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Abstract

Among the many examples of neuroendocrine-immune system interactions the relationship between the thyroid
axis and the immune function has yet to be clearly established. Here we studied the influence of thyroid hormones
on the course of an alloimmune response. Murine T3 and T4 levels were found to be increased a few days after the
immunization of mice with allogeneic lymphoid cells. Besides in vivo treatment with T, was shown to increase
alloantibody titers during the early stages of alloimmunization and to enforce lymphoid proliferation in vitro in a
mixed lymphocyte reaction. Conversely, lowering thyroid hormone seric levels by propylthiouracil treatment,
negatively modulates the humoral and cellular alloimmune responses. The evidence here points to the existence of a
bidirectional communication between both systems. The possibility that the antigenic challenge would increase the
thyroid gland activity thus leading to a positive modulatory action upon the immune response is also
discussed. © 2000 International Society for Immunopharmacology. Published by Elsevier Science Ltd. All rights
reserved.
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1. Introduction confer a certain degree of autonomy to the
immune system. However, increasing evidence
Several efficient autoregulatory mechanisms shows that immune processes operate in a

coordinated way with other body systems.
. . Moreover, the existence of a circuit between
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documented [2,24]. Bidirectional regulations
involve shared usage of common signal mol-
ecules and their receptors [5,24].

In fact, there are clear examples that
immune cells can be influenced by hormones
[16], neurotransmitters [6,14] and neuropeptides
[4] and also by brain function alterations.
Conversely immune-derived products such as
lymphokines and monokines can affect endo-
crine, autonomic and central mechanisms [24].

Among these interactions the immune system
can be directly modulated by the hypothala-
mus—pituitary axis and the corresponding tar-
get endocrine glands (namely thyroid, gonads,
adrenal) [1,24].

The interactions of thyroid hormones in the
immune development and function has been
demonstrated in both mammalian [§8,12] and
avian systems [7,20,21]. The association of thy-
roidectomy [12], hypophysectomy [19], hypothyr-
oidism [8,23] and hypopituitarism [§8,13] with
thymic growth depression and with a decrease in
circulating lymphocyte number, has been demon-
strated. Conversely, in vivo supplementation with
triiodothyronine (T3) or thyroxine (T4) reverses
these effects and stimulates thymic growth and
the mitotic cell index of cortical thymocytes
[8,12,17]. Also the production of a thyrotropin
(TSH)-like molecule induced by mitogenic acti-
vation of human peripheral leukocytes [25] and
the enhancement of an in vitro antibody response
by TSH [3] has been shown. However the role
that interactions between thyroid hormones and
the immune system play in vivo, as well as their
mutual modulation have not yet been well
defined. Thus, the aim of the present work was
to study the mutually regulatory mechanisms
exerted by the immune system and the thyroid
axis that would confirm the existence of a bidir-
ectional communication circuit between both sys-
tems. For this purpose seric levels of thyroid
hormones during the course of an alloimmune re-
sponse as well as the variation in alloantibody
titers by in vivo administration of thyroid hor-
mones or antithyroid agents were studied.

2. Experimental procedures
2.1. Mice

Inbred BALB/c (H-2%) and C3H (H-2*) mice
were obtained from the Instituto de Oncologia
“A. H. Roffo”. All animals were used at age 60—
70 days.

2.2. In vivo thyroid hormones and antithyroid
agent treatments

Thyroxine hormone (T4) treatment: BALB/c
mice (n = 20) received an intraperitoneal injec-
tion of 40 ng thyroxine (T4) (purchased from
SIGMA) (dissolved in 0.1 N NaOH, diluted 1:10
with phosphate-buffered saline (PBS), pH 7.2,
and Millipore filtered) five times per week for
one month. Mice injected with the vehicle alone
were used as controls.

Propylthiouracil (PTU) treatment: to promote
low circulating levels of thyroid hormones in
BALB/c mice (n = 40), PTU was given in the
drinking water (0.5 mg/ml) for 18 days as pre-
viously reported [10,22]. The daily ingested
amount of PTU was approximately 6 mg/100 g
body weight (bw)/day.

Propylthiouracil + triiodothyronine (PTU + Tj)
treatment: half of the animals treated with PTU
also received 20 nug/100 g bw/day of Ts (dissolved
in the same vehicle used for thyroxine) intraperi-
toneally for the last six days of treatment. Con-
trol animals received the vehicle of the hormone
alone.

