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Abstract

Immunocytotoxicity of beryllium (Be) was evaluated by studying cell vi-
ability, intracellular DNA synthesis and SRBC-IgM response in an in-vitro
culture system using non-sensitized spleen cells of a CS7BL mouse. Be addi-
tion showed a suppressive effect on cell viability, an enhancing effect on
DNA synthesis and on IgM antibody production. The suppressive effect on
cell viability manifested itself markedly as the concentration of Be was in-
creased or the culture time was prolonged. The DNA synthesis-enhancing ef-
fect was noted at a relatively low concentration of Be (not more than 10:M).
The enhancing effect on the IgM response was related to Be concentration
at not more than 20u#M. The experimental results mentioned above specu-
late that the cytotoxicity of Be shows a conflicting pattern of enhancement
or suppression according to the concentration used and that immunologically
it has a modulating effect or an activating effect on the immunocompetent

cells.
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Introduction

Many metals such as cobalt, nickel, chromium, zirconium,
platinum, mercury and beryllium (Be) are known as the so-
called ‘sensitizing metals’ that cause allergic disorders to the
living body™?
used ubiquitously in various fields with the development of
On the other
hand, environmental pollution by these metals is spreading and
infiltrating into not only the workshop environment, but, also,
into local communities and the livelihood environment of indi-

. These metals and metal compounds have been

frontier technology industries in recent years.
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viduals, exerting an influence on health.

Looking closely at the immune toxicity of Be among
these metals, we planned a series of experimental studies to
elucidate the toxic influence on immunocompetent cells and
the influence on the immune response in the living body, that
is, immunogenicity, antigenicity and adjuvanticity of Be in-vitro
and in-vivo.

As one step in that plan, we studied the influence of Be
on cell survival rate, intracellular DNA synthesis and humoral
immune response in the in-vitro culture system in an attempt
to elucidate its immunocytotoxic characteristics.

Materials and Methods

Materials

Experimental animals used were C57BL/6CtSlc mice
(males at 5 weeks of age, Charles River Japan, Inc.). Beryl-
lium chloride (BeCl,, Mitsuwa Chemical Co., Ltd) was dis-
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solved in a saline solution, sterilized by filtration and used as a
metallic solution.

The medium was RPMI 1640 (Gibco Laboratories) con-
taining 10% fetal calf serum (Cell Culture Laboratories), 100 U
/ml penicillin (Meiji Seika Kaisha, Led.), 100 ug/ml strepto-
mycin (Meiji Seika Kaisha, Ltd.), 0.1mM non-essential amino
acid (Gibco Laboratories), 1mM sodium pyruvate (Gibco Labo-
ratories) and 5X 10°M 2-mercaptoethanol (Katayama Chemi-
cal Industries Co., Led).

For sheep red blood cells (SRBC) antigen sensitization,
preserved sheep blood (Nippon Bio-Test Laboratories, Inc.) was
washed with a saline solution. The solution was adjusted to a
10% level and 0.2 ml of this solution was intraperitoneally ad-
ministered to the mouse. A mouse spleen cell suspension was
prepated according to the method of Yahara et al¥ with some
modification.

Methods
1) The influence of Be addition on the survival rate of mouse
spleen cells.

To a 96-well microplate (FALCON, 3072) was added a
spleen cell suspension (1 X 10° cells/ml) 20011, a Be solu-
tion (final concentration; 0~160uM)104 1l and a culture
fluid 40u1. The
number of live cells was counted by the Trypan Blue stain-

The mixture was cultured for 96 hours.

ing every 24 hours after the inception of culture.
2) The influence of Be addition on DNA synthesis in mouse
spleen cells.

To a 96-well microplate (FALCON, 3072) was added a
spleen cell suspension (12X 10° cells/ml) 200x1, a Be solu-
tion (final concentration : 0~160 u#M) 10ul and a culture
fluid 40u1. The mixture was cultured for 72 hours. After
culture, 9.25 kBq of *H-thymidine (H-TdR) was added. Af-
ter culture for 24 hours, the amount of 'H-TdR taken up
into the cells was measured.

