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B/W: (NZB x Nzw)F, hybrid mouse.

d-DNA: heat denatured, single-stranded deoxyribonucleic acid.

d-DNA-mRSA: d-DNA-methylated bovine serum albumin.

DNP–KLH: dinitrophenylated keyhole limpet hemocyanin.

DNP-Ova: dinitrophenylated ovalbumin.

HEPES: N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid.

*H-Tdr: tritiated-methly thymidine.

HOS: horse serum, heat inactivated.

LN: 1)mph node.

LNC: lymph node cells.

MHC: Major Histo compatibility Complex.

n-DNA: native, double-stranded DNA.

NZB: New Zealand Black mouse.

NZW: New Zealand White mouse.

Poly A: polyriboadenylic acid (polyadenylic acid).

SC: spleen cells.

S. E. M. : standard error of the mean.

SLE: systemic lupus erythematosus.

Splx: splenectomy, or splenectomized.

Thyx: thymectomy, or thymectomized.



Abstract

A study of the lupus-like disease of the

(NZB x NZW) Fl hybrid mouse.

Serial serum samples from NZB/NZW Fl (B/W) mice were studied

by sucrose density gradient ultracentrifugation and filter radio

immunoassay for the immunoglobulin class of antibodies to double

stranded DNA and single-stranded RNA (Poly A). These antibodies

occur spontaneously during the course of an autoimmune disease

resembling systemic lupus erythematosus.

Study of serum samples at 2-week intervals showed the sequen

tial appearance of 198 followed by 7S anti-nucleic acid antibodies,

in the following sequence: female anti-DNA (6 months), anti-Poly A

(7 months) and male anti-DNA (9 months), anti-Poly A (11 months).

The more severe disease in female mice is correlated with an

earlier appearance of 7S anti-DNA antibodies.

In order to examine in greater detail, factors which influence

the sequential and ordered appearance of anti-nucleic autoantibod

ies, B/W mice were subjected to sham surgery or neonatal thymectomy

and/or splenectomy and studied for immunoglobulin class of anti

bodies to DNA and Poly A at 1 to 13 months of age. Sera were

examined by sucrose density gradient ultracentrifugation and

filter radioimmunoassay, for the immunoglobulin class of anti

bodies to DNA and Poly A.

In sham-operated controls, at all ages studied, appearance of

anti-DNA and anti-Poly A antibodies were the same as described





above. Both thymectomy and splenectomy caused earlier death in

male mice, whereas females lived significantly longer after thy

mectomy. Neonatal thymectomy in males caused a premature switch

from IgM to IgG antibodies to DNA, but it had a transient effect

in females. Thymectomy almost completely prevented the late

switch to IgG antibodies to Poly A in both sexes. By contrast,

splenctomy promoted the formation of IgG antibodies to Poly A in

male mice.

These results suggest that the newborn B/W thymus and spleen

contain regulatory cells and/or factors exerting different control

ling influences on spontaneous antibodies to DNA and Poly A. Male

B/W mice appear to be under the regulatory influence of suppressor

cells, whereas the predominant regulation in female B/W mice

appears to be a helper effect.

The role of sex hormones was investigated in an attempt to

establish their influence on the anti-nucleic acid autoantibody

response. Castration experiments were performed to determine

these effects. B/W mice were either castrated or subjected to

sham surgery at 2 weeks of age and studied for immunoglobulin

class of antibodies to DNA and Poly A, at 4, 6, and 7 months

post-surgery. Prepubertal castration of males caused premature

death in 60% of mice. Castrated males had a significant decline

in their serum testosterone concentration, an increase in DNA and

Poly A binding, and an accelerated switch from 198 to 7S antibodies

to nucleic acids. Castrated females given maintained androgen

treatment had a decreased mortality compared to castrated females

receiving estrogen (14 vs. 94%). The anticipated switch to 7S
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antibodies to Poly A was almost eliminated in castrated females.

These results suggest that sex hormones modulate immunologic

regulation and that androgenic hormones are protective in murine

lupus.

The genetic contribution of the NZB and NZW mouse to the

antigen-induced, macrophage dependent lymph node T cell prolifera

tive response to d-DNA-mRSA, in the Fl hybrid B/W was examined.

The primed T cells were challenged in vitro with antigen-presenting

cells from BALB/c, DBA/2, NZB, NZW, or B/W mice. The antigen

presenting cells were pulsed in vitro with d-DNA-mBSA. B/W T cells

primed to d-DNA-mBSA were induced to give a substantial prolifera

tive response, as measured by *H-thymidine incorporation, only by

antigen-presenting cells from B/W or NZW, but not from NZB, BALB/c,

or DBA/2. The T cell proliferative response was shown to be

antigen-specific, and dependent upon the presence of antigen

presenting cells. These results suggest that the autoimmune

response of B/W mice to DNA occurs primarily through the NZW H-2

haplotype of their own (B/W) antigen-presenting cells.



Chapter I

General Introduction

This dissertation presents a study of the immune system when

immune responses lead not to benefical results, but instead to

detrimental effects, leading to autoimmune disease. It is only

within the last few decades that the study of the immune system

has become a scientifically independent discipline. Although the

concept of immunity, the ability to overcome infectious diseases,

has been known since ancient civilizations, it has only been

relatively recently, that sufficient foundations have accummulated

to allow Immunology to stand on its own development, independent

of its well-spring, Bacteriology.

The Chinese, as early as the 15th century, knew that if an

individual were deliberately exposed to small pox material, that

individual (if he or she survived) would not contract smallpox

again (Humphrey and White, 1971). This type of treatment is

generally called immunization or variolation ( variola meaning

small pox). The use of small pox material for such immunization

was usually obtained directly from pox vesicles. It was not used

in any standarized qualitative or quantitative manner and must

have resulted in many cases of disfiguration and death. Eventu

ally, it was discovered that if material from cow pox vesicles was

used, then the threat of contracting small pox directly was reduced,

but immunity to small pox still developed. This procedure, of





using a less virulent form of pox to protect against small pox was

first systematically investigated by Edward Jenner, in the 1790's.

He termed his immunization procedure variole vaccinae ( vacca

meaning cow). Nearly a century later, (1885) Pasteur, in honor of

Jenner, termed his own immunization techniqe vaccination. Pasteur

et al. 1884, developed methods in which attenuated infectious

microbes were used to confer immunity. In concept, this was in

direct line from the use of cow pox to vaccinate against the the

threat of small pox.

With Pasteur was born the discipline of experimental Bacteri

ology, and with it the scientific study of immunity. It was at

the Pasteur Institute that Roux in 1888, described the ability of

immune serum, that is serum from an animal immunized to bacterial

exotoxin in this instance, to neutralize the effects of exotoxin.

They termed the immune serum anti-toxin. In 1890, von Behring and

Kitasato discovered that immunity to tetanus toxin could be trans

ferred to non-immunized animals by giving those animals anti

tetanus toxin serum. With time anti-toxins were called anibodies.

Buchner, in 1896, noticed that the bactericidal activity of immune

serum was dependent on a heat-labile constituent. This factor was

called alexine, now known as complement. Bordet, in 1895, demon

strated that for effective bactericidal activity of immune serum,

two factors were required, one heat-labile (complement), and the

other heat-stable (antibody). The mechanism immunity against

infectious agents, (microbes and their toxins) was thus completely

explainable by the action of complement and antibody.
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At the same time that the above experimentalists were making

their formulations about the mechanisms of immunity, Metchnikoff

was postulating the importance of phagocytosis (the ability of

motile cells to engulf material of exogenous origin). In 1901,

Metchnikoff, through his studies on phagocytic cells, emphasized

the importance of cells, phagocytic cells, in defending the body

against invading foreign organisms. The relative importance of

humoral immunity (antibody and complement) versus cellular immun

ity (phagocytosis) was argued, until Wright and Douglas in 1903,

reconciled these differing schools, by showing that antibodies can

faciliatate the phagocytic process. Opsonization was the term used

to refer to this ability of antibodies, which were themselves

called opsonins.

The stimulation of the immune response was, quite naturally,

considered to have no ill effects whatsoever, an immune response

was all to the good. However, in 1902, Portier and Richet discov

ered that dogs, who had survived a first injection of sea anemone

tentacle extract, became violently ill and died when given subse

quent injections of the extract. This reaction occurred within a

few minutes. Thus, the conferring of immunity in this instance

was not beneficial, but lethal. The phenomenon was call anaphylaxis,

to point out its distinctly opposite effect from prophylaxis.

Near the same time (1905), von Pirquet and Schinck, found that the

treatment for diphtheria, which involved the injection of horse

anti-diphtheria toxin to patients, caused a series of severe

symptoms apart from anaphylactic reactions. This was called serum





sickness, and is known to be caused by immune complexes (antibody

combined to the agent, antigen, which induced its production).

Arthus, in 1903, described a localized form of anaphylaxis, usu

ally seen in the skin, which after the initial sensitizing injec

tion, with antigen, could upon subsequent injections, cause inflam

matory reactions which could lead to tissue damage so severe as to

cause necrosis.

Thus, the immune system was capable of producing pathological

changes. Diseases resulting from effects of the immune system are

called immunopathological diseases. The diseases mentioned above

were caused indirectly by the immune system, in that the antigen

which the immune response was directed agianst, was not a consti

tuent of the body itself. Ehrlich (1900) noticed that the immune

system was very reluctant to produce antibodies against itself.

This concept is now termed self-tolerance. It is one of the

fundamental properties of the immune system and a key to the full

comprehension of how the immune system functions.

During the development of the ideas regarding the nature of

antibodies and their mechanism of action, Koch had shown another

type of immune response. When an animal was rechallenged under

the skin, with an extract from tubercle bacilli (tuberculin), an

inflammatory reaction occurred. This took two days to fully

develop, whereas anaphylaxis (immediate hypersensitivity), could

take only a matter of minutes. Koch in 1890, referred to this

type of reaction as bacterial allergy. It was not until 1945,

that Chase demonstrated that delayed-type-hypersensitivity to

tuberculin could be trans-ferred to an unimmunized individual by





cells rather than serum. The tuberculin reaction and the ability

to transfer the tuberculin sensitivity by cells constitute the

classical examples of cell-mediated immune responses (cellular

immunity).

The exquiste specificty of antibodies had been appreciatd for

many years, but Landsteiner, in 1900, was one of the first to use

this outstanding property of antibodies. Landsteiner used small

molecules, called haptens (Landsteiner, 1921). Haptens themselves

do not elicit an antibody response when used for immunization. He

chemically coupled to larger molecules ( carriers of the haptens),

which were immunogenic. By this method, he was able to induce

antihapten antibodies. These antibodies were used to probe the

nature of antibody specificity. He found that the conformation or

configuration of the hapten is more important than its chemical

nature, that is, the shape of the hapten is what is recognized by

antibody (Landsteiner, 1917; 1945). In 1938, Tiselius and Kabat

showed that antibodies belong to the gamma-globulin fraction of

serum. This was done by using the technique which Tiselius devel

oped, of separating serum proteins in an electric field, the

various classes of proteins migrating to different locations

depending on their overall charges (Tiselius, 1937).

In 1948, Fagraeus, showed the correlation of antibody forma

tion and the development of plasma cells, which secrete antibody.

The development of the fluorescent antibody technique by Coons in

1956, lead to the demonstration that lymphoctyes have antibody on

their surfaces. However, it was not appreciated that the lymph

ocyte was the direct precursor of the antibody producting cell.
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In 1956, Glick et al. found that chickens which had their bursa of

Fabricius removed, could not make antibody when immunized. In

1962, Warner, et al. demonstrated that bursectomized chickens

still retained the ability to reject allografts (grafts of tissue

from one individual to another of the same species). Mitchinson

had already showin in 1954 that rejection of an allograft was due

to lymphoid cells and not antibody. Thymectomy was shown to

reduce the capacity for allograft rejection (Aspinall, et al.

1963). Miller had earlier shown in 1961, that thymectomy impaired

the ability to produce antibodies but that this could be reversed

if the thymectomized animal was given thymus grafts. Thymus

dependent areas of lymphoid tissues were recognized by Waksman, et

al. in 1962, who noted that after removal of the thymus, certain

areas of lymphoid tissues were depleted of lymphocytes. In 1964,

Warner and Szenberg concluded that the immune system of the chicken

was composed of two functional components. The bursa of Fabricius

was involved in antibody production and the thymus in allograft

rejection.

Concurrent with these animal experiments, clinical studies by

Good, et al. 1968, established that patients with immunodeficiency

diseases showed a spectrum of effects on their immune system. At

one extreme of the spectrum were patients with Bruton's sex-linked

agammaglobulinemia, in which the capacity for antibody production

was lacking, while cell-mediated immunity was intact. DiGeorge

syndrome was the other extreme, in which cell-mediated immunity

was lacking, but antibody production was only slightly affected.

The separation of the immune system into two compartments was also
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worked out for many other mammals, with the thymus controlling

cellular immunity and the mammalian bursa-equivalent controlling

antibody production. Roitt, et al. 1969, suggested the termin

ology of B cells for bursa-equivalent-derived lymphocytes, and T

cells for thymus-derived lymphocytes.

The relationship between B cells and T cells in antibody

production was shown by Claman, et al. in 1966. Neither B cells

alone or T cells alone were sufficient for good antibody responses.

Claman found that only when B cells and T cells were acting syner

gistically could good antibody production occur. In 1968, Mosier,

discovered that a third cell type was required for optimal antibody

responses. This cell was a plastic or glass-adherent phagocyic

cell, presumably a macrophage. That the B cell and not the T cell

was actually the cell which secreted antibody was demonstrated by

Mitchell and Miller in 1968, and Davies, et al. in 1967. With

these findings, that cellular cooperation between T cells and B

cells and macrophages was required for maximum antibody responses

toward most antigens, interest naturally turned to a more intense

search in trying to understand the mechanisms involved in the

regulatory aspects of antibody production. With the discovery of

T cells which could suppress rather than help an immune response

(Baker, et al. 1970a,b; Gershon and Kondo, 1972), great attention

has been focused on the subpopulations of T cells which are invol

ved in establishing a balance within the immune system. A balance

permitting a vigorous immune response but also limiting that

response, so that the individual is not exposed to factors which

could lead to immunologically related diseases.
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The current concepts of how cells of the immune system commun

icate and cooperate among themselves in order to regulate the var

ious functions of the immune system, grew out of the work on the

mechanisms of tumor growth. One of the major technical difficul

ties in the 1900's was the propagation of tumor lines from mouse

to mouse. More often than not, tumor lines were lost because a

graft or transfer of tumor cells from one mouse in which the tumor

was growing, into another mouse would result in the second mouse

rejecting the tumor. Jensen in 1903, and Loeb in 1908, discovered

that if tumor passage was maintained in a single inbred strain of

mouse those tumors could be successfully transferred from one

individual to another. The key to this was that the mice used

were highly inbred. This meant that the individuals within any

one inbred strain were syngeneic, that is, genetically indentical

(or nearly so). In 1914 Little postulated the genetic theory of

transplantation. The theory proposed that susceptibility to a

tumor transplant was determined by several dominant genes. The

genetic theory was confirmed by Little and Tyzzer in 1916. The

genetic theory of transplantation had two major effects, one of a

practical nature, the other theoretical. With the firm evidence

that tumor lines could be kept by using inbred strains of mice,

this stimulated the development of many different inbred mouse

strains. Without the availability of these strains of mice, much

of the rapid growth of immunology would have been blunted. The

use of genetically identical individuals meant that genetic sources

of variability in experiments could be greatly reduced. Also

larger quantities of immunological material, such as antiserum,
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could be obtained, by pooling material from many mice of one

inbred strain. The theorectical importance of the use of inbred

strains for tumor transplantation was that the concept of geneti

cally controlled susceptibility to different tumors, also meant

that different inbred stains or individuals with different genetic

backgrounds behave toward tumors very differently (Klein, 1975).

Some were highly susceptible to tumor growth, while some were

completely immune. The genetic rules of tumor transplantation set

down by Little are as follows (Gotze, 1977): 1) tumor grafts

between individuals of the same inbred strain (syngeneic) are

accepted, 2) tumor grafts across inbred strains (allografts) are

rejected, 3) tumor graft from a parent into one of its hybrid

offspring, (AxB) Fl is accepted, but a graft of tumor from an Fl
into one of its parents in rejected.

