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SUMMARY

A sensitive reagent for the detection and titration of

antÍ-DNP antibodies in serum and tissue culture medium was

developed by coupling the DNP-residue covalently to Tr-coliphage"

The resulting DNP-Tr-phage conjugates \^rere found to be completely

neutraLized by anti-DNP antisera" The optimum conditions for

reproducibility of the neutralization assay were determined"

The responsiveness of Balb/c and CBA rnice to DNP-BGG was

compared in vitro and in vivo. In both cases, Balb/c mice were

found to respond with higher titres to the DNP-residue and were

therefore selected for further study.

The requirements conducive to the stimulation of a primary

anti-SIìBC antibody response in vitro were analysed. IË was found

that Balb/c spleen ce1ls, rotated in the presence of antigen at

1/5 rpm in tissue culture tubes at 37oC, gave the most vigorous

responses. Using these conditions, attempts were made Eo elicit

an in vitro response to DNP with DNP-BGG coupled covalently to

SRBC. The response elicited was low and therefore other antigens

were invesLigated in vivo"

These antigens consisted of Balb/c mouse anti-SRBC gamma-

globulins (MGG) and rabbit anti-SRBC gammaglobulins (RGG)" An

average of 2-3 DNP-residues \^/ere coupled per molecule of MGG and

RGG. Both conjugates were individually allowed to react with

SRBC to form DNP-MGG-SRBC and DNP-RGG-SRBC complexes, which were

then injected inEo separate groups of Balb/c mice" The resulting

anti-DNP and anti-SRBC antibody responses were analysed for IgM

and IgG classes. No significant differences were observed in the
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magnitude or antibody class elicited by these two antigens. rt

rvas concluded from the data that the sheep erythrocyte functioned

as the carrier in the anti-DNP antibody response to the DNp-MGG-

SRBC complex.



INTRODUCTION

The elucidation of rhe mechanism of induction of the antibody

response is one of the most pressing problems in contemporary immun-

ology. rn order for a molecule to induce such a response, it musE

be presented to the cells of the immune system in an immunogenic

form. Green et al (tg6g) and Dresser (1963) have illusrrared this

point wiEh the following experiments" rn the experiments of Green

et al, workíng with Harcley strain //2 gulrea pigs which are un-

responsive t.o DNP-PLL, it was found that DNP-PLL, when bound non-

covalently to methylated BSA, would then stimulate an anti-DNp

response. AIso, Dresser found that for BGG to be inrnunogenic, it

must be presented in an aggregated form; aggregate-free preparations

of BGG not only failed to immunize, but rendered the animals

unresponsive (tolerant) to further challenge with the immunogenic

form of BGG. The ce1ls involved in the antibody response vary

according to the immunogen used (shortman et al, L97o; Feldmann et

ar, r97L), and have been grouped into three classes, corresponding

to their apparent functions"

A. Macrophages: shortman et al (1970) and Feldmann et al (t971)

have shoum that for some antigens, macrophages may play a major role

in the initiation of Ëhe antibody response, rn both studies it was

shown that spleen ce11 suspensions, from which only the macrophages

r^/ere removed by passing the suspension through a column of glass

beads at 37oC, would not mount a normal antibody response to Ehe

intact SRBC antigen" In contrast, it was shown that the response

to POL can be stimulated in the absence of macrophages; and chat the

requirement for macrophages could be circumvented by using a soluble
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antigen prepared from the sheep erythrocyte (Feldmann et a1, L97L).

0n the basis of these results, Feldmann has suggested that it is

the síze of the antigen which determines whether or not macrophages

are required as accessory cells in the initiation of rhe antibody

response "

In the past ten years, the macrophage has been assigned other

roles in this response. For example, Fishman and Adter (L967)

suggested that the macrophage induced Lhe formation of antibodies

via an antígen-RNA complex, which was formed withín the macrophage

and subsequently transferred to lymphocyEes which were the antibody-

forming cell precursors (AFCP). The experimental system consisted

of implanting diffusion chambers into irradiated syngeneic rats.

The diffusion chamber contained normal lymph node cells and cel1-

free extracts prepared from macrophages which had been previously

incubated wiCh Tr-coliphage. Some chambers contained also ribo-

nuclease. LgS anti-T, antíbodies were formed only in those raEs

which contained RNA-Ag complexes extracted from macrophages" Adler

et a1 (L966) found that RNA-Ag complexes extracted from rabbit

macrophages, whÍch had been previously incubated with antigen,

v/ould induce the formation of antibodies allotypically related to

the donor of the RNA-Ag complex. Askonas and Rhodes (1965) and

Roelants and Goodman (1969) have a different opinion about the

RNA-Ag complex. Both research teams agree that an antigen associated

with RNA is more immunogenic than is free antigen, but they do not

attribute the format.ion of the complex to anything more than an

artifact of the experÍmental system. Askonas and Rhodes found that

complexes could be formed immediately upon addition of the labelled

antigen to the macrophages, and these complexes \^¡ere as immunogenic
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as those extracted after a 2,5 hour Íncubation perÍod. They have

suggested Chat the RNA is not a new informational unit, but simply

a molecule already presenL in the macrophage which non-specifically

ímparts heightened immunogenicity to antigens. Roelants and Goodman

studied ten different molecules and found that only negatively

charged groups were able to form RNA-Ag complexes. They also found

that the complexes were formed as readily from homogenates of HeLa

cells as from homogenates of macrophages. Since the formation of

the RNA-Ag moiety has not been shown to be a product of viable

macrophages, they have concluded that the RNA-Ag complexes do not

play a physiologÍcally significant role in the inrnune response. Most

of the above experiments do, however, emphasize that macrophages are

involved in the initiatÍon of an antibody response to some antigens.

B. Thymic deríved cells (T-cel1s): Parrott and de Sousa (L97L)

irnplanted [3U]-thymidine labelled neonatal thymus grafts inr,o con-

genitally athymic mice in order to study the distribution of

thymus-derived cells (the labelled lymphocytes) as well as the

distribution of the indigenous non-thymic lymphocytes (the unlabelled

lymphocytes). These two populat.ions of lymphocytes, which in the

blood and lymph are morphologically indistinguishable are, however,

different with respect to their place of origin, migratory patterng

and lifespan. One population migrates from the thymus to character*

istic regions of the immune system, i.e., the periarteriolar sheaths

of splenic Malphigian bodies, paracortical regions of lymph nodes,

and recírculates in the blood and lymph. The other populatÍon of

lymphocytes (defined by Eheir lack of label) is found in splenic

red pulp, primary follicles and the cortex of the lymph nodes; it is
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in fact, the B-celI compartment which Ís discussed below. Further

experiments by Parrott and de Sousa, using thymidine labelling, have

shown that the thyrnic-dependent cell population contained a high

proportion of long-Iived ce1ls while the B-cell compartment consisted

mainly of short-1íved cells. Miller and Mitchell (L969) investigared

these two different cellular components in terms of immunologícaL

function. Their experiments T¡rere aimed at def ining the cellular

basis of immunological deficÍencies which resulted from the loss of

one of these cell populations. The effect of thymectomy on the

antibody response of mice to sheep erythrocytes vras established, as

well as the ability of various ce11 pools (thymus cells, thoracic duct

ceIIs and bone marrohT cells) to restore 
.the 

anti-SRBC antíbody response

to such thymectomized animals" I'filler et al found that t.here v/as a

specific cellular defect in neonatally thymectomized mice, such mice

being unable to produce antibody-forming cells (aFc) or to show evi-

dence of antigen-reactive cel1s (ARC) specific for sRBCrs. rn these

experiments, ARC were defined as cells which could be stimulated to

divide in the presence of antigen in one host and, when subsequently

injected with antigen and normal bone marro\^/ cel1s into irradiated

recipients, give rise to a focus of antibody-forming cells in the

spleen (the Kennedy assay). Inoculating neonatally thymectomized mice

with normal thoracic duct cells and antigen (SnfC) restored the anti-

SRBC antibody response to normal. The ARC was not dependent upon the

thymus for reactivity, but was dependent on the thymus for Íts

development. Since bone marrow cells are capable of restoring rhe

whole of the lymphomyeloid complex in heavily irradiated anirnals

(Vicklem et al, 1966), the bone marrow \^ras investigated for ARC



5

precursors (Miller et a1, L969). Bone marrow cells from either

normal or rhymectomized mice could respond to SRBCTs only in those

anÍmals having a thymus, Í.e., the precursors of the ARC in bone

marrow required the thymus to differentiate into ARC (hereafter

referred to as T-cells). Experiments by Claman et al (1966) were

established to investigate the interactions between bone marrow

cells and thymus cel1s" Thymus cells or bone marroT^l cells were

inoculated with or without SRBC Ínto 1ethally Írradiated syngeneic

hosts. One week later, cells from the spleens of these míce were

transferred to lethally irradiated secondary hosts together with

SRBC alone or SRBC and bone marrow cells" The results were that

only secondary hosts receiving bone marrow cells, SRBC and spleen

cells from primary hosts Ínjected with SRBC and thymus cells re-

sponded. This suggested that the T-cell had to react with the

antigen before inter-acting with a bone marrow cell. These ex-

periments have been substantiated by Miller and Mitchell (tS0e¡

with SRBC, and Taylor (tgøg) with two serum albumins.

Antigens which have been found to require the presence of

thymus-derived cells to trigger an antibody response aIe referred

to as thymic dependent antigens" It is now known that antigens

vary in their thymic dependency. Feldmann et al (I97L) have analysed

some of t.he requirements of thymic dependency" They examined, in

an in vitro model, antigens (lUf-proteins, and the flagellar antigen

of S. adelaide) in various physical forms, in terms of their thymic

dependence. They found that polymerized flage1lin (POL) induced

normal leveIs of antibody whether the ce11 susPension contaíned

T-cells or not. The RBC antigen required the presence of T-cells



for a normal response but this requirement could be parlially

overcome by increasing the concentration of RBCls. Monomeric flagelLin

(MON), MON-duck erythrocyte conjugates and DNP-duclc RBC conjugaLes

all required T-cells for an anti-l'10N or an anti-DNP antibody response

to be mounted. However, the response to the DNP determinant when

conjugated to POL was thymic independent" The conclusions drawn

from these results by Feldmann et al were that thymíc dependence

vras a physical property of the antigen, not an inherent property of

the antigenic determinants. Haptens (determinants) conjugated to

thymic dependent carriers elicited responses which weie thymic

dependent whereas the same determinants conjugated to thymlc

Índependent carriers elicited responses which were thymic independent,

i.e., T-ce11s are required for the inítiation of an antibody response

for only some antigens"

C. Bone marrow derived cells: As mentioned above, the n?ture

of some antigens (".g., POL, Hcy and E" coli lipopolysaccharide)

is such that they can stimulate antÍbody production without the

participation of T-cells. Bone marrohT cells were shown to be the

precursors of T-cells and antibody forming cells (AFC) by Miller

and Mitchell. Miller et al (1967) injected bone marrow cells from

normal or neonatally thymectomized mice into irradiated hosts -

hatf of which had been thymectomized one to two months earlÍer.

