the effects of antigen presentation. T
cell suppression was confirmed by reduction of the pro-
liferative response to mitogenic stimulation in burned
animals by 50%, 37%, and 23% on days 4, 7, and 10, re-
spectively, after injury (Table). Significant suppression
of IL-2 production in burned mice compared with con-
trols occurred at days 7 (40% suppression), 10 (36%),
and 14 (30%) after burn injury (p <0.05) (Fig. 1).

IL-2 production and mitogenic response to PMA/
A23187 stimulation. To determine whether abnormal-
ities in the carly initiating events of the T cell activation
pathway played a significant role in abnormal activa-
tion, cells were stimulated with PMA/A23187. By di-
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Fig. 1. IL-2 production in Con A-stimulated splenocytes of sham burn and burned animals on days 4, 7, 10,
14, and 21 after injury. Numbers above error bars represent percent change in burned animals compared with

sham burns. *p < 0.05.
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Fig. 2. IL-2 production in splenocytes of sham burn and burned animals on days 4 to 21, stimulated with PMA
and the calcium ionophore A23187. Numbers above error bars represent percent change in burned animals com-

pared with sham burns. *p < 0.05.

rectly activating pkC and increasing [Ca**};, PMA/
A23187 bypasses these early events. In comparison with
the sham burns, cells from burned mice showed a con-
sistent suppression of IL-2 production when stimulated
with PMA/A23187 (Fig. 2). This suppression was of
a similar magnitude to and showed good temporal cor-
relation with that seen after Con A stimulation, rang-
ing between 30% and 41% on days 7 through 21
(» < 0.05, all days). The proliferative response was also
consistently suppressed in burned animals stimulated in

this manner, but on no day did this reach statistical sig-
nificance (Table).

IL-2 mRNA expression. Having established that the
abnormalities in IL-2 production after burn injury are
primarily downstream of the early transmembrane sig-
naling events, we then examined IL-2 mRNA expres-
sion to determine whether these abnormalities were
pretranscriptional or posttranscriptional. Cells from
burned mice, whether stimulated with Con A or with
PMA/A23187, exhibited suppression of IL-2 mRNA
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Fig. 3. A, Northern blot shows IL-2 mRNA expression in Con A-stimulated splenccytes of sham burn and
burned animals on days 4, 7, 10, and 14 after injury. IL-2 message is shown above and S-actin control, below.
B, Results of quantification and standardization to 8-actin control of blot in A. Numbers above bars represent
percent change in burned animals compared with sham burns.

expression compared with the control animals on all
days (Figs. 3, 4 and 4, A). When quantified by densi-
tometry and standardized to S-actin mRNA, IL-2
mRNA suppression in burned animals compared with
controls was 74%, 46%, 38%, and 29% on days 4, 7, 10,
and 14, respectively, for cells stimulated with Con A
(Fig. 3, B) and 11%, 67%, 46%, and 31% on days 4, 7,
10, and 14, respectively, with PMA/A23187 stimula-
tion (Fig. 4, B).

IL-18 and TNF-a mRNA expression. Expression
of IL-18 and TNF-a mRNA after thermal injury were
also examined to determine whether suppression of
IL-2 mRNA simply represented a global suppression of
cytokine expression after thermal injury. IL-18 mRNA
expression was increased by 177%, 451%, 117%, and
213% in burned animals at days 4, 7, 10, and 14,

respectively. TNF-a mRNA expression was suppressed
by 33% on day 4 but increased on days 7, 10, and 14 by
18%, 66%, and 83%, respectively.

DISCUSSION

This study showed impaired in vitro T cell IL-2 pro-
duction after burn injury, whether the CD3/Ti com-
plex was directly activated with a mitogenic lectin or
whether the early transmembrane signal transduction
events were bypassed, activating cclls downstream of
these events with the combined use of a phorbol ester and
calcium ionophore. These findings suggest that a major
defect in T cell activation occurs beyond the initial
membrane activating events. Although these results do
not rule out additional problems in the carlier part of the
pathway, the fact that the magnitude of 1L-2 suppres-
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Fig. 4. A, Northern blot shows IL-2mRNA expression in PMA + A23187-stimulated splenocytes of sham burn
and burned animals on days 4, 7, 10, and 14 after injury. IL-2 message is shown above and f-actin control, below.
B, Results of quantification and standardization to S-actin control of blot in A. Numbers above bars represent
percent change in burned animals compared with sham burns.

sion in PMA/A23187-stimulated cells is very similar to
that seen with Con A points toward the principal cel-
lular abnormalities being at or beyond pkC activation
and Ca®* mobilization. These conclusions, however,
make certain assumptions regarding PMA/A23187 ac-
tivity. Although there is little doubt that the activation
signal delivered by a calcium ionophore is an increase
in [Ca”*];, there is somewhat less certainty as to the
identity of the signal mediated by phorbol esters.
Although pkC is the only convincingly demonstrated
phorbol ester receptor and the effects of phorbol esters
are generally attributed to pkC activation, it is possible
that the phorbol esters may also activate other signaling
pathways. The situation is complicated by the fact that
what we term pkC is in fact a family of pkC subtypes,'’
which we can assume to have slightly different activities.
In spite of these reservations an important bank of data

on pkC has been generated by the use of phorbol esters,
and their usage in the investigation of these signaling
pathways seems reasonable, provided that their limita-
tions are appreciated.