In 1933, Haldane formulated an important concept, that of

alloantigens. An alloantigen would be the difference between the

products coded for by alleles of two individuals from the same

species. Haldane postulated that tumors were rejected, not because

the tumors were antigenically different from normal tissue, but

because the tumors had the same tissue antigens (alloantigens) as

the host in which they successfully grew, and that these tissue

antigens were different for the various inbred strains of mouse.

The unsuscep tible inbred strains were simply rejecting the tissue,

(neoplastic or normal) from another inbred strain, because these

two strains had allelic differences, which meant that their genetic

ally coded products were antigenic to one another.



:

j



13

In 1936, Gorer described the first system of alloantigens in

mice. These were blood group antigens, Antigen I, II, III, IV,

from three inbred mouse strains, detected by antisera raised

against the different strains. From sequential antiserum absorp

tion studies, Gorer found that Antigen II was present in two of

the strains but absent from the third. Also, the two strains

which did have Antigen II had it in different amounts. With the

use of these alloantigens as genetic markers, Gorer began to study

tumor susceptibility and its relationship to these genes. In

1938, Gorer discovered that susceptibility was determined by two

or three genes, one of which was identical to the gene for Antigen

II. These findings implied that the genes for tumor susceptibility

were the same as the genes coding for alloantigens, and that since

alloantigens were involved in tumor rejection, then the rejection

of tumor grafts was most likely to be due to immunological proces

ses. Gorer in 1948 proposed the immunological theory of transplant

ation. The theory stated that normal and neoplastic tissue have

antigens which are determined genetically. The presence of these

antigens on a graft will cause that graft to be rejected by a

recipient who does not also share those same alloantigens. The

mechanism of rejection is immunological in nature.

Medawar in 1944 recognized the relationship of tumor rejection

and transplantation and demonstrated that rejection of normal

tissue was accomplished by immunological mechanisms, by showing

that the rejection of transplanted tissue had the three character

istics of the immune system. The first was memory: second set

grafts were rejected more quickly than primary grafts of genetic
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ally similar tissue. The second was specificity: secondary respon

ses were limited only to grafts which had been encountered previ

ously. When using a tissue for the second graft which was not

from the same donor as the first graft, rejection of the second

graft occurred in the same amount of time as for a primary graft.

The third char acteristic was discrimination of self antigens from

non-self antigens. Tissues grafted from mice of the same inbred

strain, which were genetically identical and therefore shared the

same antigens, were not rejected, whereas grafts from other strains,

which had different antigens were rejected.

Snell, in 1948, designated the antigens responsible for

tissue compatibility as histocompatibility antigens, and the genes

coding for these antigens as histocompatibility genes or H-genes.

Snell recognized that in order to study the genetics of histocom

patibility, the genes must be separated and identified. This

could only be done by developing mice which differed from each

other by only one gene locus. The mouse lines which Snell devel

oped were called congenic resistant inbred lines. Gorer, et al.

in 1948, confirmed the identity of the tumor-resistant gene with

that of the gene for Antigen II. This gene was called the H-2

ene. H-2 differences between congenic strains resulted in more

effective immune rejec tion of tumor grafts, than if the congenic

strains had the same H-2 genes, but differed in their non-H-2

genes. From this Snell in 1958, designated two types of histocom

patibility genes. Weak genes, in which differences between two

strains would result in chronic rejection of allografts, and

strong genes which were responsible for the acute rejection of
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allografts. The weak genes were minor H-genes, and the strong

genes, major H-genes. Through continued examination of the H-2

gene, it was found that there were many genes involved or linked

to the H-2 gene, and therefore the H-2 gene was recognized to be a

system or complex of genes and therefore called the Major

Histocompatibility Complex (MHC). The H-2 genes are the only ones

known to be of the major histocompatibility type in the mouse, all

other H-genes (non-H-2 genes) are of the minor histocompatibility

class.

Through the study of other species, including man, there

appears to be one chromosome region for each species which contains

the major (strong) histocompatibility complex. Therefore MHC is

used for any species, with the H-2 being specifically a designa

tion of the mouse MHC, and HLA being the MHC for humans. Further

analysis, by many investigators has shown that there is an enormous

degree of polymorphism of the H-2 complex, that is, there are many

alleles for any one gene of the MHC. This seems to be one of the

unique characteristics of the H-2 complex and the MHC in general.

There is much interest in trying to explain how and why evolution

ary pressures have maintained such a polymorphic system.

Even though the MHC of the mouse was interesting for some,

the importance of the H-2 complex was not easy to explain. The

rejection of allografts was not considered to be of a primary

biological con cern. However, in 1964, the biological importance

of the H-2 complex became important. Lilly, et al. 1964, showed

that the susceptibility to Gross virus was controlled by a gene

closely linked to, if not actually within the H-2 complex (Lilly,

1970). This was later shown to be true for other leukemia viruses
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as well (Lilly, and Pincus, 1973). In 1965, McDevitt and Sela

demonstrated that the antibody response to a synthetic polypeptide

was controlled genetically and that the genes responsible for this

control ( immune response genes, Ir-genes) were located within the

MHC (Benacerraf and McDevitt, 1972). Bain, et al. 1964 and Bach

and Hirshhorn, in 1964, also demonstrated that when lymphocytes

obtained from two different inbred mouse strains, were cultured

together in vitro, cellular transformation of the lymphocytes to

blast cells and cellular proliferation occurred (this technique is

called the mixed lymphocyte reaction or MLR). They found that the

MLR was due to antigens coded for by the MHC.

Zinkernagel and Doherty (1974a,b; 1975) found that the MHC

was also involved in the cellular reaction to virus infected

cells. For T cells to cause damage or kill virus infected target

cells, the target and the T cells must be of the same H-2 type.

These findings and those of others led to the idea that T cells

recognize not only antigen but also MHC antigens, and that in fact

T cells would not react to antigen unless they could also interact

with the same MHC antigens that they themselves carried. These

findings were interpreted as evidence for the requirement of

self-recognition in the immune system. The MHC antigens served as

markers to distinguish self from non-self (non-self included MHC

antigens from other individuals or MHC altered by association with

an antigen). The work of Rosenthal and Shevach in 1973, showed

that the MHC was also involved in the recognition and cellular

interactions between T cells and macrophages.
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Through tissue transplantation and serologic analysis of the

MHC of the mouse, various regions have been identified within the

H-2 complex. The map of the H-2 complex is diagramed below.

Centromere K I S G D telomere

The K and D regions for the most part are the genes which code for

the antignes that are recognized in tissue rejection and immune

responses against virus infected cells, generally most T cell cyto

toxic responses. The I-region controls the ability to respond to

soluble antigens. The I-region also codes for the antigens which

cause proliferation in the MLR. Antigens coded for by the I-region

are termed Ir-region associated ( Ia ) antigens. The S-region is

shown to be involved in the control of various serum proteins of

the complement system. The G-region codes for certain red cell

antigens. The MHC haplotype of an animal refers to the alternate

form of the whole H-2 complex from one inbred strain to the next.

Thus the haplotype for the New Zealand Black mouse is H-2", whereas

the New Zealand White is H-2°. The alternate forms of genes at a

single locus or of a subregion and region are called alleles, and

designated H-2K", H-2D", Or H-2K", H-2D* , and so on (Klein, 1975).

As discussed previously it was thought that the immune system

was incapable of making antibodies against itself. However,

Donath and Landsteiner described the first autoantibodies in 1904.

These antibodies were directed against red blood cells. The link

between anti-red cell antibodies and disease was not made until

1938, when Dameshek and Schwartz discovered autoimmune hemolytic

anemia. Thus with the proof that an autoimmune reaction was

possible, an explanation of why autoimmunity was not a common
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occurrance was required. Burnet and Fenner, in 1949, postulated

that tolerance to a self antigen would result because the antigen

was present during a time when the immune system was vulnerable to

tolerogenesis rather than to immunogenesis. Furthermore, the

tolerant state resulted from the deletion of those clones of cells

which had the capacity (that is the antigen receptor) to recognize

and react to self-constituents (self antigens). Part of this

hypothesis was confirmed by Billinham, et al. in 1953. They gave

newborn mice an injection of foreign cells. When these mice matured,

they did not reject skin grafts from mice of the same strain which

were used as the source of the foreign cells. However, the mechan

ism of how tolerance works is not known. Whether clonal deletion

as described by Burnet is the primary pro cess, or whether other

types of mechanisms, such as T suppressor cells are also involved

is an area of intense investigation.

The concept of self-non-self recognition is fundamental to

the understanding of immunology. Any theory or model which postu

lates mechanisms, pathways, or rules which govern the workings of

the immune system, must explain the essential point of why self

constituents of the body do not invoke an autoimmune response,

when the immune system has the capacity to respond to a seemingly

endless variety of antigens, even artifically synthesized antigens.

That the immune system is subject to a breakdown or circumvention

of its control apparatus is amply demonstrated by the existence of

autoimmune diseases, in humans, and animals, both spontaneous and

experimentally induced.
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One of the classic examples of an autoimmune disease is

systemic lupus erythematosus, and its animal model counterpart,

the NZB/NZW Fl hybrid mouse. The New Zealand Black (NZB) mouse

strain was developed by Bielschowsky, and the New Zealand White

(NZW), by Hall (Howie and Simpson, 1976). During the development

of the inbred NZB strain, it was noticed that the NZB mice devel

oped an autoimmune hemolytic anemia (Biels chowsky, et al. 1959).

Through hybridization studies, the autoimmune characteristic was

found to be a dominant trait (Howie and Heyler, 1968). One of

these hybrids, the NZB/NZW Fl (B/W), developed instead of hemolytic

anemia, characteristics of lupus nephritis. This was first des

cribed by Helyer and Howie in 1963. B/W mice develop high titers

of anti-nuclear antibodies as well as anti-DNA and anti-RNA anti

bodies (Talal and Steinberg, L974). These antibodies and anti

viral protein antibodies are involved with the immunue-complex

glomerulonephritis (Lambert and Dixon, 1968), which often becomes

life-threatening. The murine lupus also shares with the human

lupus the characteristic of being a predominantely female disease.

B/W and W/B mice are indistinguishabe in their diseae severity

(Ghafar, et al. 1971; Burnet and Holmes, 1965), therefore the

disease is not sex-linked, nor dependent upon in utero influences.

However, as will be described in Chapter V, sex hormones do have

profound effects on the course of the murine lupus disease.

Murine lupus is a very complex disease, as is the human

disease. The human disease is difficult to diagnose, because the

variety of symptoms can resemble many other diseases. The B/W

disease is genetically determined, (Howie and Helyer, 1965; Howie



20

and Simpson, 1976), but also influenced by environmental factors

(Barnes, et al. 1967; Shulman, et al. 1964). Thus the end result,

which manifests itself as an aberrant immune response leading to

an autoimmune disease, is not due to any one factor, but to a

series or accumulation of complex causes. The experiments described

here examine various aspects of the B/W lupus-like disease, each

aspect in itself important, but also contributing to the overall

autoimmune process. As mentioned earlier, the major features of

the B/W disease are immune-complex glomerulonephritis, anti-nucleic

acid antibodies, and the sex differences in disease severity.

The first experiment described in the dissertation examines

the development of anti-nucleic acid autoantibodies (Chapter II).

From the observations made in Chapter II, the following chapters

proceed to study in greater detail certain properties of the B/W

disease. Chapters III and IV deal with the major lymphoid organs,

the thymus and spleen, and their involviment in the B/W autoimmune

disease. Chapter W investigates the influence of the sex hormones

on murine lupus, especially on the anti-DNA and anti-RNA antibodies.

Chapter VI examines the cellular interactions between macrophages

and T cells in the immune response of B/W mice. finally, Chapter

VII ends with some concluding remarks and a brief summary of the

conclusions reached in this dissertation.
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Chapter II

Sequential switch from IgM to IgG in NZB/NZW Fl mice

Introduction

NZB/NZW Fl (B/W) mice spontaneously develop antibodies to

nucleic acids and immune-complex glomerulonephritis which is very

similar to that occurring in human systemic lupus erythematosus

(SLE) (Howie and Helyer, 1968). Genetic, immunologic, and viral

factors have been implicated in the pathogenesis of the disease in

B/W mice (Howie and Helyer, 1968; Lambert and Dixon, 1968; Mellors

and Huang, 1966) and in SLE (Talal, 1970). There is a striking

difference in disease severity between male and female B/W mice.

As in human SLE, females develop the disease much earlier and with

more severity than do male mice.

The underlying mechanism of renal damage is related to deposi

tion of anti-nucleic acid and anti-viral immune complexes (Lambert

and Dixon, 1968; Yoshiki, el. al., 1974). By studying the develop

ment of 198 and 7S antibodies to DNA and RNA in male and female

B/W mice, it was possible to learn whether there was a regular

ordered appearance of these autoantibodies suggesting an element

of immunological regulation, or whether they appeared in a random

fashion. The results suggest a regulated immune response to these

nucleic acids and a marked difference between male and female B/W

mice.
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Materials and Methods

Mice. B/W mice from our colony maintained at the University

of California Vivarium (San Francisco) were bled by orbital sinus

puncture. The blood obtained was pooled by age and sex and the

serum stored at -20 C. Ten to fifteen animals were used for each

group.

In order to avoid undue stress, chronic anemia, and artifical

depletion of antibody due to repeated bleedings, the male and

female mice were subdivided further into two identical groups.

Blood was obtained at 2-week intervals alternating between each

group. In this way, mice were bled only once each month. When

mice reached 26 weeks of age, the groups were combined and blood

was obtained monthly thereafter.

Fractionation of serum. Mice were bled and the blood allowed

to clot at room temperature for 1 hour and left at 4 C overnight.

Serum was separated by centrifugation at 1000 X g for 15 minutes.

Serum was pooled. Two hundred microliters of pooled serum samples

were subjected to ultracentrifugation in a 10 to 35% sucrose den

sity gradient (0.15 M NaCl, pH 8.0). Three proteins of known

sedimentation constants were run in a companion gradient and

served as reference markers. Gradients were collected dropwise

into 40 fractions. Peak fractions were tested for immunoglobulin

content. In the 198 region (fractions 10-20) only mu-chain could

be detected by Ouchterlony analysis, whereas in the 7S region

(fracions 20-30) gamma-chain, but not mu-chain, was present. Each

fraction was analyzed for antibody to DNA and RNA. To determine
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the specificity of binding, monospecific rabbit anti-mouse mu-chain

and anti-mouse gamma-chain were added to peak fractions from the

198 and 7S regions, respectively. Anti-mu inhibited DNA binding

between 77 and 100%, while anti-gamma inhibited binding between 66

and 78%. Addition of goat anti-mouse albumin to these gradient

fractions had no inhibitory effect.

Anti-DNA and anti-RNA assays. Antibodies to DNA and to

Poly A were measured by cellulose ester filter radioimmunoassay

(Attias, et. al., 1973). The nucleic acids were double-stranded

*H-KB cell DNA (from Electronucleonic, Inc., Bethesda, Md.) and

*H-polyriboadenylic acid (from Miles Laboratories, Elkhart, Ind.).

The latter is a synthetic single-stranded RNA. The radioactive

antigens (750 cpm/7.74 ng Poly A; 700 cpm/3 ng DNA) were incubated

with 10 microliters of undiluted/decomplemented serum or with 50

microliters of each gradient fraction for 30 minutes at 37 C

followed by an overnight incubation at 4 C. The antigen-antibody

mixture was then diluted with buffer and passed over a cellulose

ester filter under suction. The filters were placed in counting

vials and covered with 10 ml of Liquifluor-toluene scintillation

medium. Radioactivity was determined in a Packard liquid scintil

lation counter. The results are expressed as corrected cpm retained

on the filter, a value which is directly related to serum concen

tration (Attias, et. al., 1973).

Calculation of 7S: 198 ratios. The radioactive binding pro

files showed clear distribution into 7S and 198 peaks of a citivity

after sucrose density gradient fractionation. The graphed 7S and

198 peaks of the gradients were cut out and weighed. The weight
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of peaks for the same nucleic acid binding activity within a

single gradient were compared for determination of 7S: 198 ratios.