They killed the irradiated hosts at weekly intervals and examined

their spleens for the presence of T-ce|]s by the Kennedy assay

described above. They found that T-cells required a thymus for

development, and that the development T¡ias antigen Índependent. The



cells which gave rise to T-cells were found in the bone marrow,

i.u., precursors of T-ce1ls originated in the bone marrow. The

possibility also remained that thymus derived lymphocytes were

essential for the rapid differentiation of T-cell precursors to

active antibody secreting cells. Mil1er and Mitchell tested this

possibility by injecting 108 bone marrovr cells or 108 thymus cells

into heavily irradiated CBA mice with or without SRBC. After one

week, the spleen cells of these mÍce were transferred to a second

irradiated hosL together with SRBC. Half of the transferred cells

were inoculated together with bone marrovl cel1s. The spleens of

the secondary hosts viere then assayed for PFC at 4, 6 and B days"

A significant PFC response rnÌas obtained only when the secondary

hosE had received bone marrow cells, SRBC, and stÍmulated thymus

cells. Miller and'Mitchell interpreted thÍs result to mean that

AFC were descendents either of T-cells (with the injected bone

marrow providing only cells essential for the repair of an antigen

trapping apparatus), or of bone marrow ce11s. Further experiments

were undertaken by Miller and Mitchelf (1968) and by Nossal el al

(1968) to distinguish between the tv¡o hypotheses, by studying the

antibody producing cell population. One example of the type of

experiment conducted by these workers is the following. Thoracic

duct cells of (cBA x c57BL)F, origin were mixed with cBA bone

marrow cells and SRBC, and inoculaLed into thymectomized irradiated

CBA hosts" After four days, spleen ce1ls of the host were then

incubated wiLh either anti-CBA or anti-C57BL antisera and complement

at 3fC before analysis for hemolysin-producing cells (PFC)"

Treatment of the spleen cells with anti-C57BL antisera had virtually
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no effect on PFC recovery, there being only 0-57. reduction; whereas

the anti-CBA antiserum had a dramatic effect, reducing by 95% the

PFC population. In similar types of experiments utilizing anti-

allotype antisera (tuiller and Mitchell, f96B) and chromosome markers

(Nossal et al, L96B) to detect the origin of AFC, it was also con-

cluded that the AFC were descended from the bone marrow donor. The

thoracic duct cells contributed less than 5% of. the PFC, and chis

could be accounted for by the presence of some AFC precursors in

thoracic duct lymph (Taylor , L969). The observation that AFC

precursors are found in the bone marrow and not in the T-cell

compartment has been substantiated by studies with chromosome

markers (Nossal et a1, 1968). Nossal and his co-workers found

that most. of the PFC analysed \^Iere carrying the T6/T6 chromosome

marker when an irradiated thymectomized recipíent was protected

by CBA T6/T6 bone marrovl and injected with normal CBA thoracic

duct cells and SRBC"

D. To surmnarize: For antibody production to occur, an

antigen must stimulate a B-lymphocyte. Thephysical pro-

perties of the antigen (as previously described for each of the

functional classes of cells involved in the antibody response)

dictate the type of cellular interactions whÍch occur before antibody

is produced. A three-ceIl interaction (macrophage, T-lymphocyte

and B-lymphocyte) is required before antibody is produced to antigens

such as rhe sheep eryrhrocyte (Mosier, L967; and Tan et al, 197i).

POL, on the other hand, does not require macrophages (Feldrnann et

aL, L}TL) nor does ir require T-lymphocytes (Feldmann et al, L97L),
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so it must stimulate B-lymphocyLes direcEIy, i.e., some antigens

can act directly on B-cells to produce an immune response. l4ury

investigators, [Taytor (tgog) using BSA, chaperon and craman

(1969) and t"IiI1er and Mirchel I (Lg6g) using SRBC] discuss the

antibody responses to these antigens in terms of a two-ce11 system

bul have not considered the macrophage, i.e., there is no documented

response to a thymic dependent antigen which occurs in the absence

of macrophages"

Hapten- Carrier Re lationships

Landsteiner observed that when smalI, chemically well-defined

molecules were injected into animals, for the purpose of studying

theír immunological properties, these smaIl molecules did not elicit
ant.ibodies unless they were first coupled to a heterologous (foreign)

macromolecule. Thê two components of the conjugated immunogen

were designated as hapten (the small determÍnant) and carrier (the

remainder of the conjugated molecules). rn the case of the protein

molecules which have been so studied, it has been possible Ëo

cleave the protein into polypeptides and to show thaË some of the

fragments will react wÍth antibodies elicited by the intact protein,

and furthermore, that antibodies raised against individual fragmenLs

will react wirh the intacr protein. crumpton et al (1965), for

example, partially digested sperm-whale apomyoglobin with chymo-

trypsin, and showed that five of the eight polypeprides isolared,

partially inhibited the precipiration of apomyoglobin by anti-

metmyoglobin ant.isera. These peptides were themselves unable to

form detectable precipitates wiEh the antisera as measured by

spectrophotometric analysis. By comparing Ehe amino acid analysis
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of these polypeptide fragments with X-ray dÍffraction models of the

intact protein, Crumpton rvas able to define the antigenic regions of

the myoglobin molecule, i.e., those regions of t.he molecule which

formed the antigenic determÍnants. An antigen can, therefore, be

defined as a series of antigenic determinants, each one alone

functioning as a hapten which is dependent upon the macromoleculer

complex for its ovln antigenicity. This role of the macromolecule

with respect to a given det.ermínant is defined as the carrier

function. A determinant which serves as the hapten in one experi-

mental design can equally well serve as a carrier determinant in

a different experimental design (Iverson, L970), i.e., the roles

of hapten and carrier are interchangeable" For antibody formation,

it has been shown that a hapten must be covalently bound to an

immunogenic carrÍer before stimulation of an antí-hapten response

will occur. Golan and Borel (1971) have shown that no anti-hapten

response will be stÍmulated if the animal is first made tolerant

to the carrier, or if the carrier is not irnmunogenic [""g.,

poly-L(lysine)5 and pofy-L(lyt):f]. In most cases, there seems

to be a requirement for more than one type of antigenic determÍnant

for immunogenicity. However, Klinman (L97L) has shown recently

using an in-\iilre organ culture system, that the DNP-hapten can

function apparently as its own carrier when coupled to poly-D-lysine

or poly-L-lysine, if on the average there \dere at least 22 DNP-

residues per molecule'

Rajewsky er al (1969) and Dixon et al (tgss) have shown that

a secondary immune response to a hapten will noC occur unless, for

the challenging injectÍon, Ehe hapten is coupled to a carrier to
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'.¡hich the animal has been previously immunized. Initially, this

was interpreted to mean that the hapten must be coupled to the same

carrier as was used for the primary injection. Later studies have

shown that immunity to the carrier can be induced at any time before

the secondary injection (Rajewsky,1969). The hapten must always

be covalently linked to a carrier for a secondary response to take

place, i.e., if the hapten is injected coupled to a carrier to which

the animal has not been ímmunized, simultaneously with the carrier

which had been used for primary in¡nunization, a secondary anti-hapten

response will not occur. This dependency of the anti-hapten response

on the carrier is called the carrier effect"

The Cellular Basis For The Carrier Effect

An analogy can be drawn between the carrier-hapten effect and

T-cell-B-cell relaEÍonships, by consideration of the following data"

T-ce1l dependence and carríer dependence can both be overcome by the

use of high-concentrations of the antigen" Steiner and Eisen (L967)

showed that a secondary anti-hapten response could be stimulated by

using high concentrations of hapten-protein complexes in which the

protein carrier used for challenge was different from that used in

the primary sensitization. Similarly, Feldmann eE al (1971) were

able to stimulate an anti-sRBC antibody response in tissue cultures

lacking T-cel1s, by increasing the concentration of SRBCrs. T-cell

dependence and carrier function have been directly linked in the

following sËudy by Feldmann et al (1971), These authors found that

Lissue cultures devoid of T-lymphocytes \¡iere unable Lo mount an

anti-hapten response when the hapten \^¡as coupled to a thymic-dependent
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carrier, (e.8. SRBC). Haptens coupled to POL (a T-cell independent

carrier), however, could stimulate an anti-hapten anLibody response.

Thís study demonstraLes that some hapten-carrier complexes do not

require T-cell intervention for antibody synthesis. When the

antibody response is thymic dependent, lhe T-cell acts by facilitating

the interaction of B-cells with the haptenic determinant. It

does so by binding presumably fo a carrier determinant, thus exposing

unbound haptenic determinants to B-cells (see figure I below).

Therefore, thymic dependenl antigens may be regarded as immunogens

which, for the elaboration of an antibody response, require the

presence of at least two ce11 types: carrier-specifÍc cells and

hapten-specific ce11s. One experiment whÍch shows the involvement

of cells specific for the carrier in the anti-hapten antibody

response was carried out by Mitchison (L967). He was able to

reduce the magnitude of the anti-hapten response by preincubating

spleen cells with unconjugated carrier. This result can be best

explained by assuming that cells specific for the carrier determinants

were Saturated by the free carrier and were unable, therefore, Lo

cooperate with hapten-specific cells for the production of an anti-

hapten response.

Dutton et al (L971) have proposed several working models to

explain cooperation between T-cells and B-cel1s. The working

assumptions of these models are that the T-celIs are specifíc for

carrier determinants and the B-cells are specific for haptenic

determinants. The four models are represented diagrammatically in

Figure 1. A1l of the models assume that antigenr combined to an

antíbody-like receptor, plays a key role in stimulation. Model 1
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assLgns

surfa ce

to

receptors on the surface of the B-cell. Multiple activation of

B-cell receptors is necessary to stimulate the B-ce11" In I'fodel

2, the antigen serves to bring the surface of a T-cell in contact

with a B-cell. Contact of a B-cell surface receptor with the

corresponding T-cell surface receptor causes stimulaEion.of the

B-cell. Models 3 and 4 propose that the B-cell is triggered only

when it receives two stimuli at the same time; one being from its

receptor molecuIe, the other from the stimulated T-ce11" The

stimulus from the T-cell differs in the two models; in Model 3,

it is considereC to be a special immunoglobulin with anti-carrier

specificity, and in Model 4, the activaLor is described as a diffu-

sible molecule which is not antigen specific. Recent experiments

have shown that a non-specific enhancement of Ehe anti-SRBC response

may occur íf spleen cells in culture are stimulated with an antigen

unrelated to the SRBC. Dutton et al (L97L) have reported that if

irradiated allogeneic spleen cells were present when an anti-TNP

and an anti-SRBC antibody response vzas being elicíted in normal

spleen ce1ls in vitro, both responses were enhanced. This experiment

suggests that a non-specific mediator was produced by the normal

cells in culture on contact with the allogeneic ce11s. This mediator

then served to elevate both antibody responses. The concurrent

rise in the anti-TNP and anti-SRBC response resulting from the

activation of B-ceIls, which were in contact with antigen, lends

support for model 4.

its

ofto

the T-cell the role of concentrating antigen on

present a number of antigen molecules to a group
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1. ANTIGEN CONCENTRAT]ON

D CARRIER ANTIBODY

LEGEND: T :
D-

t_
^-@:

MâAM4 :

2. SURFACE INTERACTION

THYMUS. DERIVED MEDIATOR

associated or nonassociated

T- CELL

B-CELL

ANTIGEN RECOGNITION IMMUNOGLOBIN RECEPTOR

ANTIGEN--TWO DETER-MINANTS, @ AND D
SIGNAI

SURFACE RECEPTOR

Figure l. Models for T-cell-
et al, Progress in ImmunologY
of Academic Press Inc")

B-cell interaction (Dutton
l:353, 197L, by permission
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From all of the work so far described, it is clear that in order

to elicic a response, it is necessary for antigen to be bound to

the surface of different classes of lymphocyte (t-cell or B-ce11).

