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An extract prepared from newborn calf thymus stimulated
proliferation of human keratinocytes cultured from newborn
foreskins and from skin biopsies of 26 adult volunteers aged
19 to 70 years. Growth over the 7-day assay period in the
basal medium was age-dependent, with newborn cultures
achieving a 10-fold increase in cell number over seeding
density, old adult cultures barely maintaining their seeding
density and young adult cultures intermediate in proliferative
capacity. Maximally stimulatory extract concentration was
5-fold higher for newborn than for adult keratinocytes, with
adult cultures experiencing toxicity at doses still growth-
promoting for newborn cultures. At optimal extract concen-
tration the maximal average increase in cell yield (66.3% for
newborn, 53.6% for young adult, and 18.1% for old) indi-

cated decreased mitogen responsiveness or increased inhibi-
tor sensitivity with increasing donor age. Stimulation of
cholera toxin-treated cultures was equally high, ranging
from 39.4% to 145.9%, suggesting that the extract acts
through a cyclic AMP-independent pathway. Thymic ex-
tract did not increase colony forming efficiency. Our find-
ings provide further support for the concept of functional
interactions between the skin and the immune system, in
addition to the recognized morphologic similarities between
thymic cells and keratinocytes. Furthermore, these data con-
firm earlier findings of an inverse relationship between mito-
gen responsiveness and donor age for cultured cells. (] Invest
Dermatol 90: 749-754, 1988)

ecent work by several groups has established a close
and interactive relationship between the skin, particu-
larly the epidermis, and the immune system. It is now
known that Langerhans cells, constituting approxi-
mately 3% of the epidermal cell population, are bone
marrow-derived antigen presenting cells required for topical aller-
gic sensitization and probably for cutaneous immune surveillance
generally [1-3]. Certain thymus-derived (T) lymphocyte subsets
have a strong orientation toward the skin [4,5] and indeed may
require an epidermal environment to complete their maturation
[6,7]. Malignancies of such T cells are manifested initially and prin-
cipally in the skin [4], losing their epidermotropism only late in the
de-differentiation process. A separate line of investigation has
shown that epidermal keratinocytes produce thymopoietin [8], a
factor originaﬁy isolated from the thymus and required for T-lym-
phocyte differentiation. Keratinocytes are also known to produce
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Abbreviations:

CFE: colony-forming efficiency

dH,0: distilled water

DMEM: Dulbecco’s Modified Essential Medium

EGF: epidermal growth factor

ETAF: epidermal cell-derived thymocyte-activating factor
FBS: fetal bovine serum

IL: interleukin

T: thymus-derived

several cytokines in the interleukin family [9-13], particularly epi-
dermal cell-derived thymocyte-activating factor (ETAF) [11,12]
that is highly similar or identical to interleukin-1 [11,13,14], also
recently demonstrated in cultured keratinocytes using northern blot
analysis [13,15].

Based on these observations and the long-suspected importance
of the thymus gland to the aging process [16-18], the following
studies were undertaken to determine whether the thymus gland
might exert an influence on cultured human keratinocytes and
whether this influence might depend on the age of the keratinocyte
donor.

MATERIALS AND METHODS

Cell Source Twenty-six healthy adult volunteers aged 19 to 70
years provided 6-mm-diameter cutaneous punch biopsies from the
medial aspect of the upper arm, and newborn foreskins were ob-
tained at the time of elective circumcision. All tissue specimens were
processed according to a modification of the Rheinwald-Green
method [19] to yield primary keratinocyte cultures. Briefly, fore-
skins were mechanically separated into dermal and epidermal frag-
ments after incubation overnight in 0.25% trypsin at 4°C. Epider-
mal fragments were then incubated in 0.2% EDTA, vortexed, and
centrifuged at 240 X g for 5 minutes. The pellet was resuspended in
Dulbecco’s Modified Essential Medium (DMEM) containing 20%
fetal bovine serum (FBS) and plated in 60-mm dishes containing a
lethally irradiated 3T3 fibroblast feeder layer and 4-ml DMEM
containing 20% FBS and 1.4 X 107®* M hydrocortisone. Cultures
were maintained at 37°C in 8% CO,/air and provided with fresh
medium twice weekly. At near-confluence, primary cultures were
sprayed with 0.02% EDTA-0.25% trypsin lacking Ca** and Mg*+
to remove any remaining 3T3 cells, incubated in fresh EDTA-tryp-
sin for approximately 10 minutes to release the keratinocytes, vigor-

0022-202X/88/803.50 Copyright © 1988 by The Society for Investigative Dermatology, Inc.