3) The influence of Be addition on the SRBC-IgM antibody
production response of mouse spleen cells.

To a 35X10 mm dish for tissue culture (COSTAR,
3035) was added a spleen cell suspension (1 X 10’ cells/well,
a primary reaction : non-sensitized mouse spleen cells, a sec-
ondary reaction: SRBC sensitized mouse spleen cells), a
SRBC antigen solurion (1 X 107 cells/well), a Be solution (fi-
nal concentration: 0~40uM) and cell culture fluid. The

mixture was cultured for 96 hours. After completion of the
culture, IgM-plaque forming cells (IgM-PFC) were measured
according to the method of Cunningham et al®,

Results

1) The influence of Be addition on mouse spleen cell survival
in an in-vitro culcure.

The number of live cells on measurement was calcu-
lated in terms of percentage with the number of cells at the
inception of the culture as 100, and the mean value +stan-
dard deviation (M+S.D.), thereof, was used to express the
influence of Be as shown in Table 1.

The measurement was made in triplicate for a total of
five measurements. The cell survival rate in the control
group decreased gradually with an increase in the number
of days of culture. According to changes in the mean value,
about 20% of the cells died on the 1st day of culture. The
increase in the number of dead cells was relatively slow up
to the 4th day, during which about 73% was confirmed to
be alive.

In the Be addition group, the influence of an increase
in the number of days of culture was similar to the depres-
sion curve in the control group, but the influence was
stronger from the 2nd day of culture onward. On the 1st
day of culture, the cell survival rate with an increase in the
amount of Be addition was within the normal variation
range of the control group. From the 2nd day on, however,
the number of live cells decreased evidently with an in-
crease in the amount of Be added. The number of live
cells showed a statistically significant decrease particularly
in the 80 M or more group on the 2nd day and in the 40
uM or more group on the 3rd and 4th days.

2) The influence of Be addition on mouse spleen cell DNA
synthesis.

Be was added to spleen cells obtained from non-
sensitized mice, and changes in the intracellular DNA syn-
thesis were studied by measuring the amount of *H-TdR
taken up by the cells in a 4-day culture. The results ex-
pressed as percentage against the amount of "H-TdR taken
up (M£S.D. of cpm) in the control group are presented in
Table 2. The measurement was made in triplicate for a to-

Table 1 Survival viability (%) of mouse spleen cells cultured for 24, 48, 72 and 96 hours in the presence of various

concentrations of beryllium chloride.

Be concentration

in culture (M) 24h 48h 72h 96h
0.0 80.2 + 10.3 799 + 85 75.6 = 124 73.3 + 16.2
10.0 751 £ 9.6 80.1 + 88 670 + 116 544 + 134
20.0 82.7 + 10.6 78.0 = 101 581 £ 118 494 + 105
40.0 752 + 94 621 + 124 431 + 10.3* 380 + 115"
80.0 777 £+ 10.0 499 = 87 405 + 12.1* 31.0 £ 10.0"
160.0 75.7 = 88 477 + 84 341 + 103" 281 + 8.0"

The data is given in mean+S.D. of percentage in five experiments.

*Significant at p<0.05 compared with the control (0.04M Be in culture).
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Table 2 Effects of beryllium chloride on the DNA syn-
thesis of unsensitized mouse spleen cells.

Be concentration

in culture (M) S.I (%)

0.0 100 + 16 (218+34)
5.0 144 =+ 35*
10.0 174 £ 51*
20.0 111 + 33
40.0 74 + 35
80.0 58 + 28"
160.0 45 =+ 23

The effect of different concentrations of beryllium chloride was tested following
the incorporation of *H-TdR in the DNA of spleen cells cultured for 96 hours.
The mean stimulation index (S.L) of five experiments each performed as tripli-
cate cultures is given in M*8.D. of S.I. of the control and for the control also
in cpm (in parenthesis). *Significant at p<<0.01 compared with the contorol
(0.0 uM Be in culcure).

