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T cell recruitment from the thymus
to the spleen in tumor-bearing mice

I. Analysis of recruited cells by surface markers
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Summary. After inoculation of tumor cells (methylcholan-
threne-induced sarcoma), the number of Thy 1+ cells and
PNA (peanut agglutinin) binding cells, which were shown
to be different subpopulations were increased in the spleen
of thymus-intact mice, in contrast this increase was not ob-
served in adult thymectomized mice. In experiments per-
formed concurrently with splenic cell analysis, we found
that the plasma PGE, levels declined in parallel with the
tumor growth. Prevention of such a decline of plasma
PGE, level by replenishment with exogenous PGE, inhibi-
ted the splenic cell increase in tumor bearers. In the tumor-
bearing mice, cell traffic systems from the thymus to the
periphery was ascertained by injecting fluorescein diace-
tate (FDA) into the thymus and observing fluorescein pos-
itive cells in the periphery. We suggest that increased rec-
ruitment of thymic cells to the periphery may be mediated
by PGE, in the presence of a tumor.

Introduction

The function of splenic lymphocytes seems to be modified
following the inoculation of tumor cells [2, 6, 8, 9, 10, 13].
In many cases, the number of splenic lymphocytes is in-
creased after tumor inoculation. However, the mechanism
(or factor) participating in such modification, and the in-
crease of splenic cells observed in tumor bearers are poor-
ly understood. Such qualitative and quantitative changes
of splenic cells can be explained by cell proliferation in the
spleen or by emigration of cells from other lymphoid tis-
sues.

Recently, we demonstrated that a T cell traffic system
from the thymus to the peripheral lymphoid tissues is me-
diated by decreasing levels of PGE, in the plasma [15, 16,
17, 18, 25]. Thus, it may be that changes in splenic lympho-
cytes in tumor bearers occur with an enhanced emigration
of T cells from the thymus as the result of decreasing PGE,
level in the plasma. Other investigators have reported ele-
vated PGE, levels in the plasma and increased production
of PGE, by macrophages, in tumor-bearing states [4, 20,
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26]. If these findings can be extrapolated to all cases of a
tumor-bearing state, changes in splenic cells in tumor
bearers cannot be explained by PGE,-mediated T cell traf-
fic systems. On the contrary, we detected a decline in
PGEL, levels in the plasma after the inoculation of methyl-
cholanthrene-induced sarcoma into syngeneic mice. We
now report data supporting the proposal that PGE,-medi-
ated T cell traffic relates to changes in splenic cells in tu-
mor bearers.

Materials and methods

Animals. Female C57BL/6 mice 7 to 8 weeks old were sup-
plied from Shizuoka Laboratory Animal Center (Shizuo-
ka, Japan). Adult thymectomy was performed 7 days be-
fore the experiments.

Tumor cells. MBS-1, a fibrosarcoma induced by methyl-
cholanthrene in a female C57BL/6 mouse, was maintained
by in vivo passage in syngeneic female C57BL/6 mice. The
tumor mass obtained from in vivo passage was treated
with 0.25% trypsin and then washed three times with
Hanks’ balanced salt solution. Mice were inoculated with
1 x 10 tumor cells s.c. in the left flank. When mice were in-
oculated with 1 x 10* tumor cells, no palpable masses were
detected, and when inoculated with 1 x 107 tumor cells, all
mice were dead in a week or so. At the dose of 1 x 10° tu-
mor cells, tumors normally reached 1 cm in diameter 1
week after an inoculation. All mice died about 15 days af-
ter an inoculation, when the tumor had reached 2 cm or
larger.

Cell identification. Nucleated cells were obtained by
squeezing the spleen and were counted using a hemocy-
tometer. Splenic cell populations were enumerated by the
direct immunofluorescent method using fluorescein isothio-
cyanate (FITC)-conjugated monoclonal anti-Thy 1.2 an-
tibody (Becton Dickinson, Calif, USA), FITC-conjugated
monoclonal anti-mouse IgM (Becton Dickinson), and
FITC-PNA (E. Y. Laboratories, Calif)). Fluorescent posi-
tive cells were measured using a FACS 440 (Becton Dick-
inson). Scatter was used to exclude red and dead cells.
Background was as high as 200/10* cells analyzed.