2.3. Alloimmunizations

BALB/c mice were immunized with C3H lym-
phoid cells. All immunizations were carried out
between animals of the same sex (female) to
avoid immune responses directed to the sex re-
lated minor histocompatibility complex antigen
(H-Y), according to the following schedule: one
i.d. injection of 1 x 107 lymphoid cells (pooled
spleen, lymph node and thymus suspension), fol-
lowed at seven-day intervals by one or more im-
munizations with 3 x 107 lymphoid cells i.p.
Unless specified, mice were killed four or five
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days after the last booster. Non-immunized mice
were administered with the same volumes of
RPMI 1640 medium alone. This schedule was
also performed in untreated mice (n = 20), and
in T4, PTU or PTU+Tj; treated mice (n = 20 in
all treatments).

2.4. Cell suspensions

Lymphoid organs were removed and softly
homogenized in RPMI 1640 medium with a
loosely fitting teflon glass homogenizer; the cell
suspension was filtered through a metal mesh
and then through needles, washed three times in
RPMI 1640, checked for viability by trypan blue
exclusion test and resuspended in the same med-
ium at the desired concentration.

2.5. Antibody titers

Sera were titered for cytotoxic antibodies using
a trypan blue exclusion test in a two step, comp-
lement-dependent  microcytotoxic — assay  as
described [9]. Briefly, C3H lymph node cells were
incubated with 1:2 serial dilutions of the test
serum; guinea pig serum (Gibco Co.) was added
as a source of complement and 50% lysis above
negative controls (cells alone, cells plus normal
serum or cells plus complement alone) was used
as the titration point.

Also, alloantibody titers were determined by
enzyme-linked immunosorbent assay (ELISA)
over C3H fixed cells on 96 flat-bottomed wells
(Falcon 3912, Becton Dickinson), with 0.5 glutar-
aldehyde in PBS. A goat anti-mouse IgG phos-
phatase alkaline conjugated (Sigma Chemical
Co.) and p-nitrophenylphosphate (Sigma Chemi-
cal Co.) as substrate were used for developing
coloration that was read at 405 nm. It is worth
noting that all the dilutions of sera were made in
PBS containing 1 mM Na azide and 15% of nor-
mal goat sera to manage the blockade of Fc
receptors on C3H fixed cells. Staining were con-
sidered positive when the optical density (O.D.)
values were above the mean value plus 2 S.D. of
normal sera (sera from non-immunized and/or
vehicle alone injected mice give non-statistical
differences among them).

2.6. Hormone determinations

Control non-immunized or alloimmunized ani-
mals were bled at the times indicated in the
Results. The blood was collected into plain tubes
(without anticoagulant). Seric T; and T4 levels
were determined using highly sensitive double
antibody radioimmunoassay kits (Diagnostic
Products Corporation, USA).

2.7. Mixed lymphocyte reactions

Mitomycin C-treated lymph node cells from
C3H mice were used as allogeneic stimulators of
one way mixed lymphocyte reactions and BALB/
¢ lymphocytes from control, T4, PTU or
PTU + T3 treated mice were used as the respond-
ing cell populations. All cell suspensions were
cultured at a concentration of 1 x 10° cells/ml in
a final volume of 0.2 ml of RPMI 1640 medium
(Gibco Co.) supplemented with 10% heat-inacti-
vated fetal bovine serum, 2 mM glutamine and
antibiotics in 96-well flat-bottomed microtiter
plates (Corning, NY) following standard pro-
cedures [26]. They were kept at 37°C in a 5%
CO, atmosphere for the culture times indicated
in results.

2.8. [’H]Thymidine incorporation

Proliferation was tested by [*H]thymidine
(PH]TdR, INC, Irvine, CA, USA; 15 Ci/mmol)
incorporation. Sixteen hours before the end of
culture incubation, microcultures were pulsed
with 1 pCi of [PH]TdR. The cells were harvested
on filter paper with an automatic cell harvester
(Micromate 196, Packard) and the radioactivity
was counted by liquid scintillation. Results were
expressed as stimulation index (SI) calculated as
the rate between dpm values in experimental cul-
tures and dpm from control values obtained with
unstimulated cells.