Results

Appearance and development of antibodies to DNA. Whole serum

from 4-week-old male and female B/W mice bound approximately the

same amount of DNA (Fig. 1); however, female mice bound DNA mostly

by 7S antibodies whereas male mice bound DNA mostly by 198 antibod

ies (Table 1). The amount of DNA bound by whole serum rose from

4-8 weeks of age in female, but not in male, mice. DNA binding

declined in both sexes by 10 weeks of age. From 10-24 weeks, male

and female mice bound approximately the same levels of DNA

Although the total amount of DNA bound by whole serum from

male and female mice was similar, the gradient profiles of the

sera showed marked differences. Male mice bound DNA predominantly

by 198 antibodies until 36 weeks of age when DNA was bound as much

by 7S as by 198 antibodies (Table 1). By 44 weeks of age, DNA was

bound five-fold more by 7S than by 19S antibodies. The increased

levels of 7S antibodies to DNA paralleled the increase binding of

DNA by whole serum in male mice. Only when the switch to mostly

7S antibody production occurred did the level of DNA bound by

whole serum increase (Fig, 1 and Table 1).

The pattern in female mice is similar except for two differe

nces: (1) the switch from 198 to 7S antibodies for DNA occurred at

an earlier age and (2) there was a transient disappearance of 7S

anti-DNA antibodies. From 6-16 weeks, females resembled males in
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Table 1. Ratio of 7S: 19s antibodies to nucleic acids in
NZB, NZW F1 mice of different ages t

|
|DNA Poly A

Age
-

(weeks) Male Female Male Female |
4. 0-74 1-94 0 0
6 0-33 0-71 0 0
8 0-13 0-90 0

10 0-18
-

0 0

12 0-47 0-42 0 o |
14 0-69 0-87 0 0
16 0-24 0-04 0 0.04
18 0-62 0-05 0-64 0

20 0-70 0-49 0 0

24 0.49 2-59 o 0
28 0-56 7-43 0-43 3-06

32 —t —t —f —t
36 1-12 3-90 0 2-61
40 2-34 > * 0-19 20* |

44 4-88 12-59 1-08 433
i

* Infinity (oc) designates the presence of 7S without
detectable 198 antibodies.

f Serum not fractionated on sucrose gradient.
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Figure 1. Anti-DNA ( ) and anti-Poly A (–––) anti
body activity of whole serum from male (º, C) and female |
(e, O). BW mice. Solid symbols = DNA; open symbols =
Poly A.
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Figure 2. (a) Switch to predominantly 7S anti-DNA anti
bodies in 24-week B/w female mice. (b) Absence of switch
to predominantly 7S antibodies in 24-week B/W male mice.
Pooled serum fractionated by sucrose density gradient ultra
centrifugation. Gradient fractions assayed for antibodies to
[*H]DNA.
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Figure 3. Switch to 7S as well as 19s anti-Poly A antibodies
in 44-week B/W male mice. Pooled serum fractionated by
sucrose density gradient ultra-centrifugation. Gradient
fractions assayed for antibodies to [*H]Poly A. |
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that DNA was bound primarily by 198 antibodies. However, at 16

and 18 weeks of age, detectable 7S antibodies to DNA were suddenly

absent. By 20 weeks 7S antibodies were again detectabe (Table 1).

At 24 weeks of age, female mice bound DNA 2.5-fold more by 7S than

by 198 antibodies, whereas male mice bound DNA more by 198 anti

bodies (Fig. 2, and Table 1).

Again, the presence of mostly 7S rather than 198 antibodies

to DNA paralleled the increase in DNA binding by whole serum (Fig.

1 and Table 1). Once the commitment to produce primarily 7S

antibodies to DNA was made, the amount of DNA bound by whole serum

in both sexes consistently increased with age (Fig. 1).

Appearance and development of antibodies to Poly A. The

development of antibodies to a synthetic single-stranded RNA (Poly

A) followed a different course from antibodies to DNA. Poly A was

bound almost exclusively by 198 antibodies in male mice until 44

weeks of age when it was bound equally by 19S and 7S antibodies

(Fig. 3 and Table 1).

In female mice, Poly A was bound solely by 198 antibodies

until 28 weeks of age, when 7S antibodies to Poly A appeared

suddenly (Table 1). As with the response to DNA, the total amount

of Poly A bound by whole serum in both sexes increased with age

once 7S antibodies became predominant (Fig. 1).

Discussion

There are five main points that emerge from this investiga

tion: (1) the synthesis of antibodies to DNA as early as 4 weeks

of age; (2) the sequential appearance of 198 followed by 7S anti
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bodies to nucleic acids; (3) the earlier commitment (by about 3

months) to predominantly 7S antibodies for both DNA and Poly A in

female compared to male B/W mice; (4) the transient disappearance

of 7S anti-DNA antibodies in female B/W mice at 16-20 weeks and

(5) the switch from 198 to 7S antibodies for DNA and Poly A occur

red independently in time (earlier for anti-DNA).

At the age of 4 weeks, there was a noticeable difference

between male and female B/W mice. While female mice had predomi

nantly 7S antibodies to DNA, male mice had predominantly 198

antibodies. This difference was quantitative rather than qualita

tive, since male mice had some 7S antibodies to DNA as well.

Although these early 7S antibodies to DNA could be maternally

derived, 198 antibodies are not thought to be transmitted from

mother to young (Brambell, 1970). Since offspring of both sexes

would presumably receive the same exposure to maternal 7S antibod

ies, this quantitative difference is difficult to explain on the

basis of maternal antibody.

By 10 weeks of age, 7S: 198 antibody ratios in both sexes were

similar, as were the concentrations of DNA and Poly A bound by

whole serum. Immune-complex deposition, with primarily the IgG

antibody class, contributes to the glomerular lesions in female

B/W mice and can be detected as early as 12-20 weeks of age

(Lambert and Dixon, 1968). At 16 weeks, detectable 7S antibody

to DNA was suddenly absent from the serum of female B/W mice.

Most likely, formation of immune-complexes containing IgG was the

cause. At 20 weeks of age, the 7S antibodies to DNA reappeared,

associated with a switch from 198 to 7S antibody production.
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There was no comparable decline in 198 anti-DNA antibody, suggest

ing that immune-complex formation with 198 antibody may be minimal.

The striking sex difference characterized by more severe

disease in female B/W mice is related to an early switch from 198

to 7S anti-nucleic acid antibodies. Helper T cells are normally

required for this switch to occur (Grumet, 1972; Pierce and Klinman,

1975). These results are consistent with the generally greater

immune response in female mice to many antigens (Terres, et. al.,

1968; Eidinger and Garrett, 1972; Batchelor, 1971).

The existence of a disordered regulatory mechanism control

ling the sequential age-dependent appearance of antibodies to

nucleic acids in B/W mice seems a likely explanation of these

findings. Regulation might be related to the antigenic stimulus,

to the action of endogenous viruses, or to abnormalities of B

cells, T cells, or macrophages. Anti-thymocyte antibodies (Shirai,

et. al. 1972a, b) and reduced concentrations of thymic hormones

(Bach, et al., 1973) may contribute to disordered immunological

regulation (Talal and Steinberg, 1974).

The presence of a residual mechanism exerting control over

spontaneous autoantibody production is an encouraging finding, for

it suggests the possibility of reversing autoimmunity and amelior

ating disease through the introduction of a more adequate and

physiological immune regulatory mechanism.

With the finding that anti-nucleic acid antibodies seem to

follow the basic development of an antibody response, IgM first

then IgG, the effects exerted by the spleen (which is the major

site of IgM antibody production) and the thymus (T cells being
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necessary for IgG antibody production) were examined. These

studies are described in Chapter III and IV. The study of the

function of the sex hormones in the disease of the B/W mice is

described in Chapter W.

Summary

Serial serum samples from NZB/NZW F1 mice were studied byl

sucrose density gradient ultracentrifugation and filter

radioimmunoassay for the immunoglobulin class of antibodies to

double-stranded DNA and single-stranded RNA (Poly A,

polyriboadenylic acid). These antibodies occur spontaneously

during the course of an autoimmune disease resembling systemic

lupus erythematosus.

Study of serum samples at 2-week intervals showed the

sequential appearance of 198 followed by 7S antinucleic acid

antibodies, an earlier commitment to 7S antibodies in female

compared to male mice, and an independent and unrelated switching

mechanism (198 to 7S) for antibodies to DNA and Poly A. The more

severe disease in female mice is correlated with an earlier appear

ance of 7S anti-DNA antibodies. This sequential and ordered appear

ance of antibodies to nucleic acids is discussed in relation to

possible immunologic regulatory mechanisms.
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Chapter III

Early effects of neonatal thymectomy and splenectomy

on the production of autoantibody in NZB/NZW Fl mice

Introduction

The immunological abnormalites of B/W mice suggest a prema

ture development of immunological competence which is probably

manifest at birth (Evans, et. al., 1968). There follows a progres

sive decline in T cell function with loss of suppressor T cells

and inability to induce T cell tolerance to certain antigens

(Staples and Talal, 1969).

Chapter II reported the sequential and predictable appearance

of antibodies to DNA and RNA (polyadenylic acid, Poly A) in B/W

mice (Papoian, et. al., 1977). Antibodies to DNA were detected in

both IgM and IgG as early as 4 weeks of age. There was an earlier

commitment to IgG antibodies in female mice, which was manifest

first for DNA and later for Poly A. It was suggested that a

disordered regulatory mechanism was responsible for these findings,

probably related to the status of helper and suppressor T cells.

In this chapter the effects of the spleen and thymus on the sequen

tial development of anti-nucliec acid antibodies of male and

female B/W mice, within the first two months of life, will be

described.
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Materials and Methods

Mice. Mice used in these experiments were derived from our

colony at the University of California Vivarium, San Francisco,

and were maintained at the Fort Miley Veterans Administration

Hospital. B/W mice were obtained from the mating of NZB females to

NZW males. They were bled by orbital venous plexus puncture at 1

and 2 months postoperatively. Blood was allowed to clot at room

temperature for 1 hour and left at 4 C overnight. Serum was

separated by centrifugation at 1000 X g for 15 minutes. Between

seven and eighteen mice were studied in various experimental

groups (Tables 1 and 2).

Operative techniques. Animals underwent surgical procedures

or sham-operation when 2-3 days of age. They were anaesthetized

by placing them on crushed ice for 1-3 minutes.

(a) Controlled suction thymectomy. Thymectomy was

carried out under a dissecting microscope at a magnification of

1.6. At this magnification, the entire mediastinal cavity was in

the field of vision. The sternal incision was extended from the

manubrium down to the sixth rib, permitting visualization of both

upper and lower poles of the thymic lobes. The lobes were gently

mobilized by disrupting vascular and connective tissue attach

ments. To achieve adequate control of suction intensity, a 3-mm

hole was made in a 5-cm tuberculin syringe barrel which was inter

spersed between the curved Pasteur pipette and the rubber tubing

connecting it to a vacuum outlet. Suction intensity was low.
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Each thymic lobe was engaged by the pipette at the lower pole and

gently teased off. The entire removal process was visual ized

under the microscope. The mediastinal cavity was free from obvious

thymus remnants.

(b) Splenectomy. An incision was made in the left upper

quadrant of the abdomen. The spleen was mobilized and gently

removed. Vascular bundles were cauterized. The abdominal wall was

sutured using 6-0 silk.

(c) Sham procedure. Control mice were sham-operated by

performing the full procedure, but without disturbing the thymus

gland or the spleen.

Experimental mice were distinguished from the sham-operated

animals by tail clipping. To minimize the likelihood of maternal

neglect or cannibalization, the surgical incision and maternal

nasal orifices were painted with parlodion-gentian violet solution

before returning the operated mice to their mothers. No antibio

tics were administered at any time.

Fractionation of serum. Serum samples from all thymectom

ized, splenectomized, thymectomized-splenectomized or sham-operated

mice were pooled separately. Pooled serum samples, 200 microliters

were subjected to ultracentrifugation in a 10-35% sucrose density

gradient (0.15 M NaCl, pH 8.0). Three proteins of known sedimenta

tion constants were run in a companion gradient and served as

reference markers. Gradients were collected dropwise into forty

fractions. Peak fractions were tested for immunoglobulin content.

In the 198 region (fractions 10-20) only mu-chain could be

detected by Ouchterlony analysis, while in the 7S region
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(fractions 20-30) gamma-chain, but not mu-chain, was present.

Each fraction was analysed for antibody to DNA and RNA. To deter

mine the specificity of binding, mono-spec ific rabbit anti-mouse

mu-chain and anti-mouse gamma-chain were added to peak fractions

from the 198 and 7S regions respectively. Anti-mu inhibited DNA

binding between 77-100%, while anti-gamma inhibited binding between

66-78%. Addition of goat anti-mouse albumin to these gradient

fractions had no inhibitory effect.

Anti-DNA and anti-RNA assays. Antibodies to DNA and to Poly

A were measured by cellulose ester filter radioimmunoassay (Attias,

et al., 1973). the nucleic acids were double-stranded *H-KB cell

DNA (from Electronucleonic, Inc., Bethesda, Md.) and *H-polyribo

adenylic acid (from Miles Laboratories, Elkhart, Ind.). The

latter is a synthetic single-stranded RNA. The radioactive anti

gens (750 cpm/7.74 ng Poly A; 700 cpm/3 ng DNA) were incubated

with 10 microliters of undiluted/decomplemented serum or with 50

microliters of each gradient fraction for 30 minutes at 37 C

followed by an over night incubation at 4 C. The antigen-antibody

mixture was then diluted with buffer and passed over a cellulose

ester filter under suction. The filters were placed in counting

vials and covered with 10 ml of Liquifluor-toluene scintillation

medium. Radioactivity was determined in a Packard liquid scintil

lation counter. The results are expressed as corrected cpm retained

on the filter, a value which is directly related to concentration

of serum added (Attias, et. al., 1973).

Calculation of 7S: 198 antibody binding. . The radioactive

binding profiles for DNA revealed clear distribution into 7S and
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198 peaks of a citivity after sucrose gradient fractionation. The

radioactivity representing the fractionated 7S and 198 peaks

within a single gradient were added and compared for total binding

activity. Results with these fractionated sera were generally

comparable to results with unfractionated whole serum.

Reproducibility and analysis of data. To determine the

reproducibility of our filter radioimmunoassay and the variation

seen in age-matched mice, we have analysed data from sham-operated

females (6 months old) studied in various experimental protocols

over a two-year period. There were five sham-operated female

groups, with twelve to eighteen per group. The variation from the

mean for the total anti-DNA binding in the 198 region ranged from

3-20%, while in the 7S region the range was between 1 and 28%. In

the present communication, a variation of 33% or more from the age

and sex-matched sham-operated control was required before a result

was considered significant.

Quantitative determination of immunoglobulins. Single radial

immunodiffusion technique was used for quantitative determination

of IgM, IgG1 and IgG, immunoglobulin classes in serum samples from2

sham-operated, thymectomized, splenectomized and mice subjected to

combined surgical ablation. There was no demonstrable difference

in immunoglobulin concentration in experimental and control animals.

Results

Development of antibodies to DNA and Poly A. Sera from 1

month old female or male B/W mice subjected to neonatal sham
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thymectomy or splenectomy at 2-3 days of age showed significant

sex differences in immunoglobulin class response to DNA. Female

mice bound DNA primarily by 7S antibodies, whereas male mice bound

DNA primarily by 19S antibodies (Figs la, 2a, and Tables 1 and 2).

The amount of bound DNA increased between 1 and 2 months of age in

both sexes. Gradient profiles of the 2-month sera revealed increases

in both 7S and 19s antibodies (Figs 3a, 4a, and Tables l and 2).

In contrast to DNA, Poly A was bound exclusively by 198

antibodies in both sexes (Tables l and 2). Binding was again

higher at 2 months.

Effect of neonatal thymectomy on the development of antibodies

to DNA and Poly A. In neonatally thymectomized female B/W mice,

only 198 anti-DNA antibodies were increased, and only at 1 month

of age, (Figs lb, 5 and Table 1). By contrast, thymectomy of male

B/W mice increased the immune response to DNA proportionately in

198 and 7S antibodies at both 1 and 2 months (Figs 2b, 6 and Table

2.)

Neonatal thymectomy produced a rise in the amount of Poly A

bound by male, but not by female, mice at 1 month. The response

remained 198. The augmentation persisted at 2 months when there

was a rise in female mice as well (Figs 3b, 4b, and Tables l and

2).

Effect of neonatal splenectomy on the development of antibodies

to DNA and Poly A. Neonatal splenectomy caused a depression of

antibodies to DNA and Poly A. The gradient profile in 1 month old

female B/W mice showed decreased 198 and 7S antibodies to DNA

while in males the decline was confined to 198 antibodies. Poly A
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declined significantly in both sexes at 1 month (Figs le, and 2C).