Table 4 Effects of beryllium chloride on SRBC-IgM
antibody production in spleen cells from
SRBC-sensitized mice 7#-vitro,

Number of PFC in
1 X 10°ells/mi

Be concentration

in culture(uM)

0.0 800 =+ 137
0.5 857 £ 73
1.0 1,097 * 192
5.0 1,137 + 184*
10.0 1,177 +  57*
20.0 1,244 + 345*
40.0 1,003 =+ 67

Results are shown with M+S.D. of IgM PFC in 1X 10 cells/ml of spleen cells.
*Significant at p<0,01 compared with the control (0.0 #M Be in culture).

tal of 5 measurements.

As for the influence of Be addition, DNA synthesis in-
creased at 20 uM. Particularly, the increase at 5 and 10
MM was statistically significant. At 40 #M or more, a sup-
pressive tendency was shown. Suppressive changes at 80

and 160 uM were statistically significant.
3) The influence of Be addition on SRBC-IgM antibody pro-
duction response of mouse spleen cells in-vitro.

Spleen cells obtained from non-sensitized mice (primary
reaction) and SRBC-sensitized mice (secondary reaction)
were used. The results expressed as M+S.D. of IgM-PFC
in spleen cells 10° are presented in Table 3 (primaty reac-
tion) and in Table 4 (secondary reaction).

In the primary reaction, the reaction was strongest at
0.5 #M and decreased according to an increase in the
amount of Be added. Overall, an increase in the antibody
production response was seen at concentrations up to 20.0
MM. The increase was statistically significant particularly at
1.0, 5.0 and 20.0 uM. At 40 uM, a suppressive reaction
was shown, but there was no statistical difference.

Table 3 Effects of beryllium chloride on SRBC-IgM
antibody production in splean cells from
unsensitized mice /n-vitro.

Number of PEC in
1 X 10%cells/ml

Be concentration

in culture(uM)

0.0 155 + 43
0.5 851 £ 312
1.0 570 + 149*
5.0 529+ 31*
10.0 364 +  65%
20.0 219 £ 35
40.0 104 = 73

Results are shown with M £ S.D. of IgM PFC in 1X 10¢ cells/ml of spleen
cells. *Significant at p<0.01 compared with the control (0.0 #M Be in culture).

In the secondary reaction, the reaction was increased at
any concentration measured, and the increase was statisti-
cally significant at 5.0, 10.0 and 20.0 M.

Discussion

In order to elucidate the cytotoxicity, particularly im-
munocytotoxic effect of Be, we studied the influence of Be on
the cell survival rate in-vitro, on intracellular DNA synthesis
and on the SRBC-IgM antibody production response in a Be-
added culture using mouse spleen cells.

Changes in the cell survival rate over time in the Be-
added culture of mouse spleen cells were prominent compared
with a slow decrease of the survival rate in the control group,
and the influence of Be addition was clearly found. That is,
the cell survival rate decreased significantly at 804M or more
from the 2nd day and at 40 uM from the 3rd day; the pro-
portion of live cells at 40u4M or more on the 4th day of the
culture decreased to less than 52% of that in the control group.
It is possible that essential components in cell culture fluid de-
generated with Be addition, leading to the death of cultured
cells or that Be taken up by cells exerted a toxic effect on the
in-vivo metabolism of cells in one form or another. Which of
these two possible factors strongly influenced the cell survival
rate of this kind is the subject for future studies. In this re-
spect, there are findings that the toxic effect of Be exerts an
influence on the fluidity or permeability of the cell membrane
and these are reports that Be inhibits the activity of various en-

zymes in the living body™”.

These are interesting findings in
relation to the results of the present study.