Intrathymic injection. The intrathymic injection technique
was performed as described elsewhere [18, 23, 24]. Briefly,
fluorescein diacetate (FDA, Sigma, Mo, USA) was dis-
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form :methanol : HCI acidified water (pH 2.0) 200:100:75,
just before use. The mouse was anesthetized, the chest
opened and 5 pl of EDA solution injected into each thym-
ic lobe with a microsyringe. After 2 h, peripheral blood
was collected. After lysing red blood cells with Tris-
NH,CI, fluorescein positive cells could be identified and
quantitated using the FACS 440. Lymphocyte populations
were identified using a 0°/90° light scatter, and 10* lym-
phocytes were examined for FACS analysis.

Determination of DNA content. To determine the DNA
content of splenic T cells, at first fluorescence staining was
performed as above. Then cells were fixed with ethanol,
and treated with phosphate buffered saline (PBS) contain-
ing 1 mg/ml RNase (RNase A, type I-A, Sigma, Mo,
USA) at 37 °C for 30 min. Finally cells were stained with
propidium iodide (50 pg/ml, Sigma). The relative number
of cells in each phase of the cell cycle (G1,S and G2+ M)
was estimated by a cell cycle analysis algorithm by Dean’s
method.

Double immunofluorescent technique. Biotin-conjugated
monoclonal anti-Thy 1.2 and monoclonal anti-mouse IgM
antibody (Becton Dickinson) were used for indirect immu-
nofluorescence. The diluted antibody (50 ul) and FITC-
PNA (5 ul) were added to the 100 pl of cell suspension ad-
justed to 1x107/ml and the mixture was incubated for
45 min on ice. After two washings for indirect immunoflu-
orescent staining, the cell pellet was resuspended in 50 pl
of Texas red-conjugated streptavidin (diluted to 1/10, Am-
ersham International Amersham, UK) for microscopical
analysis. In the microscopic analysis, 200 FITC positive
cells were detected and the number of Texas red positive
cells in those 200 FITC positive cells was counted by
changing the filters.

Extraction and radioimmunoassay (RIA) for PGE,. PGE,
was quantified using the method described by Inagawa
[14]. Briefly, blood specimens from each group were
pooled and centrifuged to separate the plasma. Then 1 ml
of the plasma was mixed with 20 ml of chloroform : metha-
nol 2:1 solution, and the preparation shaken vigorously.
After elimination of the crude sediment using a filter, the
organic solvents were evaporated and the residue redis-
solved in LP solution and applied to a Sephadex G-25 co-
lumn soaked with UP solution. LP solution was the lower
phase formed by mixing the following solution, chloro-

form :methanol : HCI acidified water (pH 2.0) 200:100:75,
by volume, and UP solution was the upper phase. The ¢lu-
ate was dried, redissolved in carbon tetrachloride and
added to 10% (¥/,) methanol phosphate buffer. After shak-
ing and centrifigation, the upper layer was collected, acid-
ified with HCI and added to ethyl acetate. After further
shaking and centrifigation, the ethyl acetate layer was
dried in vacuo. The residue was then applied to thin layer
chromatography. The area corresponding to standard
PGE, was scraped off, extracted with 0,5% (*/,) acetate-
methanol, dried under a stream of N, and redissolved in
an assay buffer. Recovery of PGE, was assessed in separ-
ate samples by adding a known quantity of 3H-PGE, be-
fore the extraction procedures. The concentration of PGE,
was then determined by RIA. Standard PGE, and anti-
PGE, antiserum were generous gifts from the Ono Phar-
maceutical Co. (Osaka, Japan).