At 2 months, males and females showed 7S peaks of antibodies to

DNA similar to sham-operated controls, although there was peristent

depression in 198 anti-DNA activity (Figs 3c, 4c, 5, 6 and Tables

1 and 2).

Although the expected 198 antibody to Poly A was virtually

absent 1 month post-splenectomy, it was present at 2 months. Poly

A binding was similar to that in sham-operated controls. No 7S

antibody to Poly A was present (Figs 3c, 4c and Tables 1 and 2).

Effect of combined neonatal thymectomy and splenectomy on the

development of antibodies to DNA and Poly A. One month old female

mice subjected to combined neonatal thymectomy and splenectomy had

depressed 198 antibodies, while 7S antibodies to DNA were unaffected

(Figs lä, 5 and Table 2). Thymectomized and splenectomized males

at 1 month had a modest increase in 198 and a substantial increase

in 7S antibodies to DNA (Figs 2d, 6 and Table 2). This gave the

males a female-type pattern in which most of the DNA was bound in

the 7S region.

At 2 months, female mice maintained the decline in 198

anti-DNA response, and also had a concomitant decline in 7S anti

bodies to DNA (Figs 3d, and 5). Male mice, on the other hand, had

the highest 7S antibodies to DNA seen in any group (Figs 4d and

6).

Poly A binding in thymectomized-splenectomized mice resembled

the pattern seen in splenectomized mice. Poly A binding was

almost undetectable at 1 month (Figs 1 c and 2d), but clearly seen

in the 198 region at 2 months (Figs 3d and 4d).
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TABLE I
Effect of Castration on Survival in BMW Mice |

i
No. Mortality at various ages, (in months)
of

Procedure nice 4 6 7 s 9 10 11 i

%

Sham 14 0 43 64 78 93 100

female
-

Castrated 16 O 50 69 87 100
female

Sham 12 0 (0 O 8 8 8 17
male

Castrated 15 0 40° 47' 60° 67* 87° 100+
male

• p < 0.05.

TABLE II

Serum Testosterone Concentration of Male BMW Mice

Operative procedure

Age of mice Sham Castrated

rto ng/ml
...~"

4 5.77 0.92

6 4.63 0.67
7 4.71 0.69

-
TABLE III

Total Radioactivity Representing Fractionated 7S and 198
Peaks in NZB/NZW F. Female Mice

DNA Poly A

Age Procedure 19s 7S 19s 7S

rºad

4 Sham 993 1,314 439 O
Castrated 740 872 292 ()

6. Sham 348 1,449 1,004 1,326
Castrated 351 1,467 1,096 133

7 Sham 1,327 3,702 781 2,050
Castrated 1,294 2,271 585 37
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T \;3 tº IV

tº as “aº-oacºity tº prºse: ring Fraction: ‘cº 75 ºd 195
Peaks in Yºº, WZYV F, Male ºf e

DNA Fºy . .

Aze *re-edure R9s 'S - 7s

****

3. Shºrt t; 1.5 3-2 ---

Calºrated 1, 200 3S 1

º Sham 1,6

Castratel ,593 º 237

7 Shatn & 1 i T. : 137

Castrater: 1,023 *... . . .304

TAal.E. V.
F.;fects of Custration and Hºrmone ■ tep■ , ºr, on Survival

and . Autoantibºdy Responses in Fem: ■ e CTV Mice

Anti-tuºsº ºci antibody
respº. . . at 7 mº;

(>Nº. Poly A
Mortality --- - - -

*rºcedure at 8 mo" :*.*, 7s ig", 7S

-

%

Castated female 34 (16/17) i,552 2.583 2,438
iwi:12 “siro

gen itnplant

C., ºrated female (2/14); 1,314 ..., 73 ■ 33
receiving andro.
zen impi.int

* Nº wrºber of ■ ºice dead, total number of ice.
1 total radioactivity representinº; ■ º ºf 13 and 198
pººks.
§ 1 s 0.125.
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Discussion

This study demonstrates that the spontaneous production of

antibodies to DNA and Poly A in B/W mice can be influenced by

neonatal removal of thymus and spleen. It suggests that cells or

factors in these lymphoid organs may regulate these autoantibody

responses, albeit in a defective manner.

The interpretation of the results in terms of a regulatory

equilibrium between helper and suppressor T cells is in accordance

with current concepts of immunological regulation (Katz and

Benacerraf, 1972; Gershon, 1975). This interpretation may be

over-simplified and is not intended to exclude other important

controlling factors such as quantity and organ-localization of

antigen, feedback regulation by antibody, and the influence of

viruses (Talal, 1976).

In male B/W mice, antibodies to DNA were primarily 198 and

increased significantly between 1 and 2 months of age. Thymectomy

resulted in an increase in both 198 and 7S antibodies. By contrast,

splenectomy caused a depression of 198 but enhanced 7S antibodies

to DNA at 1 month. At 2 months, the 198 response remained depres

sed, while the 7S response was similar to the level in control

mice. Combined thymectomy and splenectomy led to a large increase

in 7S antibodies. These results suggest that the neonatal male

thymus expresses a suppressor function which is eliminated follow

ing thymectomy. The spleen, in addition to producing antibodies

to nucleic acids, may also suppress the production of anti-DNA

antibodies by extra-splenic lymphoctyes. This effect is seen when
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both thymus and spleen are removed. Such animals achieve the

highest 7S DNA binding seen in any group studied. Whereas 198

antibodies remain decreased in splenectomized animals, they are

increased in thymectomized mice. This suggests that the thymic

suppressor mechanism regulates both 198 and 7S responses, while

the splenic suppressor mechanism may influence only the 7S response.

Further evidence for this suggestion was obtained in older splen

ectomized mice (Roubinian, et al., 1977b) the results of which are

presented in Chapter IV.

Antibodies to Poly A were exclusively 198 at the ages studied.

Thymectomy caused an increase in Poly A binding, which may reflect

the removal of suppressor cells. Splenectomy resulted in decreased

binding, suggesting that synthesis of 198 antibodies to Poly A

occurs predominantly in the spleen. Synthesis remained low in

mice subjected to combined splenectomy and thymectomy.

The secondary lymphoid organs of 1 month old female B/W mice

are already producing large amounts of 7S antibodies to DNA. This

antibody is relatively resistant to the effects of neonatal thymec

tomy and may reflect a premature peripheralization of helper

T cells. Neonatal thymectomy did produce an increase in 198 anti

bodies to DNA, suggesting the removal of suppressor cells capable

of regulating the 198 response. This observation represents a

differecne between female and male mice, since thymic suppressor

cells in male mice control both 198 and 7S antibodies to DNA.

Splenectomy in female mice has the same effect as in males, resul

ting in a persistent depression of 198 antibodies and a delayed

recovery of 7S antibodies to DNA. However, combined thymectomized
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and splenectomized female mice have a decrease in 7S antibodies to

DNA at 2 months compared to sex-matched controls, whereas male

mice subjected to the combined procedures have the highest levels

of 7S anti-DNA antibodies seen in any group. Thus, the predominant

effect of thymic and splenic ablation in the male is the elimina

tion of suppressor cells, while in the female it may be the removal

of a helper mechanism.

This study suggests that spontaneous antibodies to nucleic

acids in B/W mice appear in a sequential and ordered fashion.

This order may reflect the presence of regulatory mechanisms that

are strongly dependent upon factors and/or cells present in the

thymus and spleen. Antibodies to DNA and Poly A appear to be under

separate regulatory controls.

To further define the influences of the spleen and thymus,

and the different effects seen in male and female B/W mice,

Chapter IV describes the results of neonatal thymectomy and/or

splenectomy of mice studied from 4 to 13 months of age.

Summary

NZB/NZW Fl (B/W) mice were subjected to sham surgery or

neonatal thymectomy and/or splenectomy and studied for immunoglob

ulin class of antibodies to double-stranded DNA and polyadenylic

acid (Poly A) at 1 and 2 months of age. These antibodies occur

spontaneously during the course of autoimmune disease in B/W mice.

The serum from sham-operated female mice bound DNA predomin

antly in the 7S fraction, whereas serum from sham-operated male
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mice bound DNA primarily in the 198 fraction. Antibodies to Poly

A were exclusively 19S in both sexes. Thymectomy of male B/W mice

caused an increase in 7S and 198 antibodies to DNA at the ages

studied, while it increased 198 antibodies to DNA in female mice

only at 1 month of age. Thymectomy increased the 198 antibodies

to Poly A in both sexes. Splenectomy had similar effects in males

and females. It reduced both the 198 and 7S responses to DNA and

the 198 response to Poly A at 1 month. By the second post

operative month, both 7S anti-DNA and 19s anti-Poly A antibody

responses had recovered. Combined thymectomy and splenectomy of

male B/W mice produced a disproportionate increase in 7S anti

bodies to DNA, while the procedures resulted in a decline in 7S

and 198 antibodies to DNA in female B/W mice.

These results suggest that the newborn B/W thymus and spleen

contain regulatory cells exerting different controlling influences

on spontaneous antibodies to DNA and Poly A. Moreover, they

suggest that the male thymus exerts a suppressor influence while

the female thymus exerts primarily a helper effect.
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Chapter IV

Effects of neonatal thymectomy and splenectomy

on survival and regulation of autoantibody

formation in NZB/NZW Fl mice

Introduction

Chapters II and III reported that antibodies to DNA and Poly

A (polyriboadenylic acid) developed in a sequential and predict

able fashion in B/W mice (Papoian, et al. 1977; Roubinian, et al.

1977a). Antibodies to DNA appeared as early as 1 month of life,

and were present in both 198 IgM and 7S IgG immunoglobulin frac

tions. There was an earlier commitment to 7S antibodies in female

mice, and an earlier switch from IgM to IgG for DNA then for Poly

A. It was suggested that a defective T cell regulatory mechanism

was responsible for these results, and that the antibody response

to DNA and Poly A might differ in regard to T cell regulation.

The investigation presented in this chapter, along with the

results of Chapter III, lend support for these concepts by study

ing IgM and IgG antibodies to DNA and Poly A in neonatally thymec

tomized (Thx) and/or splenectomized (Splx) B/W mice. Previous

studies have indicated an acceleration of disease after neonatal

Thx (Steinberg, et al. 1970; Helyer and Howie, 1963; Lambert and

Dixon, 1970; and East, et al. 1967), although not all workers

agree (Holmes and Burnet, 1964) and no attention was paid to
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possible differences related to sex. There are no previous stud

ies on the effects of neonatal Splx.

Materials and Methods

Mice. Mice used in these experiments were derived from our

colony at the University of California Vivarium, San Francisco and

were maintained at the Fort Miley Veterans Administration Hospital.

B/W mice were obtained from the mating of NZB females to NZW

males.

Operative techniques. Animals underwent surgical procedures

or sham operations when 2 to 3 days of age. Between 7 and 18 mice

were studied in each group (Tables I and II). They were anesthe

tized by placing them on crushed ice for 1 to 3 minutes.

(a) Controlled suction Thx. Thx was carried out under a

dissecting microscope at a magnification of 1.6. At this magnif

ication, the entire mediastinal cavity was in the field of vision.

The sternal incision was extended from the manubrium down to the

sixth rib, permitting visualization of both upper and lower poles

of the thymic lobes. The lobes were gently mobilized by disrupt

ing vascular and connective tissue attachments. To achieve ade

quate control of suction intensity, a 3-mm hole was made in a 5-cm

tuberculin syringe barrel which was interspersed between the

curved Pasteur pipette and the rubber tubing connecting it to a

vacuum outlet. Suction intensity was low. Each thymic lobe was

engaged by the pipette at the lower pole and gently teased off.

The entire removal process was visualized under the microscope.

The mediastinal cavity was left empty.
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(b) Splx. An incision was made in the left upper quad

rant of the abdomen. The spleen was mobilized and gently exterior

ated. Vascular bundles were cauterized. The abdominal wall was

sutured with 6-0 silk.

(c) Sham procedure. Control mice were sham operated by

performing the full procedure, but without disturbing the thymus

gland or the spleen.

Experimental mice were distinguished from the sham operated

animals by tail clipping. To minimize the likelihood of maternal

neglect or cannibalization, the surgical incision and the maternal

nasal orifices were painted with parlodion-gentian violet solution

before returning the operated mice to their mothers. No antibio

tics were administered at any time.

Observation. Mice were observed weekly. Mortality in exper

imental and control groups was tabulated in 2 x 2 contingency

tables, and evaluated by Chi-square analysis with Yates modifica

tion. Groups were compared with the Student t-test.

Fractionation of serum. Mice were bled by orbital sinus

puncture at various ages. Blood was allowed to clot at room

temperature for 1 hour and left at 4 C overhight. Serum was

separated by centrifugation at 1000 x g for 15 minutes. Serum

samples from Thx, Splx, Thx-Splx, or sham-operated mice were

pooled separately. Two hundred microliters of pooled serum sam

ples were subjected to ultracentrifugation in a 10 to 35% sucrose

density gradient (0.15 M NaCl, pH 8.0). Three proteins of known

sedimentation constants were run in a companion gradient and
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served as reference markers. Gradients were collected dropwise

into 40 fractions. Peak fractions were tested for immunoglobulin

content. In the 198 region (fractions 10-20) only mu-chain could

be detected by Ouchterlony analysis, whereas in the 7S region

(fractions 20-30) gamma-chain, but not mu-chain was present. Each

fraction was analyzed for antibody to DNA and RNA. To determine

the specificity of binding, monospecifec rabbit anti-mouse mu-chain

and anti-mouse gamma-chain were added to peak fractions from the

198 and 7S regions, respectively. Anti-mu inhibited DNA binding

between 77 and 100%, while anti-gamma inhibited binding between 66

and 78%. Addition of goat anti-mouse albumin to these gradient

fractions had no inhibitory effect.

Anti-DNA and anti-RNA assays. Antibodies to DNA and to Poly

A were measured by cellulose ester filter radioimmunoassay (Attias,

et al. 1973). The nucleic acids were double-stranded *H-KB cell

DNA (from Electronucleonic, Inc., Bethesda, Md.) and *H-Poly A

(from Miles Laboratories, Elkhart, Ind.). The latter is a syn

thetic single-stranded RNA. The radioactive antigens (750

cpm/7.74 ng Poly A; 700 cpm/3 ng DNA) were incubated with 10

microliters of undiluted/decomplemented serum from individual

animals or with 50 microliters of each fraction for 30 minutes at

37 C followed by an overnight incubation at 4 C. The antigen

antibody mixture was then diluted with buffer and passed over a

cellulose ester filter under suction. The filters were placed in

counting vials and covered with 10 ml of Liquifluor-toluene scin

tillation medium. Radioactivity was determined in a Packard

liquid scintillation counter. The results are expressed as cor
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rected cpm retained on the filter, a value which is directly

related to serum concentration (Attias, et al. 1973).

Calculation of 7S: 198 antibody binding. The radioactive

binding profiles for DNA revealed clear distribution into 7S and

198 peaks of activity after sucrose gradient fractionation. The

radioactivity representing the fractionated 7S and 198 peaks

within a single gradient were added and compared for total binding

activity. Results with these fractionated sera were generally

comparable to results with unfractionated whole serum.

Reproducibility and analysis of data. To determine the

reproducibility of our filter radioimmunoassay and the variability

seen in age-matched mice, we have analyzed data from sham-operated

females (6 months old) studied in various experimental protocols

over a two-year period. There were five sham-operated female

groups, with 12 to 18 mice per group. The variation from the mean

for the total anti-DNA binding in the 198 region ranged from 3 to

20%, whereas in the 7S region the range was between l and 28%. In

the present communication, a variation of 50% or more from the age

and sex-matched, sham-operated control was required before a

result was considered significant, a value greater than 2 S.D.

from the mean.

Quantitative determination of immunoglobulins. Single radial

immunodiffusion technique was used for quantitative determination

of IgM, IgG1, and IgG, immunoglobulin classes in serum samples2

from sham-operated, Thx, Splx, and mice subjected to combined

surgical ablation. There was no demonstrable difference in immuno

globulin concentration in experimental and control animals.
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Results

Effects of surgery on survival of B/W mice. Sham-operated

male B/W mice, as expected, lived considerably longer than sham

operated females. However, neonatal Thx of male B/W mice caused a

significant decrease in survival at 6 and 9 months (Table I).

Similarily, Splx led to a greater mortality in male mice. Mortal

ity was unaffected in mice undergoing combined surgical ablation

until 13 months. At that age, 11 of 12 operated mice were dead

compared to 5 of 10 sham animals (92 vs 50% mortality).