2.9. Statistical analysis
Student’s z-test for unpaired values was used

to determine the level of significance. When mul-
tiple comparisons were necessary, after analysis
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of variance, the Student—Newman—Keuls test was
applied. Differences between means were con-
sidered significant if P < 0.05.

3. Results

3.1. Variation of Tz and T, serum levels during the
course of an alloimmunization

In order to analyze if the immune response is
able to modulate seric thyroid hormone levels,
BALB/c mice alloimmunized with C3H lymphoid
cells were bled at different times after the begin-
ning of an alloimmunization schedule.

Results demonstrated that levels of both T;
(Fig. 1) and T4 (Fig. 2) were significantly higher
than those obtained on non-immunized controls
(basal). By the second week, T4 values remained
increased, while T3 concentration began to
decrease. Therefore, under these experimental
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conditions, thyroid gland activity was enhanced
at early stages of the immune response.

3.2. Influence of thyroid hormones on antibody
response

To further characterize the bidirectional inter-
action between the thyroid axis and the immune
system, the effect of seric thyroid hormones levels
on the degree of an alloimmune response was
evaluated. For this purpose up or down regu-
lation of thyroid hormone levels on alloantibody
production were analyzed with respect to control
untreated alloimmunized mice.

First, T4 or PTU treated BALB/c mice were
alloimmunized with C3H lymphoid cells and
cytotoxic titers of alloantibody were tested. As
shown in (Fig. 3), cytotoxic titers in Ty-treated
animals were higher than those found in control
alloimmunized mice, particularly at the beginning
of the alloimmunization schedule. Conversely in

basal 1 déy

3 days

7days 14 days

Fig. 1. T; serum levels during allogeneic immunization on BALB/c mice. Animals were immunized with C3H lymphoid cells
according the schedule described in Experimental procedures. At the indicated times blood samples were collected and serum levels
of T; were measured by RIA. Data shown are the mean + SE of n = 3 experiments performed in duplicate. *Differ significantly

from control values with P < 0.05.
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Fig. 2. BALB/c seric levels of T4 during allogeneic immunization. BALB/c mice were immunized twice with C3H lymphoid cells

and their blood samples were assayed by RIA for T, determination. Results shown are the mean + SE of n = 3 experiments per-
formed in duplicate. *Differ significantly from control animals with P < 0.05.
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Fig. 3. Thyroid hormone modulation during the course of alloimmunization, evaluated through alloantibody cytotoxic titers. Con-
trol (O—Q), in vivo treated with T, (@—@) or in vivo treated with PTU (A—A). BALB/c mice were alloimmunized as indicated
in Experimental procedures. Data show a representative experiment of seric alloantibody cytotoxic titers determined on samples
collected 4—6 days after the last booster and calculated as described before.
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PTU treated animals no detectable alloantibody
production was found after the first week of im-
munization and lower cytotoxic titers were evi-
dent in the second week. To further confirm
this decrease in alloantibody response, titration
of second week alloantisera was also evaluated
by the more sensitive ELISA assay with C3H
fixed cells as coating antigen. Results from con-

trol and PTU-treated mice are shown in (Fig. 4)
demonstrating that alloantisera from control
mice were positively reactive for two higher di-
lutions than those from PTU-treated animals. It
is worth noting that in vivo administration of
T; reverted this situation although to a lesser
value than that obtained on animals who had
only received T (data tabulated in Fig. 4) whose
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Fig. 4. Evaluation of alloantibody reactivity through ELISA assays. Control (O—Q), PTU (A—A) or PTU+T; (@—@) treated
BALB/c mice from second week alloimmunization were serially diluted and tested following the ELISA technique described in Ex-
perimental procedures over C3H fixed cells as coating antigen. Positive reactivity was considered when O.D. obtained at 405 nm
were above the mean value +2 S.D. of normal sera (sera from non-immunized and/or vehicle alone injected mice). Data shown are
the mean value of four sera + S.D. The second week alloantisera higher dilution giving positive reactivity for each treatment and,
additionally that corresponding to mice treated only with Tj, are also depicted in the Table 1.
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Table 1

Seric thyroid hormone levels from control, T4 or PTU treated animals during the course of alloimmunization