Administration of PGE,. PGE, was dissolved in ethanol
(1 mg/ml) and kept at —20 °C. For one injection, the etha-
nolic solution was diluted in PBS, then 200 ug of PGE,
was injected in the right flank of the mice. In the prelimi-
nary experiments, the levels of PGE, in the plasma were
6.6,12.4,9.7, 6.9 ng/ml, 0, 3, 12, 24 h after the challenge of
200 pg of PGE,, respectively.

Statistical analysis. Student’s t-test was used to determine
the statistical significance.

Results

Enumeration of lymphocyte subpopulations in tumor-bearing
mice

The number of lymphocytes in the thymus and the spleen
was examined after inoculation of the tumor cells
(Table 1). The numbers of total spleen cells and splenic T
cells were increased about twofold and fivefold, respec-
tively, 14 days after the inoculation though the ratio of T
cells was decreased. The number of Ig™ cells was slightly
increased 14 days after tumor inoculation, although the ra-
tio of it was also decreased. PNA* cells were increased
both in the number and the percentage. The number of
non-T non-B cells was increased markedly in the tumor-
bearing state. On the other hand, the total number of
thymocytes was decreased to about one-fourth less than
that in nontumor bearers.

Table 1. Enumeration of thymus and spleen cells in tumor-bearing mice

Tymus Spleen
Days after Cell no Cell no Thy 1 IgM PNA
inoculation?
(x107) (x107) % x107 % x107 % x10¢
12.7+1.4% 2.7+0.5 34.6+4.2 0.9+0.1 341%1.6 1.0£0.1 6.1+1.7 1.6+0.3
7 49+0.8 4.5+0.5 29.3+3.5 1.3+£02 23.7+43 1.1+0.2 13.9+0.9 6.4+0.6
14 33+0.6° 10.1£0.9¢ 20.7+1.9 2.1+03¢° 159+0.7 1.6+0.3¢ 8.1+0.2 8.3+0.7¢

2 Each group consisted of 6 mice
® mean + SD

¢ P<0.0001

4 P<0.001



Table 2. Relative DNA content of splenic T cells in tumor-bearing
mice

Days after Percentages of cells in®
inoculation?
Gl S+G2/M

Exp.1

0 85.0+1.4 15114

5 86.7+2.4° 13.2+2.14
Exp.1

0 84.2+2.1 159+2.2
10 83.0+3.4 17.0+3.4

2 Each group consisted of 5 mice

b Relative DNA contents was estimated by flow cytometry
¢ P=0.21

4 P=0.13

e P=0.52

f P=0.56

Relative DNA content of spleen cells and thymocytes of tu-
mor-bearing mice

As shown in Table 1, the number of lymphoid cells in-
creased in the tumor bearers. These data suggested the pos-
sibility that the lymphocytes in the spleen of tumor bearers
were either actively proliferating or had emigrated from
other organs. Cell cycle analysis of splenic T cells demon-
strated that the percentages of G, cells or S+ G,/M cells
did not change in the tumor-bearing state, compared with
the nontumor-bearing state (Table 2). This result removed
the possibility of the enrichment of cycling cells in the
splenic T cell population of tumor-bearing mice. In con-
trast, in the thymus of the tumor-bearing mouse, the per-
centage of synthesizing cells (cells in § and G,/M phase)
was increased (Fig. 1), in spite of the decrease in the num-
ber of thymocytes (Table 1).

The effect of thymectomy on the number of splenic subpopu-
lations

We have reported that thymus cells migrate to the peri-
phery [15-18, 25]. In thymectomized mice, the increase in
splenic T cells and PNA binding cells was not observed af-
ter tumor inoculation (Table 3). These findings strongly
suggest that the increase of Thy 17 and PNA™ cells was
due to cell recruitment from the thymus. Even though the
total number of spleen cells was increased about fourfold
in nonthymectomized tumor bearers, the number in the
thymectomized tumor bearers was increased twofold. This
increase was mainly due to the increased non-T non-B
cells in the spleen of thymectomized tumor bearers.
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Intrathymic injection of FDA