Neonatal Thx had a beneficial effect in females, in contrast

to the results in males. Life-span was significantly prolonged in

the Thx females (Table II). Neonatal Splx of females had no

significant effect on survival. Mortality was decreased at 9

months in female mice subjected to combined surgical procedures.

Effects of neonatal Thx and Splx on the development of

antibodies to DNA and Poly A in male B/W mice. Sham-operated male

B/W mice switched to predominantly 7S antiDNA antibodies at 9

months of age (Fig. 1A and Table III). In the Thx group, this

switch was accelerated and already present at the 4th post

operative month. Moreover, the amount of 7S anti-DNA antibodies

was increased compared to sham-operated mice, reaching a maximum

at 9 months of age (Fig. 1B and Table III). Thereafter anti-DNA

antibodies in the Thx group declined. The major effect of Splx

was a persistent increase in the 7S anti-DNA response (Fig. 10 and

Table III). Combined Thx and Splx, like Thx alone, caused a
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premature switch to greatly augmented 7S antibodies to DNA, as

evident at 4 and 6 months of age, (Table III).

Control male B/W mice produced exclusively 198 antibodies to

Poly A until 11 months of age when the switch to 7S antibodies

occurred (Table IV). Thx caused a decrease in the 198 response

seen at 9 months, and a significant reduction in the development

of 7S anti-Poly A antibodies as evident at 11 and 13 months (Table

IV). The major effect of Splx was a decline in the 198 response

seen at 4 and 6 months, and a premature switch to 7S anti-Poly A

antibodies seen at 9 months (Fig. 10 and Table IV). Combined Thx

and Splx, like Splx alone, caused a decline in 198 response and a

premature switch to 7S antibodies to Poly A (Table IV). Moreover,

the decreased response seen after Thx alone was not present in

mice which also had their spleens removed. In fact, the greatest

amount of 7S antibodies to Poly A at 11 months was seen in this

group.

Effects of neonatal Thx and Splx on the development of

antibodies to DNA and Poly A in female B/W mice. Sham-operated

female B/W mice demonstrated a progressive increase in titer of

anti-DNA antibodies, and a switch to predominantly 7S antibody

production at 6 months (Fig. 2A and Table V). Thx increased the

7S anti-DNA response only at 4 months, but not at 1 or 2 months

(Chapter III and Roubinian, et al. 1977a) or at 6 or 9 months. It

decreased the 198 anti-DNA response seen at 6 months. Splx caused

an increase in 7S anti-DNA response at 4 months and a decline in

both 198 and 7S anti-DNA response, at 6 months (Table V). Combined

surgical procedures resulted in a decline in 198 and an increase
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Table 1. Total radioactivity (corrected c.p.m.) representing fractionated 19S and 7S serum peaks in NZB/NZW F1
female mice

i

|
|

DNA Poly A

1 Month 2 Months 1 Month 2 Months

Procedure (no. of mice) 19s 7S 19s 7S 19s 7S 19s 7S

Sham-operated (15) 211 555 442 719 146 0 340 0 :
Neonatal Thx (18) 407* 512 362 569 158 0 533° 0. |
Neonatal Sply (14) 119° 267* 74* 634 72° 0 242 0. |
Neonatal Thx/Splx (7) 72° 663 160° 389* 70* 0. 133* 0

* A greater than 33% variation from the value obtained in sham-operated control mice.

Table 2. Total radioactivity (corrected c.p.m.) representing fractionated 19S and 7S serum peaks in NZB/NZW F1

-
male mice |

DNA Poly A

1 Month 2 Months 1 Month 2 Months

Procedure (no. of mice) 19s 7S 19s 7S 19s 7S 19s 7S

Sham-operated (10) 1 10 48 291 311 124 0 206 0
Neonatal Thx (17) 305° 247° 399° 413° 301* 0 405* 0.
Neonatal Splx (11) 55* 66 97° 399 25* 0 158 0.
Neonatal Thx/Splx (12) 162* 327° 332 750° 80 0. 1 16- O

* A greater than 33% variation from the value obtained in sham-operated control mice. |
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Figure 3. Distribution of antibodies to *H-labelled DNA (e)
and *H-labelled Poly A (2) determined by sucrose gradient
ultracentrifugation and filter radioimmunoassay in 2-months
old B/W female mice who were sham-operated (a); thymecto
mized (b); splenectomized (c) or thymectomized and splenec
tomized (d) at 2–3 days of age.
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and *H-labelled Poly A (A) determined by sucrose gradient
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old B/W male mice who were sham-operated (a); thymecto
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tomized (d) at 2–3 days of age.
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Figure 5. Percentage change in IgM and IgG anti-DNA binding activity of surgically manipulated female B/W mice compared
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Figure 6. Percentage change in IgM and IgG anti-DNA binding activity of surgically manipulated male B/W mice compared to
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x 100 = per cent change c.p.m.
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in 7S anti-DNA responses at 4 months. The decline in 198 response

persisted at 6 months of age (Table V).

Sham-operated female B/W mice, in contrast to males, produced

both 198 and 7S antibodies to Poly A at 4 months of age. There

was a major switch to 7S production at 6 months of age (Fig. 2A

and Table VI). Neonatal Thx largely prevented the development of

this 7S anti-Poly A response (Fig. 2B). There were almost no 7S

antibodies to Poly A at 9 months in this group (Table VI). The

Poly A response after Splx or the combined surgical procedures was

reduced in magnitude. However, the switch to 7S occurred at the

expected time (Table VI).

Discussion

This study suggests that spontaneous antibodies to nucleic

acids in B/W mice appear in a sequential and ordered fashion.

This order may reflect the presence of regulatory mechanisms that

are strongly dependent upon factors and/or cells present in the

thymus and spleen. Antibodies to DNA and Poly A appear to be

under separate regulatory controls.

In general, a suppressive influence was most easily demon

strated in male B/W mice. Neonatal Thx of male mice resulted in a

generally greater response to DNA which included an earlier switch

to 7S IgG antibodies. This switch occurred almost 5 months before

it appeared in sham-operated male mice. The premature switch and

enhanced 7S antibody response suggest a possible elimination of

suppressor T cells and/or activation of helper T cells as a conse

quence of Thx. An enhanced response to DNA was also seen following
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splenectomy and following the combined procedures, again suggesting

a release from suppressor control.

The relative lack of effect of neonatal Thx and/or splen

ectomy on the anti-DNA response of female B/W mice (only a trans

ient increase at 4 months) suggests that the cells producing these

autoantibodies are relatively resistant to suppressor influences.

In part, this might arise because these cells undergo a premature

extrathymic dissemination during intrauterine life.

In contrast to the anti-DNA response, the Poly A response

appears to be regulated in female as well as in male B/W mice.

Neonatal Thx almost completely prevented the switch to IgG anti

Poly A antibodies in both sexes, suggesting a requirement for

thymus-derived helper T cells for the promotion of this differen

tiation event. This result demonstrates the thymic dependence of

the IgM to IgG switch for antibodies to Poly A. Since Poly A

antibodies were initially only 198 and under suppressor control,

this observation suggests that an antibody response may appear

"thymic-independent" early in life and become highly "thymic

dependent" later in life.

The best evidence for the existence of a splenic suppressor

influence was seen in neonatally splenectomized male B/W mice.

These animals developed a premature switch to IgG anti-Poly A

antibodies (2 months earlier than in sham-operated controls).

This switch might reflect the activity of helper T cells in lymph

nodes, perhaps released from splenic suppressor control. Moreover,

the switch to IgG anti-Poly A occurred even in Thx mice, provided

that Splx was also performed. This indicated that the "thymic
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dependence" of the Poly A response is not absolute, and can be

overcome if the presumed splenic suppressor influences are elimin

ated.

The importance of thymic and splenic regulation was evident

not only in the amount and immunoglobulin class of antibodies to

nucleic acids, but also in terms of survival. The removal of

thymus or spleen from male B/W mice resulted in earlier death,

suggesting that regulatory influences in this sex exerted a truly

suppressive effect on disease expression. By contrast, Thx of

female B/W mice resulted in significantly prolonged survival,

suggesting that the thymus exerts a deleterious rather than benef

icial effect on disease expression in this sex. This formulation

supports the concept that the predominant regulatory effect in

female B/W mice is helper rather than suppressor.

The effects described in this chapter may relate to factors

that regulate the traffic of lymphocytes from bone marrow to the

thymus and then to the spleen and other lymphoid organs (Hall and

Morris, 1965; Hay, et al. 1974; Zatz and Lance, 1971; and Zatz and

Gershon, 1974). The switch from 198 to 7S antibodies, which

occurs earlier in female B/W mice, may represent peripheralization

or activation of helper mechanisms which originate in the thymus.

This might arise either by seeding of helper T cells from the

thymus, or by the elimination of suppressor cells capable of

acting on helper T cells. The factors that might control these

events are not clear presently, although antigen plays an impor

tant role (Brahim and Osmond, 1976).

In other experiments which are reported in Chapter W, it was
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found that pre-pubertal castration of male B/W mice caused a

premature switch to 7S anti-DNA and anti-Poly A antibodies and

resulted in earlier death (Roubinian, et al. 1977c). Prepubertal

castration of female B/W mice, similar to neonatal Thx, prevented

the switch to 7S anti-Poly A without influencing the anti-DNA

response or survival.

Summary

NZB/NZW Fl (B/W) mice were subjected to sham surgery or

neonatal thymectomy and/or splenectomy and studied for immunoglob

ulin class of antibodies to double-stranded DNA and polyadenylic

acid (Poly A) at 4 to 13 months of age. These antibodies occur

spontaneously during the course of autoimmune disease in B/W mice.

Sera were fractionated by sucrose density gradient ultracentri

fugation and assayed for antibodies by a filter radioimmunoassay

method. IgM was recovered in the 198 region and IgG in the 7S

region as demonstrated by immunodiffusion.

In sham-operated controls, at all ages studied, anti-DNA

antibodies were both IgM and IgG, with the former predominating in

males, and the latter in females. In both sexes, anti-Poly A

antibodies were primarily IgM in young mice. There was a sequen

tial switch from IgM to either enhanced or new IgG production in

the following sequence: female anti-DNA and anti-Poly A (6 months),

male anti-DNA (9 months), and male anti-Poly A (11 months). Both

thymectomy and splenectomy caused earlier death in male mice,

whereas females lived significantly longer after thymectomy.
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Neonatal thymectomy in males caused a premature switch from IgM to

IgG antibodies to DNA, but it had a transient effect in females.

Thymectomy almost completely prevented the late switch to IgG

antibodies to Poly A in both sexes. By contrast, splenectomy

promoted the formation of IgG antibodies to Poly A in male mice.

These results suggest that the newborn B/W thymus and spleen

contain regulatory cells and/or factors exerting different control

ling influences on spontaneous antibodies to DNA and Poly A. Male

B/W mice appear to be under the regulatory influence of suppressor

cells, whereas the predominant regulation in female B/W mice

appears to be a helper effect.
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Chapter V

Androgenic hormones modulate autoantibody

responses and improve survival in murine lupus

Introduction

Autoimmune diseases in general, and systemic lupus erythem

atosus (SLE) in particular, are much more common in females than

in males (Dubois, 1974). An explanation for this clinical differ

ence is not readily apparent. The availability of the NZB/NZW Fl
(B/W) mouse as a model for SLE has permitted investigation of this

question.

B/W mice spontaneously produce LE cells and antibodies to

nucleic acids. They develop an immune complex glomerulonephritis

associated with the deposition of DNA, immunoglobulin (partic

ularly IgG), and complement (Howie and Helyer, 1968). As in human

lupus, there is a striking sex difference in the mouse disease.

Female mice have an earlier onset and greater severity of immune

complex nephritis compared to males. These pathologic features

are associated with an earlier appearance of IgG antibodies to DNA

and RNA (Lambert and Dixon, 1968).

Chapter II presented evidence for the ordered and sequential

appearance of antibodies to DNA and polyadenylic acid (Poly A) in

B/W mice (Papoian, et al. 1977). As early as 1 month of age,
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females bind DNA predominantly by 7S IgG antibodies, whereas males

bind DNA predominantly by 198 IgM antibodies. As the animals age,

antibody titers rise progressively and there is an enhanced forma

tion of 7S antibodies to DNA in both sexes. Young mice of both

sexes bind Poly A exclusively by 198 antibodies. Females switch

to 7S antibodies to Poly A at age 6 months, whereas this switch in

males is delayed until 9 months of age. Thus, the switch to 7S

antibodies for both DNA and RNA occurs in a regular manner and

earlier in female than in male B/W mice.

Chapter III and IV showed that neonatalal thymectomy caused

an initial increase in antibody response to DNA and Poly A, con

sistent with the removal of thymic suppressor cells (Roubinian, et

al. 1977a; Roubinian et al. 1977b). It also eliminates the late

switch to 7S antibodies to Poly A, showing that this response is

thymic dependent. These results suggest that the ordered sequen

tial appearance of antibodies to nucleic acids in B/W mice is, at

least in part, related to thymic regulation.

To study the effect of sex hormones on the spontaneous forma

tion and regulation of antinucleic acid antibodies, prepubertal

castration experiments were performed in young B/W mice. These

results suggest that both male and female sex hormones influence

the titer and immunoglobulin class of antibodies to DNA and RNA.

These hormones appear to act on thymic regulatory cells, and the

predominant effect is exerted by androgens.
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Materials and Methods

Mice. B/W mice used in these experiments were derived from

our colony at the University of California Vivarium, San Francisco,

and were maintained at the Fort Miley Veterans Administration

Hospital. Blood was collected from mice at 4, 6, and 7 months

postoperatively by orbital sinus bleeding, allowed to clot at room

temperature for one hour, and left at 4 C overnight. Serum was

separated by centrifugation at 1,200 x g for 10 minutes.

Assessment of proteinuria. Tetrabromphenol paper, (Albustix,

Ames Co., Div. of Miles Lab., Inc., Elkhart, Ind.) was used to

measure the protein concentration of freshly expressed urine from

individual mice.

Operative techniques. Littermates were randomized and sub

jected to the surgical procedures or sham operated at 2 weeks of

age. They were anesthetized by intraperitoneal injection of

nembutal.

Oopherectomy. A midline incision was made over the

abdomen. Ovaries were identified and removed with electrocautery.

The incision was closed with 6-0 silk suture material.

Orchiectomy. Testes were delivered through a scrotal

incision. The was deferens and spermatic vessels were transected

with electrocautery, and testes and epididymis were removed. Skin

was sutured with 6-0 silk suture material.

Sham operation. In age-matched sham-operated controls,

ovaries or testes were identified but left intact.



2
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Experimental animals were distinguished from sham-operated

mice by tail clipping. To minimize maternal neglect, the surgical

incision and maternal nasal orifices were painted with parlodion

gentian violet solution. No antibiotics were administered at any

time.

Hormone replacement. To achieve a maintained hormone replace

ment in castrated females, a 2-cm silastic tubing containing 6-7

mg of either estrogen or androgen powder was implanted subcutan

eously immediately after the castration procedure. This treatment

results in a prompt establishment of an adequate hormone level

reached within 12 hours, which persists for at least 3 months (Dr.

P. Siiteri, personal communication).

Observation. Mice were observed weekly. Mortality in exper

imental and control groups was tabulated in 2 x 2 contingency

tables, and evaluated by Chi square analysis with Yates modifica

tion.

Determination of serum testosterone level. Serum samples

from castrated and sham-operated male mice were pooled separately.

Serum testosterone was measured using a radioimmunoassay, described

in detail elsewhere (Abraham, 1974). An antiserum against testos

terone-3-oxine-bovine serum albumin was used. This antiserum had

a 70% cross-reactivity with 5 alpha-dihydrotestosterone. Since no

purification step was used beyond diethyl-ether extration of the

serum samples, the values given for testosterone are slightly

contaminated with circulating dihydrotestosterone. This assay was

kindly performed by Dr. I. Huatanieme in the Reproductive Research

Laboratory of Dr. P. Siiteri.
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Fractionation of serum. Serum samples from castrated and

sham-operated mice were pooled separately. 200 microliters of

pooled serum samples was subjected to ultracentrifugation in a

10-35% sucrose density gradient (0.15 M NaCl, pH 8.0). Bovine

thyroglobulin (198), human gamma globulin (7S), and hemoglobin

(4S) were used as sedimentation markers. Forty fractions were

collected and each was analyzed for antidody to DNA and Poly A.