Treatment® n T; (ng/dl)® T4 (ng/dl)®
Control 20 73.6+6.2 32404
T4 20 842.7+13.7° 63.6+5.1°
PTU 20 47.143.5° 1.440.2°
T4+ 1st week alloimmunization 4 876.0+19.9 72.2+8.7
T4+ 2nd week alloimmunization 4 845.9+48.8 68.3+4.4
T4+ 3rd—5th week alloimmunization 12 834.74+20.2 63.2+2.8
PTU + 1st week alloimmunization 4 67.8 +4.3¢ 2.3+0.2¢
PTU + 2nd week alloimmunization 4 56.5+3.8 2440.2¢
PTU + 3rd-5th week alloimmunization 12 48.04+4.3 1.9+0.2

4 BALB/c mice were treated in vivo with T4, PTU or vehicle alone (control) as indicated in Experimental procedures and, where
indicated were also immunized for 1-5 weeks with allogenic C3H cells following the schedule described before.

® Seric thyroid hormone levels were determined by RIA as indicated. Results shown are the mean + SE of the n indicated sera. It
is worth noting that data from 3rd to 5th weeks alloimmunization correspond to four animals from each corresponding week.

¢ Statistical comparison was performed among the treated animals and controls, giving both treatments significant differences

from control values with P < 0.01.

9 Thyroid hormone levels in PTU-treated alloimmunized animals were statistically different from the corresponding non-immu-

nized PTU-treated mice with at least P < 0.05.

titers were even higher than those found in con-
trol mice.

Additionally, thyroid hormone levels from con-
trol and alloimmunized mice after T, or PTU
treatment are shown in Table 1. T, treated ani-
mals had high levels of both thyroid hormones
while PTU-treated mice showed low levels as
expected. Moreover, for T, treated animals no
statistical differences were found in thyroid hor-
mone levels during the course of immunization.
However the allogeneic stimulus was able to
induce higher levels of T3 and T, after the first
week and of T, after the second week of alloim-
munization. No differences were found after
three to five boosters, showing the same vari-
ations in T3 and T, levels than those observed
previously for untreated animals.

3.3. Effect of thyroxine on a one way mixed
lymphocyte reaction (MLR)

To determine if thyroid hormone levels could
also play a role in an in vitro induced alloim-
mune response, T4 or PTU treated BALB/c mice
cells were cultured in a MLR with C3H Ilym-
phoid cells as an allogeneic stimulus. The stimu-
lation index (SI) calculated as explained in

experimental procedures, were compared to those
obtained with control lymphocytes from BALB/c
mice that have received only the vehicle. Table 2
summarizes the SI in both cases. T4 treated mice
cells showed SI significantly higher than control
cells at day six of culture, while lower SI values
were obtained with lymphocytes from PTU-trea-
ted animals.

Table 2
T4 and PTU action on MLR induced lymphocyte prolifer-
ation

Time (days) SI control® SI T, SI PTU*

2 1.16 +0.05 1.2140.05 1.1240.03
4 1.724+0.08 2.2440.11 1.36 +0.06
6 4.2040.21 7.68 +0.06° 2.27+0.08°
8 1.53+0.07 2.0040.09 1.45+0.07

# Lymph node cells from control or in vivo T4 or PTU trea-
ted BALB/c mice were cultured for the indicated days in
MLR using as allogeneic stimulus mytomicine C-treated C3H
lymphocytes, following the experimental conditions already
described. Stimulation Indexes (SI) were calculated as indi-
cated before and are the mean + SE of n = 5 experiments.

® Differ significantly from SI control value with P < 0.01
and P < 0.05, for T4 and PTU respectively.
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4. Discussion

The interactions between the immune system
and the hypothalamus—pituitary—adrenal axis
would play an important role in the maintenance
of homeostasis during the course of infections,
inflammatory and neoplastic processes. The exist-
ence of interactions between the thyroid axis and
the immune function has been documented but
the bidirectional integration of both biological
circuits, as well as its physiological significance
have not yet been well defined. In the present
work we try to determine the mutual regulation
of both systems in an immune, namely an allo-
geneic, response.

First we analyze if the immune response was
able to modulate seric levels of thyroid hor-
mones. We found an early increase, three days
after the beginning of alloimmunization, of both
T; and T4 hormones. To further analyze if this
increment of thyroid hormones would have any
implication for the specific immune response, we
investigated if an in vivo treatment with thyroid
hormones would modulate humoral and cellular
responses.