749




750 STANULIS-PRAEGER ET AL

ously pipetted to yield a single-cell suspension, treated with DMEM
containing 10% FBS to inactivate the trypsin, centrifuged as pre-
viously to produce a pellet, resuspended in serum-free medium, and
counted in a hemacytometer chamber.

Thymic Extract Preparation Thymus glands from one-month-
old calves were minced in distilled water (dH,O) and subjected to
partial hydrolysis for 3 hours using 6 g/liter of chymotrypsin (20
units/g)-trypsin (770 units/g) (Sigma) at 37°C, pH 8. The resulting
extract was then heated to 80° C for 15 minutes to stop the hydroly-
sis, dialyzed against dH,O using a membrane with a pore size of
10,000 exclusion, lyophylized, stored at 4°C, and reconstituted in
dH,O or Medium 199 as a 5% (w/v) stock solution prior to use in
the bioassay.

Culture Medium For all experiments keratinocytes were main-
tained in Medium 199 (GIBCO, Grand Island, NY) supplemented
with 10 ng/ml epidermal growth factor (EGF; Bethesda Research
Laboratories, Rockville, MD), 10 ug/ml insulin (Sigma, St. Louis,
MO), 10™® M tri-iodothyronine (Sigma), 10 ug/ml transferrin
(Sigma), 1.4 X 10~% M hydrocortisone (Calbiochem, San Diego,
CA), 2 mg/ml bovine serum albumin (Sigma), and 150 pg/ml of a
bovine hypothalamic extract known to contain keratinocyte
growth-promoting activity [20,21]. In some experiments, 1.2 X
107° M cholera toxin (Calbiochem) was also added to the medium
prior to addition of the thymic extract, as described below.

Experimental Design

Growth Assays In each experiment, cells were seeded at an equal
density of 0.8 to 3.1 X 10*/cm? in triplicate into 35-mm dishes
coated with 10 ug/cm? human fibronectin [21]. Each dish con-
tained 2 ml of the serum-free medium, supplemented with the
thymic extract at a final concentration of 0.01%, 0.25%, 0.125%,
0.25%, or 0.5% (v/v). Control cultures were supplemented with an
equal volume of diluent lacking thymic extract. In later experi-
ments, the 0.125%, 0.25%, and 0.5% groups were omitted from the
adult donor assays in order to conserve cells, since these higher
concentrations were consistently less stimulatory than 0.025% or
even toxic for the first six adult donors tested. All experimental and
control cultures were maintained at 37°C in 8% CO, and provided
with fresh medium 3 times weekly. Ten days after seeding, one dish
was stained with 1% Rhondanile Blue to assess colony size [19], and
two dishes were trypsinized and the cells counted with a hemacyto-
meter. Percent stimulation was calculated as 100 X [(maximal
count) — (control count)]/(control count).

Colony-Forming Efficiency Skin specimens were trypsinized over-
night at 4°C and then plated on a loosely confluent lethally irra-
diated 3T3 cell layer in 35-mm dishes at 1.1 to 3.8 X 10* cells/cm?
in serum-free medium containing thymic extract (see above) at final
concentrations of 0%, 0.01%, 0.25%, 0.05%, 0.125%, or 0.5%.
Dishes were provided twice weekly with fresh medium. When
average colony size reached approximately 1,000 cells, 3T3 cells
were removed by vigorous pipetting with 0.02% EDTA for 15
seconds. The keratinocyte colonies were then fixed and stained with
Rhodanile Blue and the number of colonies was determined by
visual assessment.

Statistical Analysis Mean differences in percent maximal stimula-
tion among newborn, young adult and old adult donors (Fig 1 and
Table I) were tested for significance by a 2-way non-parametric
one-way analysis of variance by ranks (the Kruskal-Wallis test),
followed by the Wilcoxin-Mann-W hitney test for intergroup com-
parisons. Mean differences in cell growth between untreated and
treated cells at the most stimulatory concentration of extract were
tested for significance by an analysis of variance and a paired t test
(Tables I and II).