Peak fractions were tested for immunoglobulin content. In the 198

region (fractions 10- 20) only activity against mu-chains could

be detected by Ouchterlony analysis, while in the 7S region (frac

tions 20-30) activity against gamma-chains, but not mu-chains,

was present.

Anti-DNA and anti-RNA assays. Antibodies to DNA and Poly A

were determined separately with a cellulose ester filter radio

immunoassay. The radioacitive nucleic acids were double-stranded

DNA (*H-DNA) from KB cells (obtained from Electronucleonic Labora

tories, Bethesda, Md.), and *H-polyriboadenylic acid (Miles Labor

atories Inc., Miles Research Products, Elkhart, Ind.). The radio

active antigens were incubated with decomplemented 50 microliter

aliquots of each fraction for 30 minutes at 37 C followed by an

overnight incubation at 4 C. The antigen-antibody complexes were

collected onto cellulose ester filters (Millipore Corp., Bedford,

Mass.). The filters were placed in counting vials and covered

with 10 ml of Liquifluor-toluene scintillation medium. Radio

activity was determined in a Packard liquid scintillation counter

(Packard Instrument Co., Downers Grove, Ill.). The results are

expressed as corrected counts per minute retained on the filter, a
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value which is directly related to serum antibody concentration

Attias, et al. 1973). To determine the specificity of binding

monospecific rabbit anti-mouse mu-chains and anti-mouse gamma

chains were added and compared for total binding activity, which

gave a result generally comparable to results with unfractionated

whole serum.

Measurement of immunoglobulin concentration. A single radial

immunodiffusion method (Mancini, et al. 1965) was used to det

ermine immunoglobulin concentration. Determinations were made of

IgM, IgG1 and IgG2 with pooled sera from sham-operated and cas

trated B/W male and female mice. No significant difference in

immunoglobulin concentrations was found.

Results

Effects of castration on survival of B/W mice. Castration

did not affect life span of female B/W mice but it increased the

mortality of male B/W mice starting at 6 months of age (Table I).

By 11 months of age, all of the castrated male mice were dead

compared to only 2 of 12 sham-operated male controls. Mortality

of castrated male B/W mice was not statistically different from

that of sham-operated or castrated female B/W mice.

Effects of castration on serum testosterone concentration of

male B/W mice. Castration caused a significant decline in the

concentration of serum testosterone in male B/W mice. Testos

terone levels of castrated males measured at 4, 6, and 7 months

were one-sixth that of sham-operated male B/W mice (Table II).
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Development of antibodies to DNA and Poly A in castrated

female B/W mice. At 4 months of age, sham-operated female B/W

mice had both 19s amd 7S antibodies to DNA, with the latter predom

inating (Table III). Binding of DNA by 7S antibodies became even

more pronounced at 6 and 7 months (Table III). Antibodies to Poly

A were exclusively 198 at 4 months, but switched to primarily 7S

antibodies at 6 months. This pattern was maintained at 7 months

(Table III).

Prepubertal castration caused a slight decrease in the magni

tude of the anti-Dna response at 4 months, but had no effect at 6

months (Table III). at 7 months, there was less 7S binding of Dna

in castrated females, while the 198 binding was unaffected (Table

III).

Poly A binding remained almost exclusively 198 post

castration. The expected 7S response to Poly A was markedly reduced

at 6 months and virtually absent at 7 months (Table III). By

contrast, the 198 response at these ages was almost unchanged.

Development of antibodies to DNA and Poly A in castrated male

B/W mice. Antibodies to DNA in sham-operated male B/W mice were

less than in females and predominantly 198 (Table IV). The switch

to 7S antibodies to DNA occurred at 7 months of age. Some 7S

antibodies to Poly A appeared at 7 months (Table IV). The results

in sham-operated males and females were generally comparable to

data obtained previously in control, nonoperated B/W mice (Papoian,

et al. 1977; Roubinian, et al. 1977a,b; and Chapters II, III, IV).

The decrease in DNA binding in sham-operated males between 4 and 6

months may be due to the formation of immune complexes, as noted

previously (Chapter II; Papoian, et al. 1977).





59

Prepubertal castration caused a proportionate increase in

both 19S and 7S antibodies to DNA at 4 months of age (Table IV).

At 6 months, castrated males showed an accelerated switch to 7S

anti-DNA antibodies, resembling females in titer and immunoglob

ulin class. Markedly increased binding of DNA persisted at 7

months (Table IV). These results are similar to the effects of

neonatal thymectomy in male B/W mice (Roubinian, et al. 1977a,b;

Chapters III and IV).

Antibodies to Poly A were only slightly increased at the 4th

month post-castration. At 6 months, there was an accelerated

appearance of 7S anti-Poly A antibodies. This premature switch to

7S response to Poly A was quite marked at 7 months, with castrated

males again resembling females in this respect (Table IV).

Effects of sex hormone replacement on disease in castrated

female B/W mice. Castrated female B/W mice were given subcutan

eous implants containing either estrogen or androgen. Animals

replaced with estrogen had a 94% mortality at 8 months, compared

to 14% in the female mice receiving androgen (Table V). The

estrogen-treated mice had larger amounts of both 198 and 7S anti

bodies to DNA and Poly A when compared to the androgen-treated

mice. The most striking difference was in the 7S response to Poly

A, which was greatly reduced in the mice receiving androgen (Table

V). Proteinuria ranged between 100 and 1,000 mg/100 ml in mice

replaced with estrogen, and was less than 100 mg/100 ml in mice

receiving androgen. In preliminary experiments, the kidneys of

estrogen-treated mice showed marked lymphocytic infiltration and

glomerulonephritis, whereas the kidneys in animals receiving
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androgen showed minimal lymphocytic infiltration and glomerular

changes.

Discussion

The greater severity of autoimmune disease in female B/W mice

(compared to males) seems established very early in life, perhaps

even at birth. There is more anti-DNA antibody formation in these

female mice associated with an earlier switch to 7S antibody and

accelerated apperance of severe lupus nephritis.

This study was undertaken to determine whether sex hormones

influenced the disease expression in B/W mice, and if so, whether

the predominant effect could be attributed to male or female

hormones. A previous study (Steinberg, et al. 1971), observed that

castration of male B/W mice at 5 weeks produced a slight increase

in DNA binding at 6.5 months of age. In the present study, evi

dence shows that androgens may play a major protective role.

The alteration in hormone status as a result of prepubertal

castration was shown by the marked decline in serum testosterone

concentration. These castrated males developed a disease pattern

that resembled sham-operated females, associated with an increase

in DNA and RNA binding, and an accelerated switch to 7S antibodies.

Nine of 15 castrated males were dead prematurely by 8 months of

age.

By contrast, prepubertal castration of female B/W mice had no

effect on the Poly A response. The anticipated switch to 7S

antibodies was virtually eliminated by prepubertal castration,

whereas the 198 antibodies were unaffected.
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The results of these castration experiments are consistent

with the known effects of androgens and estrogens on the normal

immune response. Immune reactivity is generally enhanced in

females compared to males (Terres, et al. 1968). Females have

higher immunoglobulin concentrations, make greater primary and

secondary antibody responses, are more resistant to the induction

of immunologic tolerance, have an enhanced capacity for cell

mediated immunity, are more effective in the rejection of tumors

and allografts, and have enhanced responses in mixed lymphocyte

culture. Eidinger and Garrett observed that castration or thymec

tomy each resulted in an enhanced response to polyvinylpyrrolidone

in male mice (Eidinger and Garrett, 1972). However, combined

castration and thymectomy abolished the expected enhancement of

antibody formation seen after gonadectomy alone. These results

suggest that androgens exert their effect at the level of thymo

cytes, and that the presence of the thymus is required to demon

strate the effect of orchiectomy.

Immunologic processes localized in the thymus, therefore,

seem highly sensitive to regulation by sex hormones. These find

ings suggest that autoantibody responses may also be sensitive to

hormonal modulation, and possibly by mechanisms involving thymo

cytes. Neonatal thymectomy of male B/W mice resulted in changes

in anti-DNA antibodies similar to those seen in castrated male

mice (Roubinian, et al. 1977b; Chapter IV). There was a rapid and

persistent increase in 198 and 7S anti-DNA antibodies which was

followed by an accelerated switch to predominantly 7S antibodies.

Moreover, neonatal thymectomy in both male and female B/W mice
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virtually abolished the late switch to 7S antibodies to Poly A,

suggesting a thymic requirement for this differentiation event.

Antibodies to DNA in female B/W mice are distinguished from

anti-DNA in males and from anti-Poly A in both sexes by virtue of

their relative resistance to the effects of either castration or

thymectomy. This could relate to a premature response in females

so that it becomes independent of the thymus during neonatal life.

The Poly A response in females, and both DNA and Poly A responses

in males, may become peripheralized more slowly and are therefore

more susceptible to hormonal manipulation.

The opposite effect on the 7S response to Poly A induced by

castration of male and female mice is striking. Castrated males

develop an accelerated switch to 7S , whereas in the castrated

females this response is abrogated. These results are interpreted

as reflecting an alteration in the equilibrium between helper and

suppressor influences as a result of hormonal modulation. Cas

trated males may be deficient in suppressor regulation, whereas

castrated females may lack a helper influence necessary for the

full development of a 7S response to Poly A.

These experiments offer an explanation for the greater inci

dence of lupus and other autoimmune diseases in females compared

to males. They further suggest that autoimmunity may arise as a

consequence of disordered immunologic regulation in which physio

logic control mechanisms are still operative, albeit in a defec

tive manner. The improved survival and disease manifestations in

castrated female mice given androgen suggests that hormonal modu

lation of murine lupus may have improtant therapeutic possibili

ties.
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Summary

Antibodies to native DNA and to polyadenylic acid (Poly A)

occur spontaneously and undergo a regulated switch from IgM to IgG

during the course of autoimmune disease in NZB/NZW Fl (B/W) mice.

B/W females have higher titers and earlier commitment to 7S anti

bodies to DNA and Poly A, whereas B/W males bind DNA and Poly A

primarily by 198 antibodies. Castration experiments have been

performed to determine the effects of sex hormones on this switch

from IgM to IgG.

B/W mice were either castrated or subjected to sham surgery

at 2 weeks of age and studied for immunoglobulin class of anti

bodies to nucleic acids at 4, 6, and 7 months post-surgery.

Prepubertal castration of males caused premature death in 60% of

mice. Castrated males had a significant decline in their serum

testosterone concentration, an increase in DNA and Poly A binding,

and an accelerated switch from 198 to 7S antibodies to nucleic

acids. Castrated females had no change in mortality. However,

castrated females given maintained androgen treatment had a

decreased mortality compared to castrated females receiving estro

gen (14 vs. 94%). The anticipated switch to 7S antibodies to Poly

A was almost eliminated in castrated females. These results

suggest that sex hormones modulate immunologic regulation and that

androgenic hormones are protective in murine lupus.
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Chapter VI

Antigen presentation in the NZB/NZW F1 mouse.l

T cell proliferative response to d-DNA-mRSA induced by

NZW or B/W but not NZB antigen-presenting cells.

Introduction

This chapter will deal with the interaction between T cells

and antigen-presenting spleen cells of the B/W mouse, particularly,

as it pertains to the antigen, d-DNA-mRSA (denatured DNA-methylated

BSA). For the in vitro production of antibody to T-dependent

antigens, there is an essential requirement for macrophages (Erb

and Feldmann, 1976; Hersh and Harris, 1968; Mosier, 1967; Pierce,

et al. 1972; Seeger and Oppenheim, 1970; Unanue, 1972; Waldron, et

al. 1973). During the last few years, much attention has been

focused on the mechanisms involved in macrophage-immunocyte interac

tions. One of the first functional abilities attributed to the

macrophage (besides a nutritive role) was the capacity to present

and/or process antigen in such a way, as to make the antigen more

immunogenic (Erb and Feldmann, 1975b ; Pierce, et al. 1974;

Rosenthal, et al. 1977; Rosenstreich and Rosenthal, 1973; Unanue

and Askonas, 1968; Unanue and Cerottini, 1970; Waldron, et al.

1973; Waldron, et al. 1974). More recently, it has been shown

that mere presentation/processing of antigen is not sufficient to

stimulate or trigger T or B cells. There are specific restrictions
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involved in the macrophage-T cell and T-B cell interactions.

These restrictions are governed by the Major Histocompatibility

Complex (MHC). The MHC determines whether or not an individual is

genetically capable of developing an immune response to a partic

ular antigenic determinant (Paul and Benacerraf, 1977). The MHC

controls the macrophage-T cell interaction (Rosenthal and Shevach,

1973) as well as the interaction between T cells and B cells

(Katz, et al. 1973). The control of the macrophage-T cell inter

action is at the level of the macrophage (Shevach and Rosenthal,

1973; Yano, et al. 1977). This means that the Ir-genes of the

MHC, which determine the genetic capacity to respond to a partic

ular antigenic determinant, must be expressed by the macrophage.

This was shown by crossing a mouse which can respond to the antigen

in question with a mouse that cannot; that is, Responder (R) is

crossed with Nonresponder (NR). The offspring of this mating (R x

NR) Fl is a Responder animal, indicating that the ability to

respond is dominant. However, the Fl can only be immunologically

stimulated if antigen is presented by the parental Responder

macrophage, and not by the Nonresponder macrophage (Thomas, et al.

1977; Yano, et al. 1978). The genetic control is exersized then,

by the MHC through the macrophage. Further experiments attempted

to ascertain the functional capacity of non-immune T cells which

were incubated with antigen-bound to macrophages. It was found

that T helper cells were generated (Erb and Feldmann, 1975a) and

that this interaction was also controlled by the MHC (Erb and

Feldmann, 1975c; Sprent, 1978).
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One of the most often used assays to measure macrophage-T

cell interactions is based on the ability of immune T cells to

undergo an antigen-induced proliferative response when challenged

in vitro with antigen bound to antigen-presenting cells

(Rosenwasser and Rosenthal, 1978; Yano, et al. 1977). This assay

is antigen specific, macrophage-dependent and a specific measure

of T cell proliferation (Alkan, 1978; Corradin, et al. 1977;

Rosenwasser and Rosenthal, 1978; Yano, et al. 1977). The use of

the antigen-induced T cell proliferation assay was applied to the

studies described below. The assay employed was a modification of

two recently described techniques (Alkan, 1978; Yano, et al.

1977). With this assay, it became possible to investigate in the

B/W mouse, the T cell-macrophage interaction and its relevance to

the immune response to d-DNA-mRSA.

Despite the many years, attempts, and numerous investigators,

there is no successful procedure for immunization, which will

result in the development of antibodies specific for native,

double-stranded DNA (Stollar, 1973). Thus far, there are only

three major systems in which antibodies to native DNA are produced;

1) human systemic lupus erythematosus (Holman and Deicher, 1959;

Tan, et al. 1966), 2) B/W mice (Talal and Steinberg, 1974; Howie

and Simpson, 1976), and 3) MRL/1 mice (Andrews, et al. 1978). All

these systems produce anti-DNA antibodies spontaneoulsy. However,

it has been found that immunization of rabbits with d-DNA-mRSA,

results in the production of antibodies to d-DNA Plescia, et al.

1964). This technique has become the preferred method for inducing

an immune response to DNA, albeit, primarily to d-DNA. Immuniza
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tion with d-DNA-mRSA has been used to induce antibodies to d-DNA

in various mouse strains (Fuchs, et al. 1975; Stollar, et al.

1973), including B/W mice (Lambert and Dixon, 1970), at a time

when the natural occurrence of these antibodies is very low or

non-existent. Whereas the B/W mouse responded quite well to

immunization with d-DNA-mRSA, of the two parental strains, only

the NZW had a high response. The NZB parent had a low response.

It was postulated (Lambert and Dixon, 1970) that the reason the

B/W mouse spontaneously produced large amounts of anti-DNA anti

bodies, was that the NZW genotype (which itself does not produce

anti-DNA antibodies spontaneously) contributes to the B/W, the

ability for high responsiveness to DNA. The NZB parental contri

bution would be the antigenic stimulation or antigenic load.

The use of the T cell proliferation assay, seemed an excel

lent tool with which to study the immune response of B/W mice to

d-DNA-mRSA and the contribution to this response made by the NZB

and NZW genotypes. The experiments in this chapter will demon

strate that the ability of B/W mice to respond to d-DNA-mRSA is

governed largely be genes of the NZW haplotype.