In the following section, evidence will be reviewed which supports

the currently held view that the anEigen is bound to the cell

membrane by an antibody-1ike molecule"

Membrane Bound Antibody

Experimental evidence supporting the concept of a specifÍc

predetermined antibody-1ike receptor on ARC has accumulated from

a variety of experimental systems.

Information about the antigen bindÍng specificity of the

receptor was gained from experiments in which the effects of

competitive inhibit.ion on antigenic stimulation r/¡ere determíned"

It was observed that an anti-hapten antibody'response which

continued to be elicited by hapten-protein conjugates vras inhibited

in the presence of an excess of free hapten, implying that the

receptor resembled antibody in terms of its binding properties

(Dutton and Eady,1964; and Mitchison,1967).

Steiner and Eisen (L967), and Bullock and Rittenberg (L970)

using the DNP-hapten and the TNP-hapten respectively, showed that.

the affinity of the anti-hapten antibody increased with increasing

time after the injection of antigen. The hypothesis which was

being tested in rhis experiment was that if the binding properties

of the ce}|-bound receptor vrere the same as those of the anlibody

that would be produced by the progeny of any given slimulated celI,

then high affinity receptors would be stimulated selectively as the
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antigen level decreased with time. The same hypothesis was tested

by Mitchison (1967) when he incubated spleen ce1ls from mice which

had been immunized with DIP-chicken globuiin (CC), first with free

NIP, and subsequently with DIP-CG. The affinity of the resulting

antibody, produced in irradiated hosts, was lower vrhen the cells

vrere stimulated in the presence of free NIP as compared to ce11s

stimulated in its absence. This result suggested that the closely

related NIP determinant combined more efficiently with the high-

affinity DIP receptor sites and so blocked the stimulation of

those cel1s which would produce hÍgh affinity anti-DNP antibodies"

Evidence to support the suggestion that the receptor is rigidly

bound to the cell surface is provided by cel1 separation experiments.

WigzeLl and Andersson (L969) passed immune lymph node cells from

animals which had been immunized with HSA, BSA or 0A through a

column of glass or plastic beads which had been coated with antigen

(HSA, BSA or oA) and showed that cells of a given specificity were

selectively elimfnated by passage Ëhrough the column. Specificity

of retent,ion was demonstrated by showÍng that the additÍon of free

anEigens to the suspension passing throughtthe columns would block

the retention of specifÍc ímmune celIs.

The integral relatÍonship betv¡een antigen binding by cells and the

stimulation of those ce1ls was shown by two related types of experiments'

Segal er aI (Lg6g) were able to inhibít specifically the production of

anti-DNP antibodíes with haptens which would bind covalently to the

recepEor site. This procedure, linown as affinity labe11ing, utilized

the following reagents: BADl(a-N-bromoaceÈy1-e-N-DNP-tys); and
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BADE(N-bromoacetyl-Nr-DNP-ethylenediamÍne). Each affinity label

has two funcEional sites; one which functions as the hapten, and

the other which binds covalently to the anLibody molecule. PLoLz

(tgøg) confirmed the results of this study by showing that NlP-azide

would inhibit an anti-NIP response but not an anti-CGG response if

cells were exposed first to the affinity reagent before antigen was

introduced. Ada and Byrt (L969) used a radioactive antigen of high

specific acriviry 11251-labelled POL) from Salmonella adelaide

which when bound to cells caused destruction by radÍation of only

those cells which possessed the specifíc receptor sites. The same

ce11 suspension was able to respond normally to POL derived from

Salmonella waycross. These experiments support the suggestion that

the antibody-like receptor is an integral part of the plasma membrane

of an Ag-reactive cell. One of the most powerful investigative

tools whích has been used for the analysis of the antibody-like

receptor is anti-immunoglobulin antÍbody. This reagent has provided

the most direct information about the nature of the receptor sítes

involved in antigen binding.

It has been shown by McConnell et al (f 969 ) tfrat antiì] chain

and anti-Ychain antibodies will inhibit the binding of heterologous

erythrocyLes by lymphoid cells (rosette formation). It was shovm

that the combined effect of anti-p and anti-y antíbodies resulted in

an inhibition equal to the sum of the separate effects. This

finding suggested that rosette forming ce1ls fa11 into at least

t!ùo classes-- cells whose receptors bear p -chain determinants and

celIs whose receptors bear y-chain determinants. More detailed
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studies have been carried out using antisera to immunoglobulin

sub-units. Sell and Gell (L967) showed the existence of tg

allotypes on the surface of rabbÍt immunocytes. These authors found

that an anti-allorype antiserum only caused blast transformat.ion in

cells from animals whose serum immunoglobulin expressed the homologous

allot.ype. CeIls from heterozygous rabbits (expressing two allotypes)

could be induced to transform by an antíserum specifÍc for either

al1otype. The degree of blast transformation (as measured by

_!
L-U-lthymidine incorporation) by each anti-allotype antiserum,

corresponded to the serum concentrations of these allotypes. It

was concluded that each cell has immunoglobulins on its surface,

and that each cell bears only one allotype.

Greaves et al (1969) reported that for human lymphocytes, the

receptor site could be blocked with an anti-.light chain antiserum.

Moreover, univalent Fab fragments prepared from the anti-light chain

antÍbodies were not mitogenic (see below) but did inhibit the mixed

leucocyte reaction and also PPD induced blastogenesis of ce1ls from

tuberculin sensititive individuals" Skamene and Ivanyi (f969) used

chicken lymphocytes to demonstrate that anti-l-l chain antibodies,

but not anti-y chain antibodies, stimulated nucleic acid synthesis

in these ceIIs, at least as judged by 14C thymidine incorporation.

However, anti-y chain antisera were found to stimulate blastogenesis

providing the cells were pretreated wiLh an antil antiserum. These

experiments suggest that a shift occurs from expression of primarily

'Ì-r-chains to an expression of -v*chains on Lhe lymphocyte surface.

These results also strongly suggest that immunoglobulin determinants
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are present on the surface of immunocytes, and that they are indeed

part of the receptor site,

Recent advances have been made in the isolation and characteri-

zation of receptor molecules from lymphocytes. Eskeland et al (197i)

have isolated a 75 IgM molecule and kappa chains from a human cell

line deríved from Burkitt lymphoma ce11s. Vitetta et al (1971)

have isolated !-chains also in the form of a 75 IgM monomer from

normal mouse spleen cells. The light chain associated wiEh this

monomer r¡ras not characterízed"

The most widely used system which has been used to sEudy the

effect of anti-immunoglobulin reagents on the antibody response is

an in vitro model used by Mishell and Dutton (L967). It consists

of stimulating a spleen cell suspension to produce antÍbody by

incubating the cells with an erythrocyte antigen. I^Iith this in

vitro system, Hartmann et al (1970) were able to inhibit the primary

ímmune response to sheep erythrocytes with anti-IgG, anti-IgM and

anti-Fab(VG2.). Anti-allotype or anti-Fc antibodies did not cause

inhibirion of rhe response. Sjäberg and Greaves (t}lt¡ used the

same test system but obtained different results. Anti-IgG suppressed

only the IgG antibody response. Thís data was derived for only the

secondary response, since no primary IgG Íesponse to the SRC could

be elicited. Anti-IgM antibodies suppressed only the IgM response"

Fuji and Jerne (1969) using a mulrivalent anti-immunoglobulin

antiserum and Lesley and Dutton (1970) using an anti-kappa chain

antiserum also have demonstrated the inhibitoly po\^Iers of anti-Y

immunoglobulin anË.isera. In contrast to the dala obtained from
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isolation studies, the in vitro work just described implicates

the participation of IgG antibody-like receptors in an immune

response, as r¡/eI1 as IgM receptors "

No indication has been given yet about Ehe action of anti-Ig

antibodies on the actual lymphocytes Ínvolved in an immune response.

Mention \,.7as made previously of only the mitogenic properties of

certain anti-Ig preparatÍons. Greaves et aL Q969) have shown that

Iow concentrations of anti-Ig and Fab monomers prepared from this

antiserum do not cause blastogenesis. This suggests that the linking

of two or more receptor sites is necessary before blastogenesis will

occur. Because of the blastogenic potential of anti-immunoglobulin

antibody, investigators who have used this reagenL to study the

inhibition of an immune response have sought to determine wheEher

the cells are in fa.ct being activated non-specifically by the

combination of anti-antibody and the receptor site (sterile activaLion)

and are, therefore, rendered incapable of reacting specifically to

the antigen. S¡äberg eL al (Lg7L) have compared the exLent of

incorporation of 14C thy*idine by cultures which were incubated with

antí-Ig to thaÈ of normal cultures, Í.e., not stimulated either by

antigen or by anti-immunoglobulins. The degree of stimulation in

the cultures incubated with anti-Ig antibodies was found to be no

higher than that obtained for the unstimulated cultures, implying

that non-specific blastogenesis had not occurred. Lesley and Dutton

(1970) demonstrated the reversibility of anti-Ig inhibition by

showing that if mouse cells were incubated first with anti-Ig

anÈiserum for one hour, and Ëhen washed and resuspended in fresh
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medium which was free of antiserum, there hTas no inhibition of the

PFC response to SRBC. Also, incubating the anti-Ig coated cells in

medium containing normal mouse immunoglobulín (lg) would reverse the

inhibitory effect of anti-Ig. The antibody to the receptor site

mustr therefore, dissociate from the cells and combine with the

mouse gammaglobulin (MCG) in solution in the medium; as soon as the

receptor site becomes accessible, it can be stimulated then with

antigen. The inhibition described in this latter study is pre-

sumably the result of steric effects; if the antibody coated cells

were incubated at 37oC in the presence of complement, the response

to antigen T¡ias completely irrecoverable,

killed by complement induced lysis.

i.e., the ce1ls were then

Evidence thus indicates that anti-Ig and antibody to Ig subunits

can combine with ce11-associated antigen binding receptor sites and

inhibit the combination of antigen with these receptor sites. Since

isolation studies have indicated the presence of only IgM monomers on

the surface of normal immunocytes, and in vitro work has demonstrated

that IgM is not the only immunoglobulin represenLed in recepLor sites,

it is clear that the basic problem of immunoglobulin representation

on these cells remaíns unsolved"

The Relationship Between Lymphocvte Receptors and Humoral AntÍbodies.
w

In studying the relationship between the density of haptenic

determinants (NIP) on a conjugated protein and the class of antibody

produced, Mäkelä (teZO¡, using NIP3-bacterial cell conjugates and

NIPB-OA, has obtained results (Figure 2J which imply that poly-

valent conjugates induce significantly higher IgM responses, Ehan
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do mainly monovalent conjugates. Since polyvalenL conjugates

were generally sEroirger immunogens, the magnitude of the IgG

responses of these conjugates were reduced by dose adjustment, to

make results comparable. The IgM/IgG ratio was determined by

carrying out triplicate titrations of all sera. The titre in the

presence of a reducing agent (0.1 M 2ME) was mainly due to IgG

antibodÍes; that in the presence of tO-6t'l hapten v/as mainly d.ue to

IgM antibodies. The third replica had no inhibitor. Mäke1ä has

formulated a hypothesis by assuming that IgM and IgG producing

cells are triggered by t.he way in which the receptor site interacts

with the antÍgenic determinants, and that the receptor site on the

lymphocyte is the same class as that ultimately synthesized by the

stimulaLed plasmacyte. Another basic assumpÈion is that since IgM
o

and IgG molecules differ in size (tgC has a full stretch of 120 A

o
and IgM has a stretch of 350 A), an IgM receptor site can be pre-

ferentially stimulated when haptens (tite determinanEs) are spaced

further than 120 l, i.e", if the distance between two like determinants
o

on a carrier is I50 A, an IgG molecule cannot bridge two of them, but

an IgM molecule can--in this case IgM anti-hapten antíbody will be

preferentially synthesized" If only one IgM receptor siLe binds

antigen, the situation favours IgG production (Figure 2-A)" When

the IgG receptor molecule can form more than one bond with antigen,

then the titre of the IgG antibodies increased (nigure l-8, and 2'C).