Regarding the influence of Be on intracellular DNA syn-
thesis, conflicting effects --- enhancement and suppression ---
were observed depending on the Be concentrations in the cul-
ture fluid. That is, Be was considered to have the effect of in-
creasing DNA synthesis at relatively low concentrations (not
more than 20 uM), while a suppressive effect with an increase
in Be concentrations was suggested. However, there is a
strong possibility of this DNA synthesis suppressing effect be-
ing influenced by a decrease in the number of live cells with
an increase in the amount of Be added. Quantitative changes
in live cells as mentioned earlier may have some effect on this.

In light of the findings above, Be is considered to have a

119



Immunocytotoxicity of Beryllium

toxic effect on intracellular metabolism but it has an enhanc-
ing effect on DNA synthesis. Regarding the effect of sensitiz-
ing metals on DNA synthesis, results of experiments with
nickel, cobalt, chromium and mercury have been reported, and
these metals are shown to have concentration-dependent en-
hancing effects on DNA synthesis'*'”. These results have
pointed out that the enhancing effect is found at a concentra-
tion of several uM, which is in favorable agreement with our
experimental results. Furthermore, the culture time is consid-
ered to be closely concerned with this kind of enhancing ef-
fect, and many reports have stated that the optimal time was
48 hours to 72 hours. In the present experiment, we studied
the influence of a 96-hour culture and found an enhancing ef-
fect over time. In this respect, it was suggested that the DNA
synthesis enhancing effect of Be would be longer lasting com-
pared with that of other sensitizing metals. As to the magni-
tude of action, it was almost equal to the results of experi-
ments with other sensitizing metals.

Regarding the influence of Be on the SRBC-IgM antibody
production response in-vitro, we studied Be addition at a con-
centration up to 40 uM, taking the results of the aforemen-
tioned two experiments into consideration. First, as for the in-
fluence of Be addition on the primary immune response using
spleen cells of SRBC non-sensitized mice, Be showed the effect
of enhancing the antibody production response up to 10 uM,
and the lower the concentration of Be addition was the
stronger the effect.

In the secondary immune response using spleen cells of
SRBC sensitized mice, Be showed an enhancing effect in a
concentration from 5.0 up to 20 gM. That is, it was sug-
gested that Be has an adjuvant-like effect of enhancing the hu-
moral immune response. Regarding such an adjuvant-like effect
of metals, aluminum (AI) has formerly been known to have
such an effect and it is used experimentally'™. A mechanism
has been pointed out whereby an antigen absorbed by alumi-
num hydroxide and aluminum phosphate stays at the site of
administration, becomes susceptible to phagocytosis and tends
to attain high immunogenicity.

It is also found that Be easily becomes hydroxide and
phosphate and that soluble Be has cell agglutinating activity'”.
From the results of the present experiment, it can be surmised
that the immunogenicity was enhanced by the mechanism of
action similar to that found with A1l. Furthermore, it is sug-
References

1) Yoshida T. Trace metals and immune allergy. Dig Scie Lab
1989 ;12 : 14-8.

2) Kusaka Y. Occupational diseases caused by exposure to sensi-
tizing metals. Jpn J Ind Health 1993 ;35: 75-87.

3) Yahara I, Edelman GM. Restriction of the mobility of lympho-
cyte immunoglobulin receptors by concanavalin A. A Proc Nat
Acad Sci USA 69 1972 : 608-12.

4) Cunningham AJ. A method of increased sensitivity for detect-

ing single antibody-formming cells. Nature 1965 ; 207 : 1106-7.

5) Morita K, Murai Y, Kurita H, Watanabe K, Shima S. Os-
motic fragility of humman red cells in vitro treated with sol-
uble beryllium salts. Jpn J Ind Health 1979 ; 21: 550-1.

6) Morita K, Inoue S, Murai Y, Watanabe K, Shima S. Effects
of the metals, Be, Fe, Cu and Al, on the mobility of immuno-
globulin receptors. Exper 1982 ; 38 : 1227-8.