RESULTS

Growth Assays Growth in the control cultures was strongly age-
dependent. Newborn cultures increased in cell number approxi-
mately 10-fold over the seed inoculum and often atrained con-
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Figure 1. Effect of thymic extract at varying concentrations (% w/v) on
growth of human keratinocytes from donors of varying age. Column heights
and bars represent mean cell yield & SEM 10 days after seeding for 3 to 8
donors per age group. The 0.5% concentration was toxic for the adult donor
cultures and prevented meaningful cell counts. At optimal concentration,
the extract provided statistically significant stimulation of newborn (p =
0.009) and young adult cells (p = 0.006), but not of old adult cells (p=
0.374).

fluence within the 10-day assay. In comparison, old adult cultures
increased in number inconsistently and remained sparse, and young
adult cultures were intermediate in growth response (Figs 1 and 2).
At optimal concentrations, thymic extract stimulated the prolifera-
tion of keratinocytes from most donors in all age groups (Fig 1),
although stimulation of old adult cells was not statistically signifi-
cant. The optimal concentration for newborn-derived cell lines was
0.125% (w/v), whereas the average optimal concentration for
adult-derived cell lines was 5-fold less or 0.025% (w/v) (Fig 1). The
maximal average increase (Table I) in cell yield for each grou
(66.3% for newborn, 53.6% for young adult, and 18.1% for old)
indicated decreased responsiveness to the thymic extract with in-
creasing donor age, particularly between early and late adulthood
(p=0.012).

In the case of the newborn donors, greater percentage of stimula-
tion was observed in assays in which growth was relatively modest
than in assays in which control dishes approached confluence. In
separate experiments designed to address this phenomenon, kera-
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Table I. Thymic Extract Stimulation of Human Keratinocyte Growth

Cell Counts X 1073
Extract % (w/v)

- — — %Maximal

Age (Years) 0 0.1 0.025 0.125¢ Stimulation
Newborn 12.5 14.8 20.5 25.1 100.8
Newborn 12.4 15.8 16.9 17.4 40.3
Newborn 12.8 18.8 18.4 20.2 57.8
Mean + SEM 12.6 £0.12 16.5+1.20 18.6 = 1.04 20.9 £ 2.25% 66.3 179
19 1.5 1.5 2.6 70.6
22 1.3 0.9 1.8 44.4

21 1.5 2.2 1.7 48.0
19 5.3 S Vi 34.6
22 2.1 2.0 3.1 48.3
20 7.3 8.3 9.5 29.5
23 4.1 5.8 7.3 86.7
29 2.4 4.0 3.2 66.7
Mean = SEM 3.2+0.78 3.8+091 4.6 £ 1.00¢ 53.6 £ 6.87
60 1.6 1.8 2.0 25.0
70 0.9 0.5 0.7 0

70 2 2.6 3.0 29.3
Mean £ SEM 1.6 £ 0.41 1.6 £0.62 1.9 +0.67¢ 18.1 £9.14°

#The 0.125% concentration was not consistently tested for the adult donors, as it was uniformly less stimulatory than the 0.025% concentration in early experiments.
Counts in stimulated cultures greater than in controls (p = 0.009).

¢ Counts in stimulated cultures greater than in controls (p = 0.006).
Counts in treated cultures not significantly different from controls (p = 0.374).

¢ Percent maximal stimulation less than for young (p = 0.012).

Table II. Thymic Extract Stimulation of Cholera Toxin-Treated Human Keratinocytes

Cell counts X 1073
Extract (w/v)

— — - — % Maximal
Donor 0% 0.01% 0.025% Stimulation
1 0.60 0.95 1.47 1433
2 2.73 4.16 5.35 95.9
3 2.33 3.30 3.99 71.2
4 3.89 4.54 6.81 75.1
o) 11.38 17.20 21.78 91.4
6 5.19 7.31 8.63 66.3
7 1.78 3.81 4.36 145.9
8 4.19 6.78 7.09 69.2
9 6.63 9.24 6.90 39.4
Mean *+ SEM 4.30 £ 1.07 6.37 + 1.58 738+ 1.9 88.6 = 11.8
4 Counts in stimulated cultures greater than in controls (p = 0.013).
tinocytes from a single newborn donor were plated in triplicate at Cholera Toxin Effect In a separate study utilizing 9 adult
each extract concentration at two relatively low seed densities that donors, keratinocytes from cholera-toxin-exposed primary cultures
resulted in minimal growth of control cultures. Under these condi- responded to thymic extract in the same way as non-cholera toxin-
tions, the same extract concentrations stimulated keratinocyte exposed keratinocytes (Table II). Stimulation in the presence of
growth up to 20-fold above controls (data not shown). 0.025% thymic extract was highly significant (p = 0.013), and the