In the second part of the study we attempted to fur-
ther localize the molecular defects in T cells after ther-
mal injury and, in particular, to define their relationship
to IL-2 gene transcription. Whether stimulated by Con
A or by PMA/A23187, a consistent and significant re-
duction in IL-2 mRNA expression was seen in burned
animals, suggesting that blockage of 1L-2 production is
pretranscriptional. The fact that increases were seen in
IL-18 and TNF-a mRNA expression suggests that
suppression of IL-2 mRNA expression was a specific
finding for IL-2 and not a result of a global suppression
of cytokine mRNA expression after burn. Although we
cannot rule out concomitant posttranscriptional defects,
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the magnitude of IL-2 mRNA suppression is such that
it is unnecessary to hypothesize further distal problems
to explain the observed decrease in IL-2 production.
Alternative possible explanations of our IL-2 mRNA
data include alterations of cellular metabolism of IL-2
or altered kinetics of IL-2 mRNA transcription after
thermal injury. Although increased cellular breakdown
of IL-2 mRNA is possible, this scems less likely than a
defect in regulation of gene transcription.'® The second
alternative explanation for decreased IL-2 mRNA ex-
pression in our burned animals is that the kinetics, but
not the magnitude, of IL-2 mRNA expression in
response to in vitro stimulation have been altered by in-
jury. Detailed investigation of the kinetics of IL-2
mRNA expression after burn injury will be necessary
to clarify this question.

Our results suggest that future investigative attempts
to further define the molecular defects underlying T cell
dysfunction after thermal injury should concentrate on
those events from pkC activation to IL-2 mRNA tran-
scription. The steps that follow increased [Ca*}; and
pkC activation and provide the connection between the
cell membrane and the nucleus are poorly understood.
More information is available on the immediate activa-
tion genes and the complex nuclear regulatory molecules
that control transcription of the early protein-dependent
genes such as IL-2. Activation-dependent enhancer re-
gions are known to exist in the 5’ fAlanking region of the
IL-2 gene."” %0 It has been shown that all of the
promoter binding sites for IL-2 must be occupied to al-
low activity of this enhancing region,'>?! suggesting
that cooperative interactions between these transcrip-
tional activators are necessary for IL-2 gene expression.
One implication of the necessity for occupation of all
enhancer region binding sites is that the absence of cel-
lular signals that activate even one enhancer region may
be sufficient to block gene transcription. Among the
regulatory molecules that are known to interact with
these promoter regions are the nuclear factor of activated
T cells (NF-AT), NF-xB, Oct-1, AP-3, and the AP-1
protein complex,'”2? which is composed primarily of
jun proteins®® and regulated by fos proteins. The pro-
totypes for blockage of the T cell signal transduction
cascade in this region are undoubtedly the immunosup-
pressants cyclosporin A and FK-506, which have been
shown to block transcriptional activity mediated by
NF-AT, Oct-1, and NF-xB2* 2% and have become usc-
ful pharmacologic probes for investigation of this part
of the signal transduction pathway. Investigation of
these nuclear factors and the immediate activation genes
that encode them may further enhance our understand-
ing of T cell dysfunction in thermal injury.

Although the precise defects that lead to abnormal T
cell activation after burn injury remain unclear, this
study is an early step in the identification of these ab-
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normalities. Our results confirmed abnormal IL-2 pro-
duction by stimulated T cells as a consequence of burn
injury and showed that the principal cellular defects
underlying this finding lie downstream of the initiating
membrane events in the signal transduction pathway
and before IL-2 gene transcription. Investigation of the
immediate activation genes and nuclear protein mole-
cules that regulate transcription may prove to be a
fruitful area for further investigation. Identification of
specific cellular and molecular events that result in T
cell suppression and altered I1L-2 production may ulti-
mately lead to new diagnostic and therapeutic tools and
an improved ability to recognize and counteract some of
the abnormalities of cell mediated immunity that con-
tribute to the morbidity and deaths that follow thermal

injury.

REFERENCES

. Curreri PW, Luterman A, Braun DW, et al. Burn injury:
analysis of survival and hospitalization time for 937 patients.
Ann Surg 1980;192:472-8.

2. Wolfe JH, Wu AV, O’Connor NE, et al. Anergy, immunosup-
pressive serum, and impaired lymphocyte blastogenesis in burn
patients. Arch Surg 1982;117:1266-71.

. Ninnemann JL. Suppression of lymphocyte respense following
thermal injury. In: Ninnemann JL, ed. ‘The immune conse-
quences of thermal injury. Baliimore: Williams & Wilkins Co,
1981:66-9.

. Wood }J, Rodrick ML, O’Mahony, et al. Inadequate interleu-
kin 2 production: a fundamental immunological deficiency in
patients with major burns. Ann Surg 1984;200:311-20.