7) Dubos KP, Cochran KW, Mazur M. Inhibition of phosohates

gested that the synergistic action of the adjuvanticity and the
lymphocyte activating effect of Be play a part in the enhance-
ment of the humoral immune response by Be. Next, the de-
gree of the enhancing effect according to the concentration of
Be added showed a conflicting pattern in the primary and sec-
In the primary reaction, a peak was found
with a low Be concentration and the reaction decreased with

ondary reactions.

an increase in the concentration, while in the secondary reac-
tion the reaction tended to increase with an increase in the Be
concentration. This is due possibly to the influence of whether
or not these is SRBC sensitization in the cell group.

As above, we have made it clear that Be has an immu-
nological action to activate the immunocytes and that the con-
centration of Be added is greatly concerned with it. In eluci-
dating the mechanism of action of Be’s immuno-cytotoxic re-
action, it is indicated by these experimental results that demon-
strating the action of Be as animmunomodulator may have an
important immunological significance.

Conclusion

The influence of Be addition on cell survival, DNA syn-

. thesis and SRBC-IgM antibody production response was studied

in the mouse spleen cell culture system in-vitro, and as to the
immunocy totoxicity of Be, the following conclusion was
reached.
1. Be addition showed a suppressive effect on the cell survival
rate. This suppressive effect manifested itself markedly accord-
ing to the increase in Be concentration or the prolongation of
the culture time.
2. The DNA synthesis-enhancing effect of Be was noted at
As for
the reaction intensity with Be addition, it was about twice that
of the control group at the concentration of 10 uM.
3. Be addition had an enhancing effect of the IgM antibody
production response. Be concentrations (not more than 20
uM) influenced this effect.

The experimental results mentioned above have made it

relatively low concentrations (not more than 10 uM).

clear that the cytotoxicity of Be shows a conflicting pattern of
enhancement or suppression according to the concentration
used and that immunologically it has an adjuvant-like effect
and an activating effect on immunocytes.

by beryllium and antagonism of inhibition by manganese. Sci
1949 ;110 : 420-2.

8) Klemperer FW, Miler JM, Hill CJ. Inhibition of alkaline
phosphatase by beryllium. JBiol Chem 1949 ;180 : 281-286.

9) Sakaguchi T, Sakaguchi S, Nakamura I, Kudo Y. The
changes of complement activities in sera of mice after subcuta-
neous administration of beryllium chloride. Jpn J Hyg 1996
50: 1077-83.

10) Nordlind K. Stimulation effect of mercuric chloride and nickel
sulfate on DNA synthesis of thymocytes and peripheral lym-
phoid cells from newborn guinea pigs. Int Arch Allergy Appl
Immunol 1983 ;72:177-9.

11) Nordlind K, Henze A. Investigation of ability of the metal al-
lergens cobalt chloride nikel sulfate and potassium dichromate
to give a mitogenic response in human thymocytes. Int Arch
Allergy Appl Immunol 1984 ; 75 : 330-2.

120



Immunocytotoxicity of Beryllium

12) Waner GL, Lawerence DA. Stimulation of murine lymphocyte radiated recipients of hapten-primed cells and carrier-specific
responses by cation. Cell Immunol 1986 ;101 : 425-39. cells. JImmunol 1974 ; 113 : 563-73.

13) Vaz EM, Vas NM, Levine BB. Presistent formation of reagin = 15) Shima S, Morita K, Murai Y, Kato Y, Miki T, Fukaya M,
in mice injected with low doses of ovalbumin. Immunology Watanabe K, Kurita H, Ito Y, Inoue S, Yamamoto K. Bio-
1971;21: 11-5. chemical and electronmicroscopic studies of cyto-agglutinating

14) Okudaira H, Ishizaka K. Reginic antibody formation in the ability of soluble beryllium salts and its agglutinating cell
mouse V.. Adoptive anti-hapten IgE antibody response in ir- membrane surface. J Sci Lab 1984 ; 60 : 149-56.

121