Materials and Methods

Mice. NZB, NZW, B/W mice were bred in our colony at the

Veterans Administration Hospital, San Francisco. BALB/c and DBA/2

mice were purchased from The Jackson Laboratories, Bar Harbor,

Maine. All mice were of the male sex.
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Antigens. The antigens used were DNP-KLH, DNP-OVA, d-DNA

mBSA. KLH and OVA were haptenated with dinitophenyl, according to

the method of Eisen, 1974, as follows: 1.0 gram KLH (Sigma

Chemical Co., St. Louis, Mo.) or 1.0 gram ovalbumin (Sigma) was

dissolved along with 1.0 gram potassium carbonate, in 50 ml

distilled water. To this solution was added 1.0 gram sodium

DNP-sulfonate (Sigma). The solution was stirred at room temper

ature overnight, the reaction mixture being shielded from light.

The coupled reagents were then dialyzed against 0.24 M NaHCO3 for

3-4 days, with frequent changes of buffer. The amount of DNP

substitution was then determined spectrophotometrically. The

conjugation ratios were DNP349-KIH and DNPA-OVA. Heat denatured

DNA-methylated BSA (d-DNA-mRSA), was prepared by heating native

DNA (calf thymus DNA, Sigma), at 100 C for 15 minutes, then

immediately transferring the tube of d-DNA to an ice bath (0 C).

After a few minutes, an equal weight of methylated BSA (Sigma) was

added with constant and vigorous stirring (Plescia, et al. 1964).

Immunizations. For antigen priming, the desired quantity of

antigen (100 micrograms DNP-OVA, 10 micrograms DNP-KLH, 50 micro

grams d-DNA-mRSA) was emulsified in Freund's Complete Adjuvant

(Difco, Detroit, Mich.), and 50-100 microliters injected subcutan

eously at the base of the tail of each mouse (Alkan, 1978; Corradin,

et al. 1977).

Preparation of primed lymph node cells and primed lymph node

T cells (modified from Alkan, 1978; Corradin, et al. 1977). Seven

to fourteen days after priming, the inguinal and periaortic lymph

nodes were removed and placed into Hank's Balanced Salt Solution,
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supplemented with, 5% horse serum (HOS), 10 mM HEPES, 250 micro

grams/ml Gentamicin. The nodes were then cut in half, transferred

to a sterile glass tissue homogenizer, and gently squeezed with a

Teflon plunger. The resulting single cell suspension was then

washed once with medium. At this point, the lymph node cells (LNC)

could be resuspended in complete medium (RPMI 1640, plus 5% HOS,

10 mM HEPES, 2 x 10-5 M 2-mercaptoethanol, 50 micrograms/ml Genta

micin, and antimycotic-antibiotic mixture (100 units/ml penicil

lin, 100 micrograms/ml streptomycin, 0.25 micrograms/ml Fungizone)),

and cultured in microtiter plates (Costar, culture cluster 96

#3596, Dynatech Lab., Alexandria, Virginia), with antigen (200

micorgrams/ml). Alternatively, lymph node T cells were prepared

by passage of the LNC through nylon wool columns, exactly as

described by Julius, et al. 1973. After eluting the non-adherent

T cells, they were washed once and resuspended in complete medium

at 4 x 10° cells/ml. Typically, 40-60% of the LNC added to the

nylon wool were recovered.

Preparation of antigen-presenting spleen cells and

antigen-pulsing (modified from Yano, et al. 1977). Spleens were

removed from non-immune donors and single cell suspensions made be

gently pressing the spleens through a fine-mesh wire screen. The

cells were washed once, then treated with NH,C1-10% HOS (0.155 M

NH, C1, 0.01 M KHCO2, 0.01 mM EDTA) pH 7.4, to lyse the erythro4 3'

cytes (Roos and Loos, 1970). The cells were then washed twice and

7 cells/ml. To theresuspended in RPMI 1640-10% HOS at 1 x 10

spleen cells (SC) was added antigen at 200 micrograms/ml of SC and

then Mitomycin C (Sigma) at 50 micrograms/ml, of SC in that order.
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The cells were incubated for 1 hour at 37 C, then washed five

times with RPMI 1640. After the last wash the cells were resus

pended in complete medium at 2 x 10° cells/ml. The use of unsep

arated SC as the antigen-presenting cell population works better

than peritoneal exudate cells (Schwartz, et al. 1978).

Cell culture conditions (modified from Alkan, 1978; Corradin,

1977; Yano, et al. 1977). Cultures were made in microtiter plates

(Costar 96, #3596) at 200 microliters/well. LNC or T cells were

added to give 4 x 10° cells/well, and antigen-presenting cells

added to give 2 x 10° cells/well. Six hours (18 hours in some

experiments) before harvesting the cultures on day 5, 1 microcurie

per well *H-methyl-thymidine (*T■ R, Schwartz/Mann, Orangeburg,

N.Y.) at 6 Ci/mM, was added. All determinations were made in

triplicate or usually quadruplicate, and the data are expressed as

mean cpm +/- standard error of the mean (SEM). Cultures to which

mitogens were added, were harvested on day 2 of culture. Con A

(3X crystallized, Miles, Elkhart, Ind.) was used at 10 micro

grams/ml. Lipopolysaccharide (LPS, from Difco) was used at 50

micrograms/ml. These concentrations were used because the use of

HOS instead of fetal calf serum in the complete medium, requires

5-10 times more mitogen (Alkan, 1978).

Results

Response of B/W mice to DNP-OVA and DNP-KLH. Before investi

gating the B/W response to DNA, two conventional antigens were

used to establish that B/W mice behaved in a generally normal
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manner when examined by the antigen-induced T cell proliferation

assay. Preliminary experiments determined the optimal conditions

for using DNP-OVA and DNP-KLH. Immune lymph node cells (LNC) from

DNP-OVA (100 micrograms) or DNP-KLH (10 micrograms) primed B/W

mice were incubated with either antigen for five days in culture,

and the proliferative response measured at that time. The results

are shown in Table I. B/W mice respond quite well to both DNP-KLH

(line 2), or DNP-OVA (line 5). The induction of T cell prolifera

tion is antigen-specific, because DNP-KLH primed mice do not

respond to DNP-OVA (line 3). That the proliferation seen in this

assay is due to T cells rather than B cells is supported by the

fact that even though both antigens contain the hapten DNP, the

response is specific for the carrier. Similar findings have been

reported by other investigators (Schwartz, et al. 1975). This

carrier specificity is an indication of a T cell and not a B cell

response (Paul, 1970).

Primed B/W T cells are induced to proliferate by syngeneic or

semisygeneic antigen-presenting spleen cells. The ability of

primed B/W T cells to be induced to proliferation by antigen bound

to spleen cells (SC) was examined. Mice were primed to DNP-KLH or

DNP-OVA. Purified immune T cells were prepared from these mice by

passing the LNC through nylon wool (Julius, et al., 1973). Nylon

wool eluted T cells incubated with LPS for 2 days gave a prolifer

ative response of only 1,019 +/- 54 cpm, indicating absence of

significant numbers of contaminating B cells. The Con A response

was 70,005 +/- 3,147 cpm. Spleen cells were used as the antigen

presenting cell population (Yano, et al. 1977). The SC were
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prepared from non-immune B/W mice. Table II demonstrates that

primed B/W T cells can be induced to proliferate to antigen by

syngeneic antigen-presenting SC (lines 2 and 4), and that these

responses are comparable to whole LNC stimulated by soluble antigen

(Table I). Table II also shows that primed T cells incubated with

soluble antigen in the absence of antigen-presenting SC cannot be

stimulated (line 5), even though the same concentration of antigen

caused the proliferation of primed, unseparated LNC. This indi

cates that the T cell proliferation is dependent on a nylon wool

adherent cell or the antigen-presenting cell of spleen.

The capacity of primed B/W T cells to be stimulated by antigen

in association with parental NZB or NZW antigen-presenting SC was

examined. The SC were from non-immune mice, and antigen pulsed as

before. Table III shows the results after five days in culture

with sygeneic or semisyngeneic antigen-presenting SC. Firstly,

lines 2, 4, and 6 show that there were no differences in B/W T

cell proliferation regardless of whether the antigen-presenting

cells were from the B/W, NZB, or NZW mouse. This held true for

days 3, 4, 5, 7 in culture (data not shown). Secondly, the results

of Tables I-III, emphasize that the B/W mouse can be studied using

the antigen-induced T cell proliferation assay. Furthermore,

primed B/W T cells respond to antigen-pulsed SC from B/W, NZB, and

NZW mice. Therefore these techniques can be applied to the investi

gation of T cell-antigen-presenting cell interactions in the B/W

In Ouse.
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Response of d-DNA-mRSA primed B/W T cells as measured by the

T cell proliferation assay. The ability of B/W mice to respond to

d-DNA-mRSA (denatured DNA-methylated bovine serum albumin), in the

T cell proliferation assay was examined as well as the antigen

specificities of the proliferative response itself. In these

experiments, non-immune B/W antigen-presenting SC were pulsed with

d-DNA-mRSA, d-DNA, mRSA or native DNA. In Table IV, lines 3 and 8

show that indeed, B/W antigen-presenting cells pulsed with d-DNA

mBSA can cause the stimulation of d-DNA-mRSA immune B/W T cells.

There is also the requirement for the immunizing antigen to be

intact, in that neither d-DNA or mBSA pulsed SC could cause T cell

proliferation (lines 2, 5, 7). The response to native DNA (line

6) is low, but measurable (there is the possibility that the

response to native DNA can be sustantially increased, if optimal

conditions were worked out, which has not been done ). The reason

for the inability of d-DNA or mBSA to stimulate d-DNA-mRSA primed

T cells is not known. It may be related to the fact that both

d-DNA and mBSA are highly charged molecules, and thus may not

interact well with the antigen-presenting cell surface. Therefore,

the neutralization of charges that occurs when d-DNA is coupled to

mBSA, may allow the complex to bind properly with the cell.

Another possibility is that when mBSA and d-DNA are not complexed

together, the conformational structure which was recognized at the

time of priming the mice, is not present, and therefore the T

cells are not challenged with the same antigenic determinants as

was encountered by the T cells during the priming episode.
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Response of d-DNA-mRSA primed B/W T cells to antigen

presentation by B/W, NZB and NZW SC. Once it was established that

B/W mice could be studied by the antigen-induced proliferation

assay, the next step was to examine the ability of parental antigen

presenting cells to stimulate B/W T cells, which had been primed

to d-DNA-mRSA. This assay would shed light on the capacity of B/W

T cells to recognize DNA in relation to either of the two parental

haptotypes, NZB, and NZW. Briefly, the protocol for these experi

ments is as follows: 1) B/W mice are primed with d-DNA-mRSA, 2)

7-8 days later primed T cells are obtained by passing immune LNC

through nylon wool, 3) these primed T cells are cultured for 5

days in the presence of non-immune antigen-presenting SC from B/W,

NZB, DBA/2 or BALB/c mice which were pulsed in vitro with d-DNA

mBSA or control antigens, 4) to the cultures was added *H-Tdr to

measure the amount of T cell proliferation. Table V shows the

results of the five experiments carried out as just described.

Most interestingly, B/W T cells primed to d-DNA-mRSA were stimu

lated best by antigen-presenting cells from syngeneic B/W or

semisyngeneic NZW mice, but not as well by the other semisyngeneic

parent NZB. DBA/2 or BALB/c mice which are the same Major Histo

compatibility Complex (MHC) type as the NZB (H-2°), did not stim

ulate the primed B/W T cells to the same degree as B/W or NZW

antigen-presenting cells. Thus it appears that the primed B/W T

cells recognize d-DNA-mRSA best in relation to the NZW parental

haplotype rather than to the NZB parental haplotype. It is known

that an immune response is restricted, during a secondary response,

to an interaction with the same MHC that it encountered during the
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initial priming with antigen (Pierce, et al. 1976). An extension

of these results would mean that the B/W T cells, during the

initial encounter with d-DNA-mRSA interacted most efficiently with

the antigen in conjunction with the NZW haplotype of its own

antigen-presenting cells. The failure of the NZB antigen

presenting SC to stimulate B/W T cells to d-DNA-mRSA does not seem

to be due to any unique defect of the NZB, because neither DBA/2

or BALB/c antigen-presenting cells could stimulate B/W T cells as

effectively as the B/W or NZW antigen-presenting SC. This suggests

that the H-2 region is involved in the response to d-DNA-mRSA,

since NZB, DBA/2 and BALB/c mice are all of the H-2" haplotype,

whereas the NZW is H-2°.

Proliferative response of d-DNA-mRSA primed NZB and NZW. T.

cells. T cells from d-DNA-mRSA primed NZB, and NZW mice were

assayed for their capacity to be stimulated by syngeneic non

immune antigen-presenting SC pulsed with d-DNA-mRSA. Table VI

shows quite convincingly that primed NZB T cells cannot be induced

to give a good proliferative response to d-DNA-mRSA (lines 2 and

9), whereas primed NZW T cells are stimulated by NZW antigen

pulsed SC very well (lines 4 and 12). Therefore, NZB mice are low

responders to d-DNA-mRSA when compared to the B/W and NZW mice,

which are high responders. The reason for the low responder

characteristic of the NZB could result from one or a combination

of two factors. First, the NZB T cells cannot be stimulated by

d-DNA-mRSA because they are unable to recognize the antigen, or

secondly, the NZB antigen-presenting cell does not process/present

the antigen properly to the T cell, which itself has the capacity
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TABLE I*

Primed B/W lyinph node cells can generate a

proliferative response

LNC primed to:* Ag in culture" CPM +/– sEM”
DNP-KLH ------ 391 +/– 42

DNP-KLH DNP-KLH 11,551 +/– 353

3. DNP–KLH DNP-OVA 509 +/– 65

4. DNP-OVA
-----

1,337 +/– 274

DNP-OVA DNP-OVA 10,706 +/– 691

a) cultures pulsed with *H-T■ R 6h. before harvest on day 5.
b) mean cpm of triplicate cultures +/- standard error of the mean.
c) B/W mice primed with either DNP–KLH or DNP-OVA.
d) antigen added to culture at day 0.

TABLE II*

Primed B/W T cells can be induced to proliferate

by B/W antigen-presenting SC

T cells primed to: SC pulsed with: CPM +/– sEM”
1. DNP–KLH ------ 722 +/- 31

2. DNP–KLH DNP-KLH 5,801 +/– 782

3. DNP-OVA ------ 194 +/– 11

4. DNP-OVA DNP-OVA 17,910 +/–1173

5. DNP–KLH no SC, DNP–KLH 190 +/- 18

at 200 microliters/ml
*

a) cultures pulsed with *H-Tdr 6h. before harvest on day 5.
b) mean cpm +/- standard error of the mean of triplicate cultures.
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TABLE III*

Proliferative response of primed B/W T cells' to

syngeneic or semisyngeneic antigen-presenting SC

Source of Ag-pulsed SC: SC pulsed with: CPM +/- SEM”
1. B/W ------ 739 +/- 169

2. B/W DNP-OVA 6, 251 +/– 1253

3. NZB ------ 599 +/– 6

4. NZB DNP-OVA 9,663 +/– 2271

5. NZW ------ 636 +/– 77

6. NZW DNP-OVA 6,570 +/- 616

a) cultures
b) mean cpm

cultures.

pulsed with *H-T■ R 6h. before harvest on day 5.
+/- standard error of the mean of quadruplicate

c) primed T cells from B/W mice immunized with DNP-OVA.