To ascertain cell recruitment in the tumor-bearing state,
FDA was injected intrathymically. FDA was injected into
the thymus of tumor-bearing mice challenged with tumor
cells 3 days before. Peripheral blood was collected from
the femoral artery 2 h later, and the number of fluorescein
positive cells was counted analysing 104 peripheral lym-
phocytes (Table 4). In a preliminary experiment, we con-
firmed that FDA gives a random labeling pattern within
the thymocyte population and stained about 30% of total
thymocytes [18]. In tumor-bearing mice, thymus cell mi-
gration to the periphery was significant, but not so in non-
tumor bearers.

Double immunofluorescent study in increased splenic popu-
lations.

PNA is a marker of T lineage lymphocytes [19]. Roelands
et al. showed that PNA could bind to T or null cells but
not to B cells in the spleen [21]. However, Berrih et al. indi-
cated that PNA could bind to both T and B lymphocytes
in the spleen, at high PNA concentrations (10 pg/ml) {3].
In the present study, we used 5 ul of FITC-PNA (0.2 mg/
ml). Preliminary data showed 80%~-90% of thymocytes and
5%-10% of splenocytes were stained with this concentra-
tion. Thymus-dependent increases in splenic T cells and
PNA™ cells were observed in the tumor-bearing mice
(Tables 1 and 3). Double immunofluorescent techniques
revealed that these two subpopulations were not identical.
Firstly, 200 of FITC-PNA positive cells were examined by
a fluorescent microscope, then the number of Texas red
positive cells in 200 FITC positive cells was counted
(Table 5). These data suggested PNA™ cells in tumor-bear-
ing mice were non-T non-B cells.

Decrease of PGE, level in tumor-bearing mice

In a previous study [15], we observed enlargement of the
splenic T cell population in mice with decreased levels of
PGE, in the plasma following administration of indometh-
acin, a synthetic inhibitor of PGE.,. This increase of T cells
was not evident in thymectomized mice or in nonthymec-
tomized mice injected with PGE,, concomitantly. The next
experiment was conducted in order to ascertain whether
the thymus-dependent increase of splenic T cells in the tu-
mor-bearing state is induced in cases of lowered levels of
PGE,. As shown in Table 6, PGE, levels in the plasma of
tumor-bearing mice declined with tumor growth and the
concentration of PGE, in the plasma was depressed even 5
days after the tumor injection.

17.5
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12.2
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26.2
4.7
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Cell

65.0
21.8
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Fig. 1. Flow-cytometric measurements of DNA con-
tent in normal thymocytes (A) or thymocytes of tu-
mor-bearing mice (B and C, 5 and 10 days after tu-
mor inoculation, respectively). To measure DNA
content, thymocytes were fixed with ethanol and
then stained with propidium iodide (PI). Fluores-
cence intensity of PI was directly proportional to
DNA content. The DNA content of G, cells corre-
sponded to a fluorescence intensity of 50 arbitary
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Refative DNA Contents

units. The sets of three numbers denote the percen-
tages of cells in G, S, and G,+ M phase, from top
to bottom, respectively, estimated by Dean’s method
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Table 3. Enumeration of splenic cells in thymectomized tumor-bearing mice

Days after Total cell number Thy 1 PNA
inoculation?
(x107) % x10¢ % x108
2.7+0.7° 26.9+2.7 72+20 5.8+2.5 1.5+0.5
7 32+07 18.0£3.5 5.8+1.6 84+1.2 2.6+£0.4
14 5.3£0.8° 9.0+34 49+2.54 49+1.4 2.6+0.94

2 Each group consisted of 6 mice
b mean = SD

¢ P<0.0005

4 not significant

Table 4. Increase in fluorescein positive lymphocytes in the peripheral blood of tumor-bearing mice