. Moss NM, Gough DB, Jordan A, Grbic JT, Rodrick ML,
Mannick JA. Temporal correlation of impaired immune re-
sponse after thermal injury with susceptibility to infection in a
murine model. SURGERY 1988;104:882.7.

. Imboden J, Weiss A, Stobo J. "T'he antigen receptor on a human
T cell line initiates activation by increasing cytoplasmic free
calcium. J Immunol 1985;134:663-5.

7. Octtgen HC, Terhorst C, Cantley L.C, Rosoff PM. Stimulation
of the CD3-T cell receptor complex induces a membrane
potential-sensitive calcium influx. Cell 1985;40:583.

8. Chu E, Gesner M, Gorga J, Geha RS. Role of Ia antigens and
interleukin-1in T cell proliferation o phytohemagglutinin. Clin
Immunol Immunopathol 1985;36:70-80.

9. Nishizuka Y. The role of protein kinase C in cell surface signal
transduction and tumor promotion. Nature 1984;308:693.

10. Imboden J, Stebo J. Transmembrane signalling by the T cell
antigen receptor: perturbation of the CD3 antigen receptor
complex generates inositol phosphates and releases calcium ions
from intracellular stores. J Exp Med 1985;161:446-56.

11. Kuno M, Gardner P. lon channels activated by inositol 1,4,5-
iriphosphate in plasma membranes of human T lymphecytes.
Nature 1987;326:301-4.

12. Castagna M, T'akai Y, Kaibuchi K, Sano K, Kikkawa U, Nish-
izuka Y. Direct activation of calcium-activated, phospholipid-
dependent protein kinase by tumor-promaoting phorbol esters. J
Biol Chem 1982;257:7847-51.

13. Hara T, Fu SM. Human T cell activation. [. Monocyte inde-
pendent activation and proliferation induced by anti-T'3 mono-
clonal antibodies in the presence of the tumor prometer 12-O-
tetradecanoyl phorbol-13-acetate. J Exp Med 1985;161:641-56.

14. Valge VE, Wong JG, Datlof BM, Sinskey A J, Rao A. Protcin

—

]

N

[%4)

o



414

18.

19.

20.

22.

23.

24,

N
wn

O’Riordain et al.

kinase C is required for responses to T cell receptor ligands but
not to interleukin-2 in T-cells. Cell 1988;55:101-12.

. Yokota T, Arai N, Lee F, Rennick D, Mosman T, Arai K. Use

of a cDNA expression vector for isolation of mouse interleukin-2
¢DNA clones: expression of T-cell growth-factor activity after
transfection of monkey cells. Proc Natl Acad Sci USA 1985;
82:68-72.

. Feinberg AP, Vogelstein B. A technique for radiolabelling DNA

restriction endonuclease fragments to a high specific activity.
Anal Biochem 1983;132:6-13.

. Coussens L, Parker P, Rhee L, et al. Multiple distinct forms of

bovine and human protcin kinase C suggest diversity in cellular
signalling pathways. Science 1986;233:859-66.

Brorson KA, Beverly B, Kang S, Lenardo M, Schwartiz RH.
Transcriptienal regulation of cytokine genes in nontransformed
T cells: apparent constitutive signals in run-on assays can be
caused by repeat sequences. J Immunol 1991;147:3601-9.
Durand DB, Shaw JP, Bush MR, Replogle RE, Belageje R,
Crabtree GR. Characterization of antigen receptor response
elements within the interleukin-2 enhancer. Mol Cell Biol
1988;8:1715-24.

Fujita T, Shibuya H, Ohashi ‘I', Yamanishi K, Taniguchi T.
Regulation of human [L-2 gene: functional DNA sequences in
the 3’ flanking region for the gene expression in activated T
lymphocytes. Cell 1986;46:401-7.

. Serfling E, Barthelmas R, Pleuffer I, et al. Ubiquitous and

lymphocyte specific factors are involved in the induction of the
mouse interleukin-2 gene in ‘T lymphocytes. EMBO ] 1989;
8:465-73.

Ullman KS, Northrop JP, Verweij CL, Crabtree GR. Trans-
mission of signals from the T’ lymphocyte antigen receptor to the
genes responsible for cell proliferation and immune function: the
missing link. Annu Rev Immunol 1990;8:421-52,

Bohmann D, Bos T J, Admon A, Nishimura T, Vogt PK, Tijan
R. Human protooncogene c-jun encodesa DNA binding protein
with structural and functional properties of transeription factor
AP-1. Science 1987;238:1386-92.

Brabletz T, Pictrowski I, Serfling E. The immunosuppressives
FK-306 and cyclosporin-A inhibit the generation of protein fac-
tors binding to the 2 purine boxes of the interleukin-2 enhancer.
Nucleic Acids Res 1991;19:61-7.

. Banerji SS, Parsons JN, Tocei M J. The immunosuppressant

FK-506 specifically inhibits mitogen induced activation of the
IL-2 promoter and the isolated enhancer elements, NFIL-2A
and NF-AT1. Mol Cell Biol 1991;11:4074-87.