If multiple bonds can be formed only by IgM receptor sites, the

response elicited \^Iould be in favour of higher IgM production (Figure

2-D). One consequence of Mäkeläts hypot-hesis is that hapten density

will affect the ratio of IgM:IgG specific Ëo rhe type of IgG/IgM
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response elicited. Mäke1ä further suggested Èhat the type of antigen

required to elicit a response of equal IgM and IgG titres, is one of

low hapten density and high molecular weight. Mäke1ä, beÍng avrare

that the rules governing free antibody molecules may not be applicable

to the cellular receptors, has added that tight packing of IgG

receptors may imitate a polyvalent IgM molecule. For thÍs thesÍs, it

is the density of receptors as well as the density of like deter-

mínants which dictates the class of antibody elicited by a hapten-

carrier conjugate.

Several investigators have shown that it is possible to obtaÍn

an anti-hapten antibody response in vitro by coupling the hapten to

ímmunogenic complexes. For example, Strausbauch et al (1970),

Kerrman and Durron (1970) and Katz et al (197L) have all shown that

a hapten-SRBC conjugate can be used to induce an anti-DNP or anti-TNP

antibody response in tissue culture. Bullock and Rittenberg (tgZO)

have used TNP-bentonite, and Feldmann et al (Lg7I) have used bNp-pOl,

to accomplish the same objectives in that both groups were able to

Índuce an anti-hapten antibody response in vitro. It is, therefore,

theoretically possible to obtain the desired type of IgG and IgM

anti-hapten antibody response in tissue culture, i.e., a hapten-

carrier conjugate having the appropriate properties, can be synthesized

to elicit the desired resPonse.

For efficient ín vitro stimulaËíon of antibody formation, ft has

been shown repeatedly thag within eertain limits, the immunogen must

consist of an antigenic carrier to which the hapten has been coupled'

Kettman and Dutton (1970), for example, have found that in their

TNP-SRBC system, ltghtly substiËuted erythrocytes wele only weakly
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immunogenic for an anti-TNP response. The Lype of response elicíted

by an immunogen in tissue culture does not always parallel thac

obtained in vivo. hjith the SRBC antigen, for example, it has not

been possible, using the Jerne plaque assay, to demonstrate a primary

IgG response (s¡uberg et al, I97L; and Mishell and Dutton, L967).

The primary IgG response has been observed only by the use of the

bacteriophage neutralizaLíon assay: Segal et al (I970) used DNPU-Hcy

as the immunogen and DNP-T2-phage in the antibody assay, Tao (1968)

used QX- L74 bacLeriophage for both immunization and assay" Aparc

from these reports, the IgG antibody response has been observed;þ

vitro only in the secondary response. In some studies on the anti-

hapten antibody response in vitro- (Trowbridge eL al, L970; Naor et al,

I97L; and Katz et al , L97l), it. has been found necessary to pre-

ímmunize the mice ivith the carríer molecule before consistently

nositive results vrere obtained in viËro"

Using a hapten-SRBC anEigen, it has been shown by Kettman and

Dutton, L97O; Trowbridge et a1, L97O; and others, Ehat maximal anti-

body production occurs at four Ëo five days after the primary stimulus,

and Lwo to three days after the secondary sEimulus" Most other

antigens (0X-tZ+, and Kl,H-Bentonite, for example) produce a similar

pattern of antibody formation, i.e., maximal response four to fíve

days after primary stimulus and two to three days after secondary

stimulus, but t.here are two published reports of a secondary response

in vit.ro whÍch peaked seven days or later after establishing the

cultures. McArthur et al (1969), studying the anti-KLH response,

showed fhat the total incorporation of l4C-a*ino acids was maximal

around day 10 fo1lowíng antigenic stimulation. Klinman (1971)
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obcained essentially similar results, by showing that Èhe peak

anti-DNP response occurred on day L4, with antibody being detectable

only after day 8. 0n the basis of these results, it is clear that

a culture must survive in vitro for more than one week, in order

to establish unequivocally the nature of the response"

OBJECTIVES OF THE THESIS

The initial objective of the studies described in this thesis

r¡¡as to investigate the class of antibody comprising the immuno-

globulin-like receptors involved in the anti-DNP antibody response.

An in vilro system was chosen to facilitate this investigacion based

on rhe work of Sjöberg et al (197i), Fuji and Jerne (tgíg), and

Skamene and Ivanyi (1969). JustificaÈion for choosing this system

was based on the fact that the primary in vitro antibody response to

the DNP-determinànt has been shown to cons,Íst of both an IgM and an

IgG antibody response (Segal et a1, L969), thus affording a unique

opportunity of studying i-n vitro the production of two classes of

antibody. This study required the synrhesis of a sensitive reagent

with which to detect the small amounts of anti-DNP antibody produced

in tissue culture, and so DNP-T2-phage was synlhesized (Carter eE al,

1968). The study also required the establishment of tissue culture

conditions adequate to support an anËibody response. A tissue culture

system r^ras therefore evolved to allow the production of an anti-DNP

antibody response. Since this response uias subsequently found to be

of insuffÍcient magniLude to allow further study of che membrane bound

receptor sites in vitro, an indirect apþroach was undertaken in vivo

using as a working hypothesis the model proposed by Mäkelä (1970). One

of his basic assumptions was that recognition by an IgM receptor site
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required a fragment of SRBC membrane bearing at least two antigenic
O9

deEerminants rvhich r¡rere no less than L20 A and no more than 350 A

apart. The experiments in this phase of the study were designed to

provide specific information on the size of the immunogen at the Eime

of recognition by B- and T-lymphocytes. The principle of the experi-

ments was based on the use of complex antigens which consisted of an

immunogeníc carrier separated from haptenic determinants by a non-

immunogenic protein" By establishing experimentally the role of

the various inrnunogens, it proved possible to calculate the approxi-

mate dimensÍons of the immunogen at the time of recogniEion.



METHODOLOGY

I" BACTERIOPHAGE NEUTRALIZATION

Introduct ion

Each class of bacteriophage is infectious to a specific

group of host bacteria. Tr'coliphage infect predominantly E. coli B,

but can be absorbed to other classes of bacteria (edams, 1959).

The T2-nhage DNA, once inside a compatible host bacteríum, wÍ11

multiply and then cause lysis of the cell to occur, with the

consequent release of 200 to 300 progeny phage particles (Adams,

1959). The progeny will continue to infect any surrounding bacterial

cells until an equilibrium state is reached. If there is an excess

of phage in the medium, all of the bacteria are lysed. In the case

of a low initial concentrat.ion of phage, the bacteria themselves

will stop metabolÍzing when they reach a concentration of approxi-
o

marely 5 x loo cells per ml" (Adams, L959) before complete lysis

has occurred. Since the phage require an actively metabolizíng

bacterium for propagation, no more phage are produced.

Full advantage may be taken of this natural amplification

to study some characteristics of antí-phage antibody by stabilizing

the phage-bacterial cell interactions in a gel matrix" I^Iith an

appropriate dilution of bacteriophage and a bacterial suspension

in the logarithmic phase of growth, iL is possible to visualize

the result of a single phage infection of a host cell. Initially,

each phage is surrounded by about 105 bacteria, so the probability

of every phage infecting a bacterÍum is high' Phage progeny

particles continue to infect bacteria in close proximity to the central

initially lysed bacterium. The ultimaEe result is a visÍble area

2B
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of lysis (a plaque) in a lawn of bacteria. It is, therefore,

possible to describe a phage stock in terms of the number of

plaque-forming units (PFU) it contains. The determination of

PFU does not provide a direcL count of the absolute number of

phage particles, since many of the phage can absorb to bacterial

debris; the number of plaques observed is, therefore, less than

the absolute number of phage. In the case of antibody to the

T2-coliphage, antibody combining with antigenic determinants on

the phage tail-fibers sterically inhibits the interaction between

the phage and receptor sites on the host bacterial cell wal1.

Antibody to other regions of the Tr-lhage have been reported to

only cause minimal neutralization (Franklin, i961). Neutralization

is manifested by a comparison of the plaque count Ín plates con-

tainÍng phage whÍch had been incubated in the presence of anti-Tt

antibody, to the plaque counL on plates containing phage which were

incubated without antibody. The reduction Ín plaque number may be

expressed as an índex of neutralízatÍon (7.N). The time of incubation

required for the antigen-antibody reaction to reach equilibrium

is defined by the following equation:

t: log P 2.3 D.

PK
o

K : rate constant
D : dilution of serum
t. : time of incubation
%: PFU at to
P:PFUatt

in a preliminary sEudy and it

reached within 45 minutes for

used (see results P. 55). The

The effect of time was determined

was found that an equilibrium r¡/as

all of Ëhe antibodY PreParations
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percent neutraTízalion Ís computed by use of the following formula:

7"N: PFU without antibodv - PF"[J in the presence of antibodl X LOO

PFIJ without antibody

The previous equation shorvs that the 7"N is related to the concen-

tration of antibody present. The higher the concentration of

antibody, the higher the percent neutralization. I'lhen the antibody

is of very low affinity, iL can dissociate from the taÍl-fiber on

dilution, and so allow the phage to infect a bacterium. Jerne

and Avegno (f956) have developed an assay to detect this low

affinity antibody, which has been termed the rdecision technique¡.

In the present study, that dilution of antÍserum which caused 507"

neutralization (ZwrO) is defined as the end point of an antibody

titration. The actual titre of the antiserum Ís represented by

the reciprocal of the end-point dilution (nigure 3).

Experimenta I Procedures

The basic technique of phage neutralizatíon has been recently

adapted to the study of antibodies to a wide range of antigens

(Mäke1ä, L966; Carter et al, 1968; Taussig, L970; and Haimovich

er al , L969). This has been accomplished by coupling the partícular

antigen or hapEen covalently to the bacteriophage. In this

investigation, the 2,4;dinitrophenyl (DNP) residue has been coupled

to Tr-coliphage to study anti-DNP antibody production.

A. Preparation of a high titre phage stock: A high titre

Tr-phage stock was prepared as described by Adams (i959); tI¡/o

methods have been used" In the first method (Method I), I ml.

of Tr-phage (t x tO10¡ *", added to 5 ml. of a growing E. colÍ B
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suspension, and the suspension was left to incubate overnight at

room temperature. Debris was then removed by centrifugation at

2,500 rpm for 20 minutes at 40C and the supernatant fÍltered

through a millipore membrane (0.22v pore size). Method II

consisted of plating an amount of PFIJ (tr-phaee) in a double

Iayer assay (Adams , 1959), sufficient to cause confluent lysis

(all bacteria lysed). To each plate (Falcon petri dish, #1029)

rvas added 5 ml. of nutrient broth (nifco Laboratories, BacEo

0003-f); the plate was then left to incubate at room temperature

for 20 minutes. The harvest \^/as collected and centrifuged for two

hours at 181000 rpm at 4oC. The pellet of Tr-phage \¡ras carefully

resuspended in nutrient broth. The results obtained, using both

methods, are described in the results section (Page 50). After

the T2-lhage \^¡ere harvested, the concentration, as PFU/m1 ., was

determined. If the T2-pha8e titre was greater than 1011 fFuT*l.,

the harvest was used for coupling with DNP-hapten, otherwise it

was stored as a stock solution of T2-PhaBe.