Group Mice No. of mice Intrathymic injection Fluorescein positive
of FDA /10000 cells®

l. Normal 4 (—) 255%33¢

2. Normal 6 (+) 27727

3. Tumor-bearing? 6 (+) 355%15

a Tumor was inoculated 3 days before

b 10000 peripheral lymphocytes were analyzed

¢ mean = SD

Statistical analysis: Group I vs Group 2; not significant
Group 2 vs Group 3; P < 0.0005

Table 5. PNA positive cells in the spleen of tumor-bearing mice
were Thy 1 negative and IgM negative cells

Surface marker® Positive/total®
Thy 1.2 5/200
IgM 3/200

a Detected by indirect immunofluoresceint method stained with
Texas red
b FITC positive cells (200) were examined by fluorescent micro-

scopy

Table 6. PGE, level in the plasma of tumor-bearing mice

Days after tumor inoculation PGE,; (ng/ml)
0 9.8+3.8
5 1.1+0.3b

10 [.8£0.6"

14 0.8+0.2b

a mean + SD, n=73
b P<0.05

Table 7. Inhibition of increase of splenic T cell population in tumor-bearing mice following administration of PGE,

Tumor? Treatment® Spleenc

Weight Total cell no. No. of T cells

(mg) (x107 (%) (x107)
(=) PBS 76.0+ 594 4.1+0.8 342403 1.4+02
(+) PBS 146.0+27.6° 7.5+£2.5f 279+2.8 2.3+0.6f
(+) PGE, 103.3+ 5.8 44+1.3¢8 24.6+3.8 1.0+ 0.6¢

2 Inoculated on day 0

» 0.2 m] of PBS or 200 pg of PGE, was injected once a day from day 0 to day 5. Each group consisted of 6 mice

¢ obtained on day 5
¢ mean *+ SD

¢ p < 0.001
fp<0.01

& pot significant



Replenishment with exogenous PGE, in tumor-bearing mice

To clarify that cell recruitment from the thymus in the tu-
mor-bearing state was induced by a low level of PGE, in
the plasma, mice were given 200 ug of PGE, s. c. daily for
5 days just after tumor cell inoculation (Table 7). The ab-
solute numbers of whole cells and T cells in the spleen
were significantly higher 5 days after the tumor inocula-
tion (7.5+2.5 vs 4.1x0.8; P<0.01). However, administra-
tion of exogenous PGE, halted such an increase in the
spleen (4.4+1.3 vs 4.1 £0.8; P=0.64). Exogenous PGE, it-
self had no effect on the number of spleen cells in the nor-
mal state.

Discussion

There are some reports on thymus cell migration in normal
mice [23, 24]. However, there have not been any studies on
the migration of thymus cells in the tumor-bearing state.
This is the first report to indicate the massive migration of
cells from the thymus in tumor bearers, and also the first
to demonstrate suppressed levels of PGE,, which is related
to migration of thymic cells, in the tumor-bearing state.

We have previously reported the role of PGE, levels in
the regulation T cell population [15~18, 25]. In this study,
the level of PGE, in the plasma was shown to be low in the
tumor-bearing state. We speculated that the increase in T-
lincaged spleen cells may be due to a massive emigration
from the thymus, as induced by a decrease in levels of
PGE,. The correlation between increased splenic T-line-
aged cells and lowered levels of PGE, in the plasma may
not be fortuitous, as disscussed in the following. The fact
that such an increase in the number of spleen cells could
be prevented by elevating the level of PGE,, strongly sup-
ported the above correlation. Some investigators have not-
ed an increased level of PGE, in the sera of cancer patients
[26]. It has also been reported that macrophages, known as
the major source of PGE, [1], produced increased amounts
of PGE, in tumor-bearing mice [4, 20]. However, we ob-
served a remarkably depressed level of PGE, in the plasma
in the tumor-bearing state. Favalli et al. observed low le-
vels of PGE, in the spleen of tumor-bearing mice, whereas
no significant decrease of levels of PGE, was found in the
plasma [7]. The different levels of PGE, noted in our
experiments and others may be ascribed to the difference
in tumors used for experiments and also to technical ma-
nipulations. The suppressed level of PGE, may be due to
the inhibition of PGE, production from macrophages by
some factors from tumor cells or host cells. We have recog-
nized that the depressed level of PGE, induced by admini-
stration of indomethacin, a PGE, synthesis inhibitor, in-
creased the number of T cells in the spleen via mobiliza-
tion from the thymus [15, 16, 25]. The T cell emigration
phenomenon in tumor bearers may relate to the same me-
chanism. To analyze the increased splenic subpopulations
in the tumor-bearing state, it seems to be very important to
account for this PGE,-mediated cell recruitment.