For inducing high levels of thyroid hormones,
mice were treated in vivo with thyroxine for two
reasons: thyroxine is usually used in hormone
replacement therapies in hypothyroid patients
and the half-life of thyroxine is higher than that
of Ts, allowing a constant potency and prolonged
action being converted to T in peripheral tissues.
We found that thyroxine was able to increase sig-
nificantly alloantibody titers in comparison to
antibody levels found in normal control animals.
This increment was mainly observed during the
early alloimmunization (1-3 weeks) arriving at a
plateau of constant titers tending to reach almost
equal levels compared to control mice. Accord-
ingly Blalock et al. [3] found that TSH is a
potent enhancer of the in vitro antibody response
of murine spleen cells, increasing the number of
cells producing antibodies to sheep erythrocytes.
Also, the presence of nuclear receptors for thyr-
oid hormones in lymphocytes has been described
[27,28], pointing to a possible direct effect of
these hormones on lymphocyte function. In con-
trast, [29] found that the rise in circulating thyr-

oid hormones had no significant effect on peak
antibody titers and that reducing the levels of
hormones slowed the decline in antibody titer.
This controversy would reflect differences in the
experimental conditions, namely in thyroid hor-
mone levels. In fact it was shown that daily ad-
ministration of 60 mg T4 for 10 weeks increased
responses against a thymus dependent antigen in
chickens [18], but serum hormone concentrations
were not reported by these authors. Thyroid hor-
mone levels were determined in mice sera after
T, treatment showing an approximate 10-fold
increase above basal conditions during all the ex-
perimental schedules. Furthermore, this incre-
ment was higher and more persistent than that
obtained by Williamson et al. and no differences
between immune and control animals could be
seen in this condition. Additionally, lowering
thyroid hormone levels with the antithyroid
agent PTU, induced both a decrease in cytotoxic
alloantibody titers and in thyroid hormone levels.
This was also confirmed by using a more sensi-
tive ELISA assay with C3H fixed cells as coating
antigens. In this case in vivo administration of T3
was not only able to revert the decrease in the
humoral response, but was also able to induce
higher levels of alloantibodies in a similar way to
that obtained after T, administration. We used
T; to revert PTU actions as this antithyroid
agent besides blocking thyroid hormone synthesis
also inhibits the peripheric deiodination of Ty to
T; as well. Fabris [11] has also described a
decrease in the antibody response to either sheep
or chicken red blood cells in newborn young
adult rats deprived of thyroid gland. Also with
regard to the humoral immunity, a depression of
the primary humoral immune response has been
reported in hypothyroid chickens [15].

Taking together these results it could be
assumed that the increase in thyroid hormone
levels at the beginning of the antigenic challenge
would positively modulate the immune response
and would perhaps be an early stimulus for get-
ting efficient levels of alloantibodies. In fact, the
major differences in antibody titers were obtained
in the first weeks of alloimmunization not at
peak antibody titers. Furthermore, no modifi-
cation in specific antibody titers were found
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when thyroid hormones were given after the anti-
genic challenge [30].

When studying the effect of thyroid hormone
levels on cellular responses we found that in vivo
T, treatment was able to increase while PTU
treatment induced the decrease of the SI of lym-
phocytes proliferating in a MLR. It is worth not-
ing that T3 replacement in PTU-treated animals
reverted PTU effects on the cellular response in
the MLR (data not shown). Other authors have
shown an increase in thymic incorporation of
radiolabelled thymidine after injection of thyrox-
ine in mice [31]. Also it was shown that in vivo
thyroid hormone treatment increases the ex-
pression of interleukin 2 (IL-2) receptor on avian
splenocytes [7], and that patients with Grave’s
disease showed an increased circulating concen-
tration of soluble IL-2 receptor, a marker of T
lymphocyte activation [32]. On the contrary, a
decrease in the proliferative response to T cell
mitogens such as phytohemagglutinin or conca-
valin A has been reported in splenic and periph-
eral blood lymphocytes from hypothyroid
animals [11,15].

Experimental evidence presented in this paper
indicates a bidirectional modulation of thyroid
axis and the immune response. The level of inter-
action seemed to be important during the early
course of the immune response and would pro-
vide sound basis for future research about the
mechanisms involved in the mutual physiological
integration of both systems.
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