DONOR AGE PERCENT ADDED STOCK SOLUTION (V:V)
0.2 0.5 2.5

NEWBORN

Figure 2. Response of representative human

keratinocyte cultures from newborn and

young adult donors to thymic extract. Per-  yoUNG
cents extract stock solution (v/v) correspond
to the following final percent concentrations
of extract (w/v): 0.2=0.01, 0.5=0.025, (29 y.0.)
2.5=0.125 and 5.0 = 0.25.
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Table III.  Colony-Forming Efhciency of Primary Cultures
% Thymic Extract (w/v)
Age (Years) 0 0.01 0.025 0.05 0.125 0.50
Newborn 0.80 0.44 0.41 0.32
Newborn 0.26 0.26 0.22 0.29
Newborn 0.13 0.13 0.13 0.06
22 0.02 0.01 0.02 0.003
24 0.13 0.14 0.14 0.03
28 0.41 0.42 0.32 0.14
60 0.59 0.21 0.08 0.02
66 0.12 0.12 0.09 0.03

NOTE: Entries are the number of colonies at 3 weeks/number of cells seeded X 100. That is, CFE = 0.1 represents 1 colony per 1,000 cells seeded. Values are the mean of duplicate

counts. Absent entries indicate no testing at that extract concentration for that donor.

percent stimulation relative to control was slightly greater than that
observed in the absence of this cAMP modulator.

Colony-Forming Efficiency (CFE) Thymic extract did not
stimulate CFE and indeed at higher concentration appeared to in-
hibit colony formation (Table III). The basal CFE of newborn,
young adult, and old adult keratinocytes in primary cultures varied
from 0.02% to 0.8% without a detectable age effect for the 9 donors
tested. At thymic extract concentrations below 0.5%, there was also
no effect on keratinocyte morphology as judged by phase-contrast
microscopy.

DISCUSSION

The present study demonstrates that an extract of bovine thymus
stimulates proliferation of human keratinocytes in vitro. Stimula-
tion was more pronounced in cultures derived from newborns and
young adults than from older adults and, at optimal thymic extract
concentrations, was moderately higher in each age group than the
0% to 40% stimulation previously observed with epidermal growth
factor in the same culture system [22-24]. The eﬂ?ect appeared not
to be attributable to increased CFE of plated cells, at least in the
feeder layer-supported primary cultures in which this parameter
was assessed; and the keratinocyte attachment rate in the growth
assay culture system has previously been shown to be relatively
constant and independent of such factors as mitogen content of this
medium or cell donor age [22,23]. Thymic extract stimulation
could not be blocked by prior addition of cholera toxin, a potent
long-acting enhancer of adenyl cyclase activity [25], known to in-
crease keratinocyte yield in vitro through elevation of intracellular
cAMP levels [26].

The epidermis has been found to have both morphologic and
functional parallels to the immune system and to participate actively
in certain immunologic reactions. Histologically, keratin proteins
and keratohyalin granules, characteristic epidermal markers, have
also been identified in thymic epithelial cells [7]. Functionally, cul-
tured keratinocytes induce terminal deoxynucleotidyl transferase
synthesis in immature proliferating T cells [6,7], a T-cell matura-
tion event that otherwise occurs predominantly in the thymus.
Functional analogy between the epidermis and thymus is further
supported by the finding that antibody to thymopoietin, a thymic
hormone produced by thymic epithelium and involved in T-cell
maturation [27,28], binds to keratinocytes in the basal layer of
human epidermis [8]. In addition, keratinocytes have been found to
secrete ETAF, a molecule highly homologous or identical to inter-
leukin (IL)-1 [11-15], a cytokine in turn known to be secreted by
antigen-presenting cells [5,29,30]. IL-1 stimulates T cells to release
IL-2, an inducer of T-cell proliferation and specificity [9,10]. The
impact of keratinocytes upon T-cells is thus broad and ranges from
an influence upon maturation to an enhancement of antigenic re-
sponsiveness. In light of the above, it is interesting but perhaps not
surprising to find that the thymus, known to produce several thy-
mocyte mitogens [27], also stimulates the proliferation of keratino-
cytes.