--

TABLE IV*

B/W T cell proliferative response to d-DNA-mRSA*

Exp. No. SC from: SC pulsed with: CPM +/– sEM”
1. B/W ------ 631 +/- 18

l B/W d-DNA 933 +/– 84

B/W d-DNA-mRSA 6,103 +/. 60

4. B/W
-----

434 +/- 16

-
B/WY d-DNA 732 +/- Z11

6. 2 B/W native DNA 1,514 +/- 499

-
B/W mBSA 651 +/– 12

8. B/W d-DNA-mRSA 8,968 +/– 2407

a) cultures pulsed with *H-T■ R 6h. before harvest on day 5.
b) mean cpm +/- standard error of the mean of quadruplicate

cultures.

c) primed T cells from B/W mice immunized with d-DNA-mESA.
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TABLE V

Response of d-DNA-mRSA primed B/W T cells to

antigen-presentation by antigen-pulsed SC from

B/W, NZB, NZW, DBA/2, and BALB/c mice

Exp. No SC from: Ag used for pulsing: ACPM’ +/– SEM"

* ...a B/W d-DNA-InBSA 5,472 +/- 63
2. 1 NZB rº 1,325 +/- 494
3. NZW nº 5,302 +/– 2278

4. a B/W ºt 8,534 +/– 2407
5. 2 NZB ºt 203 +/– 88

6. NZW nº 6,005 +/– 203

Z -a B/W wº 4,204 +/- 170
8. 3 NZB ºt 648 +/– 119
9. NZW nº 5,655 +/– 94.7

10. B/W ºn 28,326 +/– 264
11: . b NZB tº 12,606 +/- 452
12. 4 NZW nº 26,440 +/– 818
13. DBA/2 ºw 18,042 +/– 695

14. b B/W un 5,653 +/– 120
15. 5 NZB ºt 1,757 +/– 223
16. NZW ºt 4,981 +/– 483
17. BALB/c wº 2,413 +/- 202

a) Exp. 1, 2, 3 were pulsed with *H-TaR 6h. before harvest on day 5.
b) Exp. 4 & 5, were pulsed with "H-TdR 18h. before harvest on day 5.
c) A cpm calculated by taking the difference between cpm obtained with

non-pulsed SC from cpm obtained with SC pulsed with d-DNA-mRSA.
d) mean cpm +/- standard error of the mean for triplicate cultures

(Exp. 4) or quadruplicate cultures (Exp. 1,2,3,5).
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TABLE VI.

Proliferative response of d-DNA ■ º primed NZ■ and NZW T cells.

Prized T cells from: SC from: Sº Pºlsed with: CPM +/- SEM

Jº NZB NZB ------

2 NZ}} NZB d-DNA-mRSA

3 NZW NZW
------

4. NZW Nza d-DNA-m'BSA

5 B/W B/W -------

6 B/W B/W d-DNA-D]ESA

7% * NZB NZB ––––––

8. NZB NZB DNP–KLH

9. NZB NZB d-DNA-mPSA

J.0. NZW NZW --------

11. NZºº■ NZ DNP-KJ,K)

}2. NZW NZW d-DNA-II, BSA

13. B/W B/W ------

14. B/W
-

B/W DNP --KLH

J.5. B/W B/W d-DNA-mâSA

+

179

511.

731

29,953

1.96

4, 400

398

379

2,037

1,029

1,556

18, 4.99

2,471

2,754

31,080

a) mean cp■ a F/- standard error of the mean for quadruplicate

b) 1 ines 1-6, cultures pulsed with *i-1dB 6h. before harvest

a

+/– 20

+/- 30

+/- 151.

+/- 1653

+/- 16

+/- 169

+/– 24

+/- 1.1

+/- 29

+/- 8

+/– 143

+/- 768

+/- 281

+/- 332

+/– 121

cultures.

on day, 5.

c) I inas 7-i6, cultures pulsed with *H-TaR 18}, . before harvest on day 5.
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TABLE VII

Response of d-DSA-n}SA primed NZB and NZW T cells
to Responder antigen-presenting SC

Source of Source of

Primed I cells: spleen cells: SC pulsed with: CPM +/- SEM”
l. NZB NZB

------
271 +/– 35

2. NZB . NZB d-DNA-InBSA 1, 331 +/- 33

3. NZB B/W
----

443 +/– 86

4 NZB B/W d-DNA-mRSA 7,424 +/- 1776

5. NZW, NZW -------' “ 1,155 +/- 201

6. NZW NZVN d-DNA-mRSA 23,483 +/– 2335

7. NZW B/W
------

1,564 +/- 193

3. NZW E/W d-DNA-mRSA 40,823 +/- 4717

a) mean cpp. 4-/- standard error of the mean of a total of seven

replicates from two separate experiments.
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of responding to d-DNA-mBSA. In an attempt to differentiate

between these possibilities, d-DNA-mRSA primed NZB T cells were

cultured with d-DNA-mRSA pulsed responder (B/W) antigen-presenting

SC. Thus if NZB T cells were not induced to a proliferative

response then it may be concluded that neither the NZB T cell or

antigen-presenting cell can interact immunologically with d-DNA

mBSA. Table VII gives the resluts of such an experiment. A

comparison of lines 2 and 4 shows that the primed NZB T cells do

respond better to the antigen presented by B/W antigen-presenting

SC, then to NZB antigen-presenting SC. However, is this response

is five-fold less than the proliferative response of primed NZW T

cells to antigen-pulsed B/W SC. Nevertheless, the NZB T cells

were stimulated to some degree. Therefore, the only conclusion is

that the inability of the NZB mouse to respond to d-DNA-mRSA is

associated with its antigen-presenting cell. The reasons for the

diminished capacity of the NZB T cell to respond as well as the

B/W and NZW T cells has not been examined.

Discussion

The experimental evidence described in this chapter, has

demonstrated that the mouse strains NZB, NZW and the F1 hybrid B/Wl

can be separated into low responder-high responder categories, on

the basis of their d-DNA-mRSA induced T cell proliferation response.

The NZB strain is a low responder to d-DNA-mBSA, the B/W and NZW

strains are high responders. Furthermore, the B/W mouse recognizes

and responds to d-DNA-mRSA primarily through the NZW haplotype to
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its own antigen-presenting cells, rather than through the NZB

haplotype. This dichotomy of the proliferative response of B/W T

cells is antigen specific (Tables II and IV), dependent upon

antigen-presenting spleen cells of the proper parental haplotype

(Table V), and is influenced to some extent, by the H2 region of

the MHC on the antigen-presenting cells (Table V).

The results in this chapter were compiled using an in vitro

antigen-induced T cell proliferation assay. This assay, in

slightly modified forms, has previously been shown to be macrophage

dependent, whether using mice (Alkan, 1978; Corradin, et al. 1977;

Rosenwasser and Rosenthal, 1978) or guinea pigs (Rosenstreich and

Rosenthal, 1973; Seeger and Oppenheim, 1970; Waldron, et al.

1973). The interaction between immune T cells and antigen

presenting macrophages has been further defined to include the

requirement that both cells be histocompatible, especially in the

I-region of the MHC (Shevach and Rosenthal, 1973; Yano, et al.

1977). However, histocompatibility alone is not sufficient.

Using primed T cells from (Responder x Nonresponder) Fl mice

(Yano, et al. 1978) or guinea pigs (Shevach and Rosenthal, 1973),

it was shown that F., T cells collaborate most effectively withl

macrophages from the Responder parent only. This means that the

antigen-presenting cell must possess the responder genotype

(responder Ir-gene alleles), in order to significantly induce

proliferation of the Fl T cells to antigen. A further subdivision

of the Fl T cell-antigen-presenting cell interaction, is the

presence of two distinct T cell subpopulations within the Fl pool

of T cells. One subpopulation can interact with only one of the
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parental haplotypes, and the other subpopulation of T cells with

the other parental haplotype, but neither subpopulation can

interact well with both parental haplotypes (Paul, et al. 1977;

Swierdosz, et al. 1978). When the Fl mouse is primed with an

antigen only the responder haplotype can effectively handle the

antigen. Therefore only the subpopulation of T cells which

associate with the non-responder haplotype are not involved

(Thomas, et al. 1977; Yano, et al. 1978). This type of situation

most likely exists in the B/W mouse. When the B/W mouse is primed

with d-DNA-mRSA, the B/W antigen-presenting cells, which bind the

antigen, process and/or present it to the B/W T cells. However,

only that subpopulation of B/W T cells which can interact with

d-DNA-mRSA and the responder haplotype, is stimulated, because

only the gene products coded for by the responder NZW genotype can

interact with the antigen in the proper immunological manner.

This model is supported by the experiments of this chapter. Only

the NZW (responder) parental antigen-presenting cells could stim

ulate the B/W Fl primed T cells, whereas the NZB antigen-presenting

cells could not.

Very recent published results have shown that for a specific

antigen, the B cells of Fl mice are also restricted to the res

ponder haplotype, or to the haplotype used for priming (Marrack

and Kappler, 1978; Sprent, 1978a, c; Yamashita and Shevach, 1978).

In the B/W mouse this type of restriction could also occur.

Therefore, much of the anti-d-DNA-mBSA antibodies produced would

be made by B cells which interact with the NZW haplotype. Recent

genetic back-cross experiments, in which B/W mice were back-crossed
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to either the NZB or NZW parent, reported that there are three

genes involved for lupus nephritis of the B/W (Knight, et al.

1977; Knight and Adams, 1978). Only one of these three genes was

linked to the H-2 region, and that gene was contributed by the NZW

parent.

The finding that the response to d-DNA-mRSA occurs primarily

through the NZW haplotype, could have bearing on the action of

immunoregulatory mechanisms. There have been described antigen

specific suppressor factors and cells (Asherson and Zembala, 1974;

Debre, et al. 1976; Kapp, et al. 1976; Tada, et al. 1975; Zembala

and Asherson, 1974) which carry I-region antigens (Tada, et al.

1975; Takemori and Tada, 1975; Taniguchi, et al. 1976a), and are

restricted in their action to histocompatible mouse strains

(Taniguchi, et al. 1976b). Helper factors are also present which

are antigen-specific and governed by the MHC (Erb and Feldmann,

1975d; Erb and Feldmann, 1976). It can be envisioned that these

factors, both suppressor and helper, and the cells that produce

them, are required to act through the NZW haplotype, in the B/W

mouse, for their immunological reaction against the antigen

d-DNA-mRSA and quite possibly to DNA itself. This could occur at

the level of the T cell-macrophage, T-B cell, or B cell-macrophage

interaction. The inability of regulatory influences to function

efficiently may be directly related to the genes coded for by the

NZW haplotype. Improper sending or receiving of immunoregulatory

signals could act through the NZW haplotype of the B/W rather than

through the NZB haplotype. If this were to be found true, then

our perspective on the genesis of the B/W lupus disease would
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change, for more emphasis would have to be put on the "normal" NZW

mouse contribution in relation to the contribution of the

"abnormal" NZB.

Summary

The genetic contribution of the NZB and NZW mouse to the

antigen-induced, macrophage dependent lymph node T cell prolifer

ative response to d-DNA-mBSA, in the Fl hybrid B/W was examined.

B/W mice were immunized subcutaneously in the tail with denatured

DNA-methylated BSA. Primed T cells from these mice were obtained

after passage of sensitized periaortic and inguinal lymph node

cells through nylon wool. The primed T cells were challenged in

vitro with antigen-presenting spleen cells, from BALB/c DBA/2,

NZB, NZW, or B/W mice. The antigen-presenting cells were pulsed,

in vitro, with d-DNA-mBSA. B/W T cells primed to d-DNA-mRSA were

induced to give a substantial proliferative response, as measured

by incorporation of *H-thymidine, only by d-DNA-mBSA pulsed

antigen-presenting cells from B/W or NZW, but not from NZB, BALB/c

or DBA/2. The T cell proliferative response was shown to be

antigen specific, and dependent on the presence of antigen

presenting cells. These results suggest that the autoimmune res

ponse of B/W mice to DNA primarily occurs through the NZW H-2

haplotype of their own (B/W) antigen-presenting cells.





81

Chapter VII

Concluding Remarks

The disease of the B/W mouse is of a very complex nature, as

the results of Chapters II-IV point out. The B/W murine lupus

disease involves at least two of the most intricately regulated,

functionally diverse, and subtle systems in biology, the immune

system and the hormonal system. As though it were not enough that

each system is itself awesome in its sophistication, additional

orders of magnitude of complexity occur because of the inter

relatedness, the integration of these two major systems.

The primary impetus for studying biology, or any scientific

field, is derived from our curiosity concerning how and why things

work as they do. What is the cause of the phenomenon we are

observing? The discipline of immunology is no different. The

observations of this dissertation have been concerned with auto

immunity, particularly the B/W mouse strain, which develops an

autoimmune disease quite similar to human systemic lupus erythema

tosus (SLE). The study of the B/W mouse does not necessarily mean

that a direct link can be made to the human disease. However, at

the very least, important, perhaps crucial insights may be found

which can be applied to SLE. Much important information is gained

by examining the immune system during times when it is functioning

normally. The study of the immune system during those times when

it does not seem to be functioning normally can also contribute to
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our understanding. This is expecially so if one keeps in mind how

pathological conditions arise. Disease does not necessarily

result only from abnormal functions.

In most cases, pathological changes occur when the body's

defense, or repair mechanisms are functioning properly. Autoi

mmune or immunopathological diseases, for example, arise not

because the immune system is wildly out of control and attacking

the body's constituents without any provocation. Most autoimmune

diseases, such as thyroiditis, allergic encephalomyelitis, auto

immune hemolytic anemia, and SLE, demonstrate that the immune

system, during these abnormal conditions, still maintains the

capacity of immunological specificity. If this were not the case,

all autoimmune disease would appear to be pathologically identical.

The immune system is stimulated or triggerered into action by an

antigen. Whether the antigen is of an exogenous source or endog

enous, or more likely a combination of the two, is theoretically

irrelevant (though of course of immense practical importance).

The major point is that the immune system works in the same fashion

regardless of the source of antigenic stimulus. The outcome of

the immune response, either ridding the body of the offending

agent, or causing immunological damage, is determined by two main

factors, both of which are outside the influence of the immune

system. The first is the nature of the antigen. If the antigen is

intimately associated with the body's constituents, for example

viruses, intracellular bacteria, fungi, etc., or if it cross

reacts with these constituents, the immune response directed

against this type of foreign antigen will lead inadvertently, to
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an attack against the self-components with which the foreign

antigen is associated. In such a case, autoimmune disease occurs,

not because of any overtly aberrant aspect of the immune system,

but because of the antigen against which the immune response is

directed. The second factor is genetic. Genes determine to which

antigens the immune system will respond. The immune system has no

influence in this matter. The genome determines whether the

immune system can react toward an antigen which has become an

"altered-self." If the genes controlling such a response are

absent, then an immunopathological disease will not result, even

though pathological changes involving other systems may still

occur. Therefore, it must be kept in mind, that autoimmune disease

or immunopathological conditions do not necessarily, or usually

result from an obviously abnormal immune system, but rather from

subtle changes within the immune system and within the other major

systems of the body with which the immune system is integrated.

This hypothesis is best stated in the words of W. G. Spector:

"Pathology results from adaptive mechanisms being turned against

the host."

The experiments presented in this dissertation lend support

to the viewpoint, that the immune system of the B/W mouse follows

the rules, or paradigms of immunology. Before antibody can be

produced even though it be autoantibody, the appropriate cellular

interactions must occur. We have shown that the maturation of the

immune response seems to proceed in a normal, regulated fashion,

with IgM followed by IgG antibodies. Regulatory cells appear to

function in an equally normal manner. If regulatory T cells are
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eliminated or the balance between subpopulations of T cells is

disturbed by thymectomy and/or splenectomy the antibody response

is affected. Lastly, the inter-relationship between the immune

system, and the hormonal system is emphasized by our demonstration

that manipulation of the sex hormones has dramatic consequences on

the immune system, the autoimmune disease and its immunopatho

logical effects.

These studies, and recent investigations by others, emphasize

that the causes which lead to autoimmunity and the mechanisms

involved in autoimmune disease, do not appear to be due to obvious

manifestations of abnormal function. Immunoregulatory abnormal

ities most likely do exist in the B/W mouse disease, but these

factors are not to be easily uncovered. The immunoregulatory

mechanisms are elaborately interrelated with the effector functions

of the immune system, as well as with other systems of the body.

The idiotype network theory proposed by Jerne in 1974, works by

cell to cell recognition and/or communication through idiotypes

expressed on B cells and T cells. Slight perturbations in the

idiotype-anti-idiotype network could lead to disruption of cellular

regulation. Such interference with cellular interactions would be

difficult to detect, as certainly would be the initial causes of

the perturbations. Genetic influences acting through the MHC as

suggested in Chapter VI, may contribute to incorrect immunoregula

tion. Alteration of these gene products which are required for

cellular interactions, could lead to improper or inappropriate

cellular signals being received or sent, among B cells, T cells

and macrophages. These type of changes could have drastic effects,
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but the actual modification of the MHC gene product may be dif

ficult to detect. Other genetic influences could also be intim

ately involved. For example, gentic aberrations which control

differentiation and maturation of immunocytes, and other cell

types, would certainly cause improper functions within the immune

system.

For further insights into the immune dysfunction of the B/W

mouse experiments should be designed in ways which allow the

detection of minute alterations and disturbances within the immune

system, and investigators should search not only for major func

tional impairments but for small changes that may be the important

and crucial factors determining autoimmunity.
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