In the tumor-bearing mice which we studied, the num-
ber of splenic cells, which were composed of Thy
1*/PNA*, Thy 1=/PNA™, and Thy 1-/PNA~ cells was
increased. Thus, increased Thy 1*/PNA~- and Thy
[=/PNA* cells were proved to be not identical. Such in-
creases in Thy 17/PNA~ and Thy 17 /PNAT cells were
not observed in thymectomized mice, even when the tu-
mor-bearing state was advanced. Therefore, the cells in
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these two populations may belong to T lineage and be de-
rived from the thymus. Moreover, exogenous administra-
tion of PGE, prevented the increase in splenic T cells of
tumor bearers. This result suggested that the source of in-
creased splenic T cells of tumor-bearing mice is the thy-
mus.

The analysis of cell surface markers of increased splen-
ic cell populations provided information on the matura-
tion or differentiation of T-lineaged cells. Firstly, Thy
1*/PNA™ cells, which are increased most intensely, were
commended. The expression of PNA binding receptors is
related to a low concentration of sialic acid on the cell sur-
face [5], which is characterized as immature T lineage cells.
However, the Thy 17/PNA™* cells in this study did not
have terminal deoxynucleotidyl transferase (TdT) activity,
another marker of prethymocytes and cortical thymocytes
(data not shown). As TdT activity is thought to be detected
only on the thymocytes or under the influence of thymic
hormones {12, 22], it might be suggested that Thy
[=/PNA™ cells lose TdT activity after leaving the thymic
environment. As for another problem, namely that PNA+
cells have not expressed Thy 1 antigens, it may be ascribed
to strongly suppressed levels of PGE,, because the expres-
sion of Thy 1 antigen has been shown to be affected by
PGE, [11]. Therefore, these Thy 1=/PNA*/TdT~ celis
were supposed to be derived from cortical thymocytes,
whose behavior is strongly modified by the level of PGE,.

The other increased splenic cell population in tumor-
bearing mice was Thy 1*/PNA™ cells. These cells were al-
so recognized as recruited cells from the thymus by the
PGE,-mediated system. In the T-lineaged cells, PNA bind-
ing receptors are masked by sialic acid during the intra-
thymic differentiation from cortical thymocytes to mature
thymocytes. Therefore, it is likely that Thy 17/PNA~ cells
are maturated thymic cells and that these cells form a large
part of splenic T cells in an ordinary state. The expression
of Thy 1 antigen in this population seems to be completed
when serum PGE, levels are within the normal range.

The third increased splenic population in tumor bear-
ers concerned the Thy 17 /Ig~ cells. Though PNA™ cells
account for approximately 20% of this population, the ma-
jority of the remainder cells were nonlymphoid cells,
which were considered to be macrophages by morphologi-
cal analyses. As the increase in nonlymphoid cells in the
spleen of tumor bearers was not affected by thymectomy
(data not shown), the increase of this population may be
controlled by another mechanism.

In this study, we demonstrated the recruitment of T-
lineaged cells from the thymus in the tumor-bearing state.
Though it is still not clear how the thymus of an adult con-
tributes to or has a role for the host, we exhibited the role
of the thymus in the tumor-bearing state from the view-
point of PGE,-mediated cell recruitment. We wish to de-
fine the functional characteristics of these recruited cells in
the next study.
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