B. DeLermination of bacteriophage concentration (the phage

assay): The concentration of Tr-PhaBe in a solution was determined

by diluting seríally the solucion in 10 fold steps using nutrienc

broth. 0.1 ml. portions of each dilution were plated by the agar

layer method (Adams, 1959). The dilution range from 10-l to 10-11

was found to be adequate for all preparations of phage assayed.

The PFU/plate were then used to estimate the concentratÍon of PFU

in the solution under studY"
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C. Method of coupling: The DNP hapten rnras then coupled

covalently to the coliphage by a modification of the method

originally described by Carrer er al (tg0A)" I gm. of 2,4,-

dinitrobenzene sulfonic acid (Eastman Organic Chemicals, ll+SOg)

was dissolved in l0 ml. of 0.3 M NarCOr-NaHCO, buffer, pH 9.5.

To this solution was added I ml. of a concentrated Tr-bacteriophage

suspension (1 x 1011 rnuT*l., or greater). Coupling v¡as allowed

to take place at. 37oC with continuous stirrÍng for at least three

hours. This reaction was shielded from light because the DNP

reactant is photosensitive. The mixture was finally diluted

five-fold with ice cold saline containing gelatin at a concen-

Ëration of.251tg/ml" and then dialysed exhaustively against saline

to remove free hapten. Tests were next performed to establish the

extent of coupling and the concentration of the vÍable conjugated

phage (PFU). The concentration was determined according to the

method described above and the extent of couplíng by establishing

the susceptibility to neuLralizat.ion, by an anti-DNP antibody, of

the conjugated phage.

D. The neutralization assay: 0.9 ml. of the serum or a

dilulion thereof was incubated for 45 minutes with 0.1 ml. of a

DNP-Trlhage solution. An aliquot of this T,vas then plated, using

rhe double layer assay described by Adams (1959) and the plate lefL

overnight to develop. 0.1 mI. portions of the same DNP-TrPhage

preparation r¡7ere also incubated separately in (l) nutrient broth,

to serve as a negative control and (Z) a reference anti-DNP antiserum

to be the positive control" Plaques were counEed, using a colony
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counter (Darkfield Quebec colony counter) and the 7" Neutralization

calculated. The versatility of this assay \^/as exploited to measure

both IgG and IgM antibody, by taking advantage of the fact that the

neutralizing capacity of IgM antibody, but not that of IgG ancibody,

can be eliminated by 2-mercaptoethanol (Z-UA¡. An aliquot of each

dilution of antÍserum was therefore preincubated in 2-ME (0. I M)

for 30 minutes before the addition of 0.1 ml" of a DNP-T' phage

solution. Under these conditions only IgG antibody will show a

neutraLiza|ion titre. By subtracting this titre from Lhe titre

derived from serum or dilutions thereof, not preincubaLed with

2-W, an antibody titre was calculated which was attributed to

rgM.

i) reference anLi-DNP antisera: Antisera were raised

in rabbit.s by immunizing them wíth DNP-BGG. The sera were titrated

for anti-DNP antibody by means of a neutraLízatíon assay, using

DNP-conjugated Tr-lhage; no significanL anti-T2 acLivity was found

in any of the reference antisera. Antisera \,tere ftozen at -20oC

until used. I^lhen used as a standard Ín the neutralization assay,

the antisera v/ere diluted to the minimum concentration which would

cause 100% neutralization. For example, the antiserum in Figure 3

was used at l/ 120 dilution; between individual assays the serum

vras sLored at this dilution at 4oC. The reference sera used in

this thesÍs were /1176 (at L/L}O d.ílution) and # L73 (at f /300

di lution) .

ii) inhibition of neutralization: Antisera were pre-

incubated with increasing concentrations of free hapten for one

hour before the addition of phage. The residual neutralízíng

capacity of the antiserum-hapten mixture was then determined in
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a neutralization assay. Controls were carried out to determÍne

(i) the effect of the hapten on the phage and (Z) the neutralizíng

capacity of the antiserum ln the absence of free hapten.

E. Use of slutaraldehvde as a couDline reasent: Because of

the rapÍdity with which glutaraldehyde reacts with amfno acids,

glutaraldehyde DNP-phage conjugales vrere synthesized for possÍble

use in the above assay. 10À of a 19.25 mM solutÍon of glutaraldehyde

was mixed with 30À of a 5.7 rnM solution of e-DNP-lysine (K and K

Chemicals, #10735, e-DNP-lysHCl), and 30À of Tr-lhage (received from

Dr. M. Sela, The l,leizmann Institute of Science, Rehovot, IsraeI)

aË a concentration of 2 x tO13 fn'u7nt. The reaction was allowed

to proceed for 90 minutes at room temperature, the mixture was

then diluted 10 fold in ice cold 0.5% NaCl, and dialysed exhaustÍvely

agaínsË 0.5% NaCl, at 4oC to remove any uncoupled hapten.

F. Chromatoqraphic technicues: Sephadex G-25 was used to

separate DNP-coupled T2-coliphage from free hapten. I mI. volumes

were passed through a column (t7 cm" x 1.34 cm.) of Sephadex G-25

equilibrated wirh 0.5% Nacl. The flow rate was approximately

100 mt./iht. 1 mI. fractions were collected and analysed for

DNP-T2 phage. Fractions containing phage \^¡ere pooled to give a

specific DNP-phage PreParation.

II. LOCALIZED HEMOLYSIS IN A GEL

Introduction

originally developed by Jerne et a1 (1963) and independently

by Ingraham and Bussard (L964) the method relies upon the Property
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of erythrocytes (RBC) from certain species to lyse in the presence

of homologous antibody and complement (C). Spleen cells (prospective

antÍbody secreting ceLls) are surrounded by erythrocytes in a ratio

of approximately 100 RBC to one spleen cell; a spatial arrangement

which ís stabilized by a gel" Aty anti-RBC antibody secreted by

the spleen cells combines with the surrounding RBC" After a suÍtable

period of incubation (typically 60 minutes), during which the

erythrocytes will have been adequately coated with antibody, C is

added to the system to cause lysis of all susceptible Ab-RBC-C

complexes. A circular area of lysis (plaque) becomes vísible against

the RBC-gel background" Each plaque is produced by one antibody-

secreting ce11 or plaque-forming cell (PFC). The methodrs high

sensitivity makes it a valuable assay for use in conjunction with

tissue culture procedures.

Only IgM secreting cells (Direct Plaques) are enumerated by

this method. The concentration and the molecular structure of IgG

anti-RBC antibody secreted by single cells usually is not sufficient

to cause lysis directly. In order to visualize the effect of these

PFC, iE is necessary to add a developing anti-serum (Sterzl and

Riha, L965; Dresser and l^Iortis, L965). The developing selum is an

anti-gammaglobulin (yG), specific to the species whose spleen cells

are beÍng assayed. The anti-yG antibody combines with the yG

antíbody which is already bound to the RBC, and so creates a larger

complex. This complex has increased hemolytic activity and produces

a plaque (Indirecr Plaque). similarly, IgA secreting ce11s require

an anti-yA antibody to render them visible'
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Experimental Procedures

Briefly, the Jerne plaque assay can be used to anaLyze

quantitatively and qualitatively an antibody response to erythro-

cytes, and can be modified to describe antihapten responses when

the erythrocyte is coated with the appropriate hapten (Strausbauch

et al, 1970; Bullock and Ríttenberg, L970; Kettman and Dutton, 1970;

Chilter and tr^Ieigle, i970). The magnitude of the response is indicated

by the number of PFCis in an arbitrary unit of spleen cells" The

quality of the response is indicated by the use of appropriate

developing antisera. The developing antiserum must be standardized

before use (Chou et al - 1967). In order to decide on the appropriate

concentration, the effect of varÍous concentrations of developing

antiserum on the IgM plaques visuaLLzed is measured. That dilution

which affords maximal IgG plaque development. and which also

produces minimal inhibition of direct plaque formation is chosen.

There are two types of developing procedures which differ in

their effect upon the direct plaques (Chou et al, L967)" The

developing antiserum can either be incorporated into the top layer,

or added on top of it after Lhe cells have been incubating at 37oC

and have synthesized and secreted antibody. In the overlay method,

adequate time must be provided to allow the antiserum to diffuse

into the top layer before complement is added. i^Iith the overlay

method, there is maximal development of indirect plaques, since Lhe

antiserum is not present to combine with newly synthesized antibody.

Moreover, a lower concentration of antiserum is required" The

anti-mouse IgG antiserum used in thÍs study was standardized by an
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incorporation assay, and was used aL a final dilucion of. L/220"

Due to the relatively smal1 size of the haernolytic plagues, a

variety of procedures exist to count them. The most satisfactory

method was found to be using a Nikon dissecting microscope (stereo-

zoom) with a total magnification of lOX"

A. Materials: The sheep red blood cells r¡rere purchased from

National Biological Co., tr^Iinnipeg, in 25.0 ml" lots in citrated

dextrose solutÍon. Sheep cells were used within four weeks of

purchase. The guinea pig serum was purchased from North American

Laboratory Supplies, Winnipeg, and stored at -20oC until used"

B. The hemolvtíc olaaue assav: The hemolytic plaque assay

used in this study is sÍmilar to that described by Jerne et,

(1963). The modifications which were made are as follows;

i) agarose is used (agar being anticomplementary)

ii) 60 x 15 mm. petri dishes (Falcon, llL007) instead

B0 x 15 mm. dishes

íii) Hanks balanced salt solution (Difco Laboratories,

5 775-23) was used instead of Eagles medium.

Briefly, 0.4 ml. of 0.83% agarose (Ltlndustríe Biologique

Francaise, F. 6337) kept at 60oC, was added to 0.4 ml. of.2X Hanks,

kept at 47oC. To this mixture was added immediately 0.1 mt. of a

25% SRBC suspension, and O.l ml. of developíng antiserum (when used),

followed by 0.1 ml. of the spleen cell suspension (kept at OoC

until used). The whole was then quickly mixed and poured into a

petri dish already containing a base layer of 0.4"/. agarose and

al

of

left to gel. After one hour incubation ac 37oC, 2 mL" of- L0%
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freshly-thawed normal guinea pig serum (as a source of C)r was

layered over the gel. The plates could be read after 30 minutes of

incubation at 370C, or after further storage overnight at 4oC

without any change in plaque count.

III. TISSUE CULTURE I'IETHODS

Introduction

one of the aims of this research project was to stimulate an

anti-DNP antibody response in an in vitro tissue culture system.

Tissue culture has many advantages over in vivo investigation, e"g.

the response is under more direct manipulation, free from the

complexíties of the intact animal, biochemícals may be added to,

and subsequently removed from, the culture when required in accor-

dance wit.h the growing accepLance of tissue culture procedures; for

example, there has been a clearly discernible shift from in vivo.

work to the development of immune responses in vitro (see Tables

1 and 2). The most widely used system is that developed by Mishell

and Dutton (L967). It consists of a spleen cell suspensíon cultured.

in a nutrient, isotonic medium in the presence of antigen" The

culture is kept continuously rockíng, and fed regularly (every two

days) with a nutrient cocktail. A response is defined in terms of

PFC per 106 harvested ce1ls, above the unimmunízed cultures" The

cells, during culture, are minimally disturbed and survive long

enough to allow the kinetics of the response to be determined.

Marbrook (f968) has modified the Mishell and Dutton culture system
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by placing the cells on a dialysis membrane which forms the base

of a glass tube immersed in tissue culture medium. The mediunn,

being in abundance, does not need changing and the cells are

continuously fed by diffusion, i.e., the cells are undisturbed

until the day of assay. Strausbauch et aI, (L970) have descrÍbed

a method in which the cells are suspended in an upright tissue culture

tube which remains stationary. Cultures are fed daily in a manner

similar to that described by Mishell et al. All three types of

cultures are kept at 37oC under a gas mixLure of defined composition,

The other main type of in vitro tissue culture used in immunological

studies is the organ culture, used notabty by Segal et al (1969),

Klinman (L97L), and Tao (tg6a) as well as by others. In this type

of culture, the organ fragments must not be totally submerged in

tissue culture medium as the oxygen gradient is a critical factor

(Trowe11, 1959). The tissue pieces are, therefore, handled in one

of two riays; they are either placed on a membrane filter which

rests at the medium-air interface, so thal capillary action causes

Ëhe pieces to be wetted and so bathes the tissue with nutrients;

or placed in a ro1ler tube, wherein the tissue is kept continually

moist as medium washes over the fragments at a predetermined rate"

The medium is changed at regular intervals; cultures are kept at

37oC in a fixed atmosphere.

Organ cultures represent conditions which are closer to

physiological than suspension cultures, since the microenvironment

of the component cells is kept intact. Organ cultures can be kept

alive for longer periods of time than suspension cultures (Strausbauch

L97L, personal communication). However, one feature restricts the
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use of organ cultures: the fragments attach themselves to the

support and cells start to migrate from the culture; i.e., the

fragrnents cannot be removed intact. Unless the tissue is first

fixed and then sliced for histological investÍgation, the individual

cells cannot be studied. It is clear, then, that analysis of the

medium affords the only satisfactory method for investigative work

wiËh organ cultures. A suspension culture is more versatile. Both

the cells and the cell products in the medium can be investigated.

The ease of handling of a suspension culture, and its flexÍbility,

led to the rnethod being used in this study for the production of

an anti-DNP antibody response in vitro.

Experimental Procedures

A. Biolo-gica1 reaggnts: Fetat bovine serum (FCS) was obtained

from two suppliers (Microbiological Associates, Bethesda, Maryland -

cytopathogenic virus-fr.ee, IPT; and Grand Island Biological Company,

Grand Island, New York) but the serum of choice proved to be that

obtained from Microbiological Associates (see results section, page 71,

for details). Only one bottle of FCS was thawed at a time, and

then only immediately prior to use. The serum was heat-inactivated

at 56oC for 30 minutes and sterilized through prewashed millipore

filters (0.22V). Frozen sera rtrere kept at -20oC and fresh-thawed

serum was kept at 4oC in sterile vials.

B. Chemical reagents: Balanced salt solution (¡SS) was prepared

as described by Mishell and Dutton (1967), with the followíng

modificalions: MgSO4.7HZO, 200 mg. was changed to MgS04, 97.5 mg.;
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NarHPO4.7H2O, 358 mg. \^ras changed to Na2HP04: 190 mg. Eagles

minimal essential medium vras purchased from Difco Laboratories

(1 5675) in powdered form and made up to I00O mI. in 3x distitled

HrO after the addition of the following reagents: I0 ml. of Eagles

non-essential amino acids (tOOx¡, 22 mL. of a l0% bicarbonat.e

solution, 10 ml" of sodium pyruvate (100x), 6 ml. of a 5% glutamine

solution, I ml. of a L% phenol red solution, l0 ml. streptomycin-

penicillin-fungizone mixture and I mt. fungizone (ZS ng./ml.)'

Both the medium and BSS rnrere sterilized by millipore filtration

(0.22v) and stored at 4oC in 100 ml" sterile vials" Before use,

each tissue culture medium vial was supplemented with 10% FCS.

C. Glassware. instruments and millipore filters: Instrumenls

and glassvrare v/ere washed in Microsolv (MicrobÍological Associates)

and then thoroughly rinsed in tap water and then in distilled water.

Millipore filters were washed in near-boi1Íng water to remove toxic

detergents from their surfaces (Andrews , 1970; Cahn, 1967). All

reusable tissue culture equipment was rinsed thoroughly Ín 2x

distilled water before sterilization.

D. Preparation of ce11 suspension cultures: All manipulations

to extracL spleens were done using instruments which had been soaked

ín 70% alcohol" The animalts hide was wetted down with 70% alcohol

and the skin cut so that it could be peeled back, leaving an exposed,

sterile peritoneum" The spleen, then extracted, was placed in ice

cold BSS. Spleens r,rere Leased in BSS with sterile stainless steel

rakes and the resulting cel1 suspension lefr in a tube for five
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minutes to allow the clumps to settle. The cells were always kept

at 0oC, unless otherwise stated. The cells stitl in suspension

were removed, centrifuged at 275x g for l0 minutes at 4oC and the

supernatant replaced with tissue culture medium. The cells were

counted and extra medium added to adjust the celI concentration to

2 x IO7 ce1ls/ml" Two millilitre aliquots were then distributed

into tissue culture tubes (Falcon Plastic, i¡3033). To some tubes

only medium \^ras added. The anEigen added was 70À of a coupled

(see method, page 46) or uncoupled 1% SRBC suspension; Sheep

erythrocytes were always washed three Limes in BSS before use.

Each tube was gassed with a 5% COr-95% aír mixture, capped and

placed in a rotator in a 37oC incubaLor. Every two days, the medium

T¡ias replaced and Eubes regassed. The old medium was either kept

in sterile tubes for assay, or discarded" Cultures to be examined

were kept in an ice-water bath until assayed.

IV. THE ISOLATION OF GAM}ÍAGLOBULIN FROM

I'IOUSE AND RABBIT SERA

Gammaglobulins were prepared by precipitation in 18% Na2S0Or

initially using the method as described by Kekwick, but subsequentl!

using a modified form of this procedure. Instead of adding NaTSOO

crysËals to produce an 18% solution, NarSO4 in the form of. a 36%

solution was added dropwise to an equal volume of serum, and lefc

to stir overnight" The precipitate was washed twice in lB% Na2SO4r

each wash taking 24 hours. The precipicated globulins were dissolved

in normal saline and dialysed for four days. A comparison was made



of the relative precipitabilicy of mouse

using this procedure and the results are

section (page 77).
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and rabbit gamrnaglobulins

described in the results

V. THE PR.EPARATION OF DNP-CONJUGATES

DNP-Proteins

AII DNP-BGG conjugates were prepared by the method of Eisen

(L964). Briefly, equal weights of protein, K2co3, and sodium !r4-

dinitrobenzene sulfonate (SDNBS) in water were incubated at pH

11.0" The solution vras protected from light and continually stirred

at room temperature overnight" Between 35 and 44 DNp-groups \^iere

attached per molecule of BGG after thÍs Lime period. After coupling,

the conjugates were exhaustively dialysed (seven days) against

saline and either lyophilized or stored as a steríle solution in

vials at 4oc. The DNP-conjugates of mouse and rabbit anti-sRBc

antibodies vTere prepared as follows: equal weights of gammaglobulin,

Narcor, and SDNBS were incubated at pH 9.5, The solution was prot.ected

from light and stirred continuously at room temperature overnight"

under these condÍtÍons only 2-3 DNp-groups are coupled to the Fc

portion of the gammaglobulin (strausbauch et a1, LgTo), and the

antigen binding site is not altered, i.e., there is no change ín

antibody titre after the reaction. These conjugates were also ex-

haustÍvely dialysed and stored sterile at -20oC.

DNP- SRBC

Two methods are used in this investigation. The first method,

using bisdiazotízed benzidine (BDB), \^/as described by Pressman et



47

aL (1942). The exact condirions ürere co add 0.1 ml. of a 50% SRBC

suspension to 3 ml. of a 0.L% solution of DNP-BGG; to this mixture

r^¡as then added 1 ml" of a 0.44m14 solution of BDB and Che reaction

left at room temperature for fÍfteen minutes" The cells were

washed three times r^rith l% NRS in PBS and were then ready for use.

The second method was described by srrausbauch er aI (tezo¡. DNp-

conjugated immunoglobulins which \^rere reactive to sheep erythrocytes,

were incubated wich sRBC, for 3 hours at 37oc and then washed Ehree

times in PBS to remove uncoupled gammaglobulin" coupling in both

cases was checked by use of an anti-DNP antiserum (or gammaglobulin

preparation) in a hemagglutÍnation assay. Evidence for coupling

was provided if the cells were agglutinated in the presence of the

anti-DNP antiserum. In conErols--tubes which contained PBS instead

of che antiserum--the coupled ce1ls were not agglutinated.

V]. HEMAGGLUTINATION ASSAY

The antiserum to be titrated was serially diluted in 2-fold

steps in PBS. To 0.5 ml. of each dilution was added 0.05 ml. of a

2.57" suspension of sRBC. The cells were left to settle overnight

aE 4oC, after an initial I hour incubation at 37oC" The titre of

the antiserum'hras defined as the reciprocal of the greatest dilution

which caused agglutÍnation of the SRBC. This assay v/as also used

to determine whether a haptenic residue had been successfully coupled

to the sheep erythrocyte. The tcoupledt SRBC was used in place of

uncoupled SRBC in the above assay; the antiserum being a known

anti-hapËen antiserum.
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VII. ANIMAL HANDLING

Mice

The majority of Adult BaLb/c mice and adult CBA mice used in

this study were obtained from North America Laboratory Supplies;

some mice \^rere also obtained from Jackson Laboratories. No difference

in responsiveness was observed between the different groups of animals.

Mice were first immunízed when two to six months old. Exsanguination

\^7as accomplished by cutting the jugular vein under light anesthesia,

a technique conmonly used before removal of spleens for tissue

culture, in an attempt to deplete the erythrocyte content. Test

bleedings were done by retro-orbital sinus puncture with light

ether anesthesiae using heparinized blood collecting capillary tubes

(Natelson, ltnlOSZ-Z). Once filled with blood, the Eubes were capped,

and centrifuged at 21500 rpm for 20 minutes. to separate the cells

from the serum, by breaking the tube at the celI-serum interface.

The serum was then selectively removed to be tested or frozen immed-

iately. For maximal stimulation of the spleen, most injections

hTere made intravenously (i ".r. ). Intraperitoneal (i. p. ) injections

were used only when the antigen was in a physical state (clumps or

agglutinates) which mÍght have caused blocking of the blood capillaries

and so seriously impair normal circulatÍon of the blood. For i"v.

injections, mice urere placed under an infra-red light source until

dilation of the superficial lateral tail veins vlas most pronounced.

The immunizíng dose was injected through a 27 g. bore needle. Animals

\^rere restrained mechanically for i.v. injections and manually for

i. p. injections.
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Rabbits

New Zealand white albino short ears were injected subcutaneously

wirh a 1:l mixture of antigen in complete freunds adjuvant (CFA).

Test bleedings r^rere made from the marginaL ear vein, using a Natelson

blood collecting capillary tube. Larger quantities of blood were

also obtained from the marginal ear vein by direct bleeding into

40 ml. centrifuge tubes. Serum was withdrawn 12 days and 14 days

af.Ler Ehe challenging injection" Rabbits were rested for two-week

intervals before reinjection,



RESULTS

Fulfilment of the major objectives of

large extent, dependent on the availability

capable of detecting the low concentrations

this thesis was, to a

of a sensitive reagent

of antibody encountered

in in vitro investigations. The initial aim, therefore, was to

prepare a DNP-conjugated bacterÍophage stock solution, which was

not only completely neutraLízable by an anti-DNP antiserume bur

which could be readily prepared in high concenLration and in a

reproducible manner"

Two methods were used to prepare high tÍtred T2-phage stocks

for this purpose (Adams, 1959). The first method consisred of

infecting a broth culture of E. Coli B, in the 1og phase of growth

with T2-phage Lo give a final concenrrarion of I x 109 PFU/mI",

and leaving it to incubate overnight at 37oC" The progeny phage

were then separated from the bacterial debris by low speed centri-

fugatÍon and filtration of the supernatant using a membrane filter

of 0.221t pore size. The supernatant was then assayed for phage

content. In the second method, enough phage \^rere plated (t * tO5

PFU/mI.), using the double layer technique, Èo lyse completely

the bacterial lawn. Nutrient broth was then added to each plate

and the phage progeny collected. After millipore filtration (0.22y

pore size) and centrifugation at high speed (39r000 x g) for two

hours to sediment the phage, the pellet was resuspended Ín fresh

nutrient broth and assayed, The second method was found to be the

50
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most efficient, yielding a final concentration of 1.8 * 1011

PFU/mI., as compared ro 1 x 1010 enuT*t. in rhe firsr method.

The reason for the difference in yield between the two methods

probably lies in the fact that bacteriophage adapt to different

conditions of growth. Adams (f959) reported thar a phage stock

which was initially isolated and harvested by the agar layer

method would noE gro\^r well in broth culture. The method of iso-

lation, in fact, selects for phage variants. The same result can

be found in the above experiment" The broth culture harvest

technique was inefficient, yielding only a 10-fold increase in

PFU/m1. over the added phage, while the agar layer method of

harvest yieided a 106-fold íncrease in PFU1m1,

The method used initiaily to conjugate the DNP-determinant

to T2-coliphage was that described by Carter et al (1968), wirh

one modification: a 0.37II solution of sodium 2r4,-dinítrobenzene

sulfonate (SDNBS) was used instead of the originally described

44mM solution. Briefly, the method was as follows: the phage and

SDNBS r¡rere incubated together at room Lemperature at pH 9,5 for

7.5 hours and then the reaction mixture was passed through a Sephadex

G-25 column to separate the conjugated coliphage from free hapten.

The results obtained by this method were erratic and only occasionally

r¡¡as a conjugate produced which was capable of being neutralized to

more than 90% by a high titred anti-DNP antiserum.

The reaction conditions were changed therefore to obtain a more

uniform result" A constant temperature of 37oC was used and the

conjugated phage were freed. of uncoupled hapten by exhaustive dialysis.
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Since the use of columns required that each sample occupy a column

for approximately 30 minutes (the recycling time of the column),

the change rÁ¡as made from gel filtration to dialysis, to facilitate

the purification of many samples simultaneously. The first

experiment in which the above changes were íncorporated was a

time course study of the conjugation reaction. The objectives

\^rere to study the effect of SDNBS on phage viability, and further

to determine the susceptibility of these phage to inactivation

by an anti-DNP antiserum. At 15 minute intervals, beginning

three hours aft.er the addition of the phage, an aliquot of t.he

reaction mixture was removed, diluted five-foId in 0.5% NaCl,

and dialysed against 0.57. NaCl. Then, the contents of each dialysis

bag were assayed for bacteriophage. Those samples containing phage

were further tested for their susceptibility Eo neutralization

in the presence of reference antiserum /1173. In Figure 4 is

illustrated the effect of time on the viability of phage in Ehe

presence of SDNBS. It was found that an inverse relationship

existed between the logarithm of the concentration of the sur-

viving phage and rhe time of coupling, i.e., the longer the

duration of the reaclion, the lower the yield of viable phage. The

DNP-phage conjugate produced in this coupling reaction I^/as capable

of being neutralized to 100% for each time interval studied" The

specifícity of lhe neutralization reaction was demonstrated by

inhibition rvith e-DNP-lysine. As illustrated in Figure 5, it was

found that a concentration of lmM e-ÐNP-lysine would inhibit almost

completely the neutral izaEíon of the nNP-Tr-nhage conjugate by a
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standard rabbit anti-DNP antiserum. This

was therefore used for all of the relevant

this thesis.
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bacch of conjugated phage

experiments described in

In addition to the method just described, an attempt was made

to use glutaraldehyde to couple the DNP-determinant to T2-phage,

This method was investigated because of the short reaction times

involved. Glutaraldehyde is a bifunctional reagent which in

principle can be used to couple DNP-amino acids to the protein coaL

of bacteriophage, Accordingly, hapten-conjugated phage was prepared

by incubating Tr-coliphage with DNP-lys [5.7 mM] and with varying

concentrations of glutaraldehyde, for various time intervals. rt

was found that a Lg.25 mM solution of glutaraldehyde incubated for

90 minutes with Tr-lhage ar a concenrration of 1 x tOl1 enUTmt"

and 5.7 mM of DNP-lysine yielded a product which was capable of being

neutraLízed to 90% by an anti-DNP antiserum" This DNP-phage conjugate

was not used for the work described in this thesis.

Standardization of the Neutralization Assav

rn order for the neutralization assay to be reproducible and

compatible with any anti-DNP antibody preparation, it was necessary

to standardize the conditions of the assay. One of the variables

which was examined was the time required for the reaction beËween

DNP-T2-nhage and anti-DNP antibody to reach equilibrium. To study

this aspect, duplÍcate 0.1 ml. aliquots of the mixture of DNP-Tr-phage

and the reference antiserum llL73 (1/300 dilution) were withdrawn at

5 minute intervals and plated. To correct for non-specific reduction

ín the number of PFU with time, duplicate 0.1 ml" portions of DNP-
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Tr-pha8e in nutrÍent broth were also plaLed at fÍve minute intervals.

It was found thac the DNP-Tr-lhage was compleEely neutraLízed wiLhin

5 minutes in the presence of the reference anti-DNP antiserum. It

was important, next, to determine whether lower concentrations of

antibody would require a longer incubation time for complete neut-

ralízation of the conjugat.ed phage. Various dilutions of anti-DNP

antiserum (lll73) were incubated for 45 minuË,es, 3 hours, and 4.5

hours with two different concentrations of DNP-T2-phage. In Table

3 are summarized the results of this study. The titre of this

antíserum \^¡as calculaLed for each reaction time and for each antigen

concentratÍon. It was found that there was no difference in the

degree of neutralization between 45 minutes and 4.5 hours of incubation,

over a four-fold range of DNP-Tr-phage concentration. 0n the basis

of this result, 45.minutes was selected as the standard period of

incubalion for the neutralization assays described in this thesis.

It is known that E" Coli are temperature sensitive and that the

initial temperature of the assay mixture (47oC) will cause cell death

(Adams, 1959)" An experiment was designed therefore to study the effect

of incubation at 47oC on the reproducibility of the neutralization assay.

0.1 ml. of a standard dilution of DNP-Tr-phage was added to each of a

series of tubes containing 2"5 mL. of a 0.5% noble agar solution (the

upper layer) in a 47oC water bath. Two drops of an E. Coli B suspension

v/ere then added to each tube and at one mÍnute intervals thereafter

three tubes \^¡ere ïemoved and the conLents plated. The results are

summarized in Table 4. As can be seen, the plaque count decreases

with increasing time of incubation and, after only one minut,e,
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TABLE 4

THE EFFECT OF INCUBATING E. COLI B AT 47OC ON ITS
ABILITY TO SUPPORT PHAGE R-EPLICATION

time of incubation average plaques % reduction
(minutes) per plate in plaques

0

I

2

3

4

5

9

L67

L42

r30

l3i

L23

Ill

L07

0

L2

20

20

24

31

34

TABLE 5

THE SECONDARY ANTIBODY RESPONSE TO DNP-BGG: A COMPARISON

OF STRAINS BALB/C AND CBA

Days after secondary
inj ect ion*

anti-DNP anLibody titres*-*
CBA BALB/C

405

6

7

l0

i60 5,000

640 40,960

/; 100 H 
g DNPOO-BGG rvas injected i.p. on day 0.

t

>k:k antÍsera were assayed by DNP-phage neutralization"
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there \^ras a L2% decrease in plaque count. This indicates Ehat no

more than one minute should elapse betrveen the addition of E. Coli

B and plating, and that for reproducíbility of results a constant

plating procedure must be used"

The stability of DNP-Tr-Phage at -20oC

In the Methodology section (p " 32), reference has been made to

the spontaneous gradual fa11 in titre which occurs when DNP-T2-

phage is stored over chloroform aL 4oC. A study was made therefore

of the possibility of storing the phage at -20oC. An experiment

hTas constructed to examine the effecE of freezing and thawing on

phage viability. Various concentrations of conjugated phage

(from tO5 rzu/rnt. to 1010 PFU/ml.) were subjected to short term

(t-2 aays) freezing at -20oC and were then thawed. This procedure

was repeated 5 times and the viability of the phage (PFU/mi.) was

determined after each thawing. In Figure 6 are illustrated the

results of this experiment. There was an initial drop in titre

of. 2O%, The phage titre however became stable after 90% of the

phage had been killed" Below 1 x 105 PFU/m1., there seemed to be

a more drastic reduction in viability and only 57. of the phage

remained after only a sÍngle cycle of freezíng and thawing" Three

preparations of phage (see below) were incubated at -20oC for a

longer period of time (two months) and then thawed, to determine

the long term effects of freezing on phage stability. In this

instance, there was a drop in phage titre greater than 99"99% as

exemplified in the following table.



60

Ð
LL
o-

€
IF

$
o

7

34
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FIGURE 6. THE EFFECT OF FREEZING AT -2OOC ON THE STA-
BILITY 0F A DNP-T2-PHAGE SOLUTION. DNP-Tr-phaBe pre-
parations at several concentrations were subjected to
cycles of freezíng and thawing and the concentration
of phage (PU/ml) established after each cycle. The
duration of each cycle was 24-48 hours.
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INITIAL PFU/ml.

L.7 x 106

3.8 x 106

5.2 x 106

!!q/*1. AFTER 2 MO" AT -20oC

5.0 x 101

8.0 x 102

3
1.0 x l0

These Lests indicated that conjugated DNp-Tr-Rhage could not be

stored at -20oc with retention of activity and therefore all of the

DNP-Tr-Rhage used in this thesis was stored at 4oc over chloroform,

The Responsiveness of Balb/c and CBA Mice to DNp-BGG

Borh cBA and Balb/c mice have been shown to be good responders

to a variety of antigens in vivo (Havas , L96g; and Mitchison,

1967), and in vÍtro (segal er al, LgTo; and Ferdmann and Basten

L}TL). A choice between the t\^/o strains was dif f icult to make,

since their relative responsiveness depended on the antigen used

as well as on the laboratory Ín which the comparison was made

(Davidsohn et al, T954; and Cerorrini er al, Lg6g)" Balb/c and

CBA mice were therefore immunized with DNPO4-BGG to determine which

was Ëhe best responder to thÍs antigen. The strain which responded

with the highest antibody titres in vivo could be expected also to

respond more vigorously in vit.ro. Both strains were immunized í.p.

with 800 irg of lyophirized DNP44-BGG suspended in saline and. Lhen

reinjected 2I days later with 2 mg. of the same ant.igen. Serum

samples were obtained from mÍce of each strain on days 10, 13 and

15 during the primary response and on days 5, 6 and 7 during the

secondary response, and were assayed for anti-DNP activity by

DNP-Tr-Rhage neutralization. The average serum titres of.these

two strains on successive days after the secondary injection are

listed in Table 5. IË was found that Balb/c rnice responded more
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vigorously than CBA. The serum titres measured during the primary

response of both strains \Â¡ere essentially equal. 0n the basis of

these results, a detailed study of the primary and secondary responses

of Balb/c mice was undertaken therefore to establish the kinetics

of the in vÍvo anti-DNP antibody response. 100 pg of DNP-BGG was

injected i.p. into adult Balb/c mice and 33 days later, a second

injection of 100 Ug was given. The serum anti-DNP antibody was

titrated by means of phage neutralization. The primary and secondary

responses are depicted in Figure 7. The anti-DNP antÍbody response

to 100 pg of DNP-BGG reached a maximum titre 6 days after the

primary inject.ion of antigen and returned to the background

level after 28 days. Reinjection of 100 ug of DNP-BGG at this

time resulted in a maximum titre, appea.ring 4 days afcer the

injection. This titre was 3 times higher than the maximum titre

elicited during the primary response.

Establishment of Tissue Culture Conditions

Armed with a sensitive reagent (lNf-phage) to detect anti-DNP

anËibody and a strain of mice responding well in vivo to the DNP-

hapten, organ cultures were set up to study the in vitro response t.o

the DNP-determinant. Mice stimulated to undergo a secondary anti-DNP

response 2 days previously were killed and their spleens removed"

Fragments of the spleens were then placed into organ culture dishes

(Fa1con plastic, .#3010). The first objective of this experiment was to

establish in vitro whether Balb/c spleens would indeed respond better

Ehan CBA mice since it was possible that the responsiveness of the two
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strains might change under in vitro conditions. For example,

C57BI/6 does not respond in tÍssue culture unless l-asparagine is

added to the tissue culture medium, and ËhÍs appears to be a

requirement for this strain uníque to the ín vitro response. The

second objective of thís experÍment was to determine whether spleen

fragments could be sustained Ín vitro, and for what period of time.

The results of this experiment are shown in Tab|e 6. The Balb/c

strain produced the highest titres; CBA responded only slightly

above background. Thus it was clear that Balb/c was indeed the

strain to use for in vitro experiments on the anti-DNP antibody response.

Further analysis of Table 6 will show that tissue culture

medium interfered with the production of plaque formation (10-40%

reduction in PFU). An experiment was designed therefore to test

the hypothesis that the E. coli B used in the assay viere sensitive

to the concentrations of antibiotics which v¡ere presenL in the

Ëissue culture media being tested. To create conditions in which

the E. coli would be highly sensitive to antibiotics, a bacterial

suspension in the log phase of growth r{as stored at 4oC for L2

hours before use Ín the neutralization assay. As the E. coli warmed

up to room temperature, they would begin metabolizing and dividing

at an increasing rate (adams, 1959). Under these conditions E. coli

would be more susceptÍble to antibiotics Èhan under the usua'l con-

ditions of the assay. Tissue culture media (with and without anti-

biotics), nutrient broth and an anti-DNP antiserum (wÍth and witËout

antibiotics) were all tested with thÍs E. coli preparation. In Table 7

are summarízed the results obtained from this experiment. It can be
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TABLE 6

THE SECONDARY ANTI-DNP ANTIBODY RNSPONSE I"IAINTAINED IN VITRO:
A COÌ'íPARISON 0F BALB/C AND CBA ORGAN CULTURES

Days in 7. neutralization of DNP-phage 
_

culture Balb/c cultures CBA cultures medium only N.B.-k

2

4

6

B

90

79

7L

62

40

33

25

L7

400
100
160
L70

)k N"B. : Nutrienc Broth (Negative Control)

TABLE 7

THE EFFECT OF ANTIBIOTICS ON THE NEUTRALIZATION ASSAY AS

MEASURND BY THE PLATING EFFICIENCY OF DNP-PHAGE AND
' E. COLI GROI^ITH

Solution tested E. coli growth % plating
efficiency

tissue culture medium
(neat) normal (#)

tissue culture medium
+ 20% FCS normaf (#) 63

nurrient broth norma I (#) f OO

tissue culture medium *
20% FCS .l antibiotics sparse (+) N"C"

tissue culture medium *
20% FCS * anribiorics ('k) sub-normal (+) 86

56

nutrient broch -l anti-
biotícs no growth (-) N"C"

(*) - Previously incubated at 37oC for 4 days

N.C" - not calculable
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seen that antibiotics caused the upper layer of coli to achieve

only sparse growth. It was also found that fresh media had a more

pronounced effect on the growth of the E. coli than media rvhich

had been already in tissue culture for a period of time. This can

be accounted for since the antibiotics used are known Lo have a

short half-life at 370C. The effect vras attributed therefore to

antibioEics. On the basis of these results, it was decided that

the medium must be diluted before assay in order to lower the con-

centration of antibiotics. A five-fold dílution of the tissue

culture medium in nutrÍent broth was found to elÍminate the effect

of antibiotics; the negative control consisted of tissue culture

medium diluted to the same degree.

Since BaIb/c organ cultures could be maint.ained successfully

in tissue culture, .the next step was to immunize the culture ilg

vitro. Balb/c mice which had gone through a primary innnune response

five months previouslY, were killed and their spleen fragments put

into organ culture. Five lLg of DNP44-BGG v¡ere then added to the

tissue culture medium and the fragments incubated for 48 hours v¡ith

antigen. AfLer this time, the antigen containing medium was replaced

with fresh medium (no added antigen). Anci-DNP antibody actívity

rvas not detected after 7 days of culture. At this time the cultures

had to be terminated because of a persistent yeast infection --

identified as a candida species by laboratory analyrir.l A sensitivity

test to Fungizone l.¡as prepared to determine the concentration of this

anti-fungal antibiotic required to inhibit yeast grorvth. A small

1Th" y""rt ¡nTas identified by the Medical Microbiology department
associated with this universitY.
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number of spores rvere inoculated into medium containing graded doses

of FungÍzone. Yeast growth was determined microscopically after 4

days of incubation at 37oc. 3.125 ]-rg of FungÍzone per millilirre of

tissue culture medium was found to prevent fungal growth. Príor t.o

this test, medium had contained only 0.25 U g/nI. of Fungizone. All

subsequent tissue culture media were fortified, therefore, with an

additional 3 UB/ml, of Fungizone.

Renewed attempts to elicit a secondary anti-DNP antibody

response in vitro failed and so the following possible causes vrere

investigated: (f) the tissue culture technique was faulty; (Z)

the tissue culture medium r¡/as not suÍtable for Balb/c cells; or

(3) the antigen rras not immunogenic. Use r¿as mad.e of a viabiliËy

stain-Ehiazyl blue (Btack et a1, 1953) - to gain informarion directly

from the organ cultures, but tests comparÍng various Eissue culture

media and their effect on the organ culEureis vÍability were

equivocal. Emphasis was placed, therefore, on the propagation of

a Balb1c polyoma cell line (donated by Dr. E. Berczi) as an in-

dicator of the adequacy of the tissue culture techníques. Since

it was found possible, employing the previously used techniques

Èo sub-culture the polyoma cells at least five times over a period

of five weeks, it was concluded that the tissue culture apparatus was

compatible with cell growth, i.e., it was free from heavy metal ion

and micro-organism contamination. The viability of the polyoma cells

was used as an index for selecting the most suitable buffer system

for use in tissue culture (see Table 8). Since a growing culture pro-

duces acid as a by-product of its metabolism, it is necessary to buffer

the medium with an agent capable of maintainÍng a consEant pH. Only

strong buffers, such as HEPES (Shipman, 1969), and bicarbonate



6B

TABLE B

A COMPARISON OF SEVERAL TISSUE CULTURN YIEDIA BASED ON THEIR
ABILITY T0 SUPPORT THE GROr{rH 0F A BALB/C polyor.rA CELL LINE

Medium Buffer Salt base Gas ratio Polyoma growLh

Eagle L bicarbonate EARLES 95"/.Aír:5%CO, +

Eagle L HEPES EARLES 100% Air +'

I99 bicarbonare HANKS 95'/"Aír:5%CO^
z

RPMI phosphace - 100% Air

TABLE 9

THE ANTI-SRBC RESPONSE IN VITRO USING BALB/C SPLEEN CELLS
IN A MISHELL-DUTTON TISSUE CULTURE SYSTEM.

stimulation (days )

20 L07

B1

6
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(2.2 gn¡ Iitre)--ut found in an Earles base--were found able to

sustain the Balb/c polyoma cell line. A fundamental difference

exists between HEPES and bicarbonate in terms of their buffering

mechanism. HEPES Írreversibly accepts hydrogen ions untÍ1 it

becomes saturated, whereas the bicarbonate buffer produces a dynamic

equilibrium about pH 7.2, maÍntained by the C0, Ín rhe gas and

liquid phase. 0nly media containing 2,2 grn/l of bicarbonate were

used for all succeeding tissue culture work.

Because of the success achieved in growing the Balb/c polyoma

ce11 Iine, and because thÍs was done with a suspension culture, the

possibility was explored of stimulating an anti-DNP response from

a Balb/c spleen ce11 suspension culture instead of continuing with

the organ cultures. An attempt was therefore made to reproduce

Mishell and Duttonts su5ps¡sion culture system: using spleen cells

from normal Balb/c mice and sheep erythrocytes (Z * tO7 SRBC per .

culture) as the antigen. The cultures were tested for PFC by the

Jerne plaque assay on days 3, 4 and 5 after establishing the cultures.

The results are shown in Tabie 9. All of Lhe immunized cultures

responded higher than did the unimmunized cultures. These results

indícated that the Mishell-Dutton culture system could indeed be

reproduced with Balb/c mouse tissue, and so an in vitro antÍ-DNP

response was attempted. Immune BaLb/c spleen cells were incubated

i./ith 5 Ug of DNP44-BGG. Every two days the culture media were

assayed for antÍ-DNP activity by the phage neutralization assay.

Each sample of tissue culture medium assayed, however, was found

to contain four-times as many PFIJ as was originally added to the
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medium. It was therefore not possÍble lo show any neutralÍzation

since these PF{.i appeared to be unaffected by anti-DNP antibody.

Since the nutrient broth used as a diluent dici not contain any PFU

above that added to the test system, it ivas concluded that the tissue

culture medium must have contained colÍphage. Subsequently, it was

found that unused, sterile, tissue culture medium contained large

numbers of PFU which hrere not neutraLized by anti-DNP antibody. Of

all the constituents in the tissue culture medium only the fetal.

calf serum (f'CS) was considered as a possible source of coliphage.

Accordingly, alI batches of FCS in current use viere examined,

Bottles representing