The thymus gland is a complex tissue containing fibroblasts, mac-
rophages, and T lymphocytes at various stages of maturation in
addition to epithelial cells. The identity and cellular origin of the
factor or factors in the extract responsible for the keratinocyte
growth-stimulating activity are not yet known. A partially purified
heat-stable, acidic thymic extract (thymosin fraction 5) and a num-
ber of other preparations with thymic hormone-like activity have
been isolated from thymus and thymic epithelial supernatints
[17,27,31]. Most of the preparations are mixtures with multiple
components. However, several polypeptides with T-cell activities
have been isolated and characterized. These include thymosin a1
[32], thymosin 4 [33], and thymopoietin [28], ranging in size from
28 to 49 amino acids; and thymulin, a zinc-containing nonapeptide
[34]. Human thymic epithelial cells have also recently been found to
secrete IL-1[35], a known keratinocyte mitogen [36,37]. Although
IL-1 is digested by chymotrypsin [38], the enzyme used in the prep-
aration of the extract for the present experiments, IL-1 fragments at
least 127 amino acids in length have been found to retain biologic
activity [39]. That such fragments might persist after hydrolysis and
remain within a dialysis tubing with a molecular weight cut-off of
10,000 daltons is unlikely but cannot be excluded. Other recently
reported thymic peptides bear a high degree of functional homol-
ogy to either thymosin a1 or 4 [27].

Thymosin fraction 5 and thymosin @1 specifically stimulate T-
cell proliferation by stimulating IL-2 production, and all the thymic
hormones regulate differentiation ofP thymus-dependent lympho-
cytes [27,40-42]. To date only thymopoietin has demonstrated rele-
vance to the skin, in that basal epidermal cells bind antisera to
thymopoietin [8]. It is yet not known if the mitogenic activity for
keratinocytes present in calf thymus extract derives from any of
these known hormone-like factors nor indeed if it is epithelial in
origin. Similarly, the present studies do not establish that the mito-
genic activity is unique to thymus, whatever its cellular origin and
biochemical character.

Some but not all defined thymocyte mitogens are believed to act
through cyclic nucleotides [43,44], and addition of cyclic AMP
mimics the action of thymosin in several assays [45]. Increased cyclic
AMP is also known to stimulate keratinocyte growth rate and cul-
ture lifespan [26,46,47]. In the present experiments, the thymic
extract stimulated keratinocyte proliferation equally effectively be-
fore and after exposure to cholera toxin. Because cholera toxin is
known to increase adenyl cyclase activity and hence intracellular
cyclic AMP levels [25], this suggests but does not establish that the
thymic effect is mediated by a cyclic AMP-independent pathway.

Decreased mitogen responsiveness has previously been noted to
accompany cellular aging, as a function of both increasing passage
level for fetal lung fibroblasts [48,49] and increasing donor age for
skin-derived keratinocytes and fibroblasts [24,50,51]. In the latter
case, dramatic differences are generally apparent between the re-
sponsiveness of newborn and adult cultures, whereas differences
between young adult and old adult cultures are more subtle [51].
The comparable degrees of stimulation noted for newborn and
young adult cultures in response to thymic extract in the present
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experiments may well be attributable to the excellent growth and
hence near confluence of the unstimulated newborn controls in
many assays, minimizing further growth even in the presence of an
effective mitogen. Alternatively, the thymus-derived mitogen(s)
here examined may respond to the cellular aging program in a
manner distinct from that of epidermal growth factor, insulin, and
the other factors examined to date.

Whether the thymus gland has a regulatory role in keratinocyte

roliferation and epidermal immune competence in vivo is un-
Enown. The availagility of purified thymic growth factors, cyto-
kines, and specific antibodies and genetic probes directed against
such activities, as well as appropriate bioassay systems, should per-
mit further exploration of this important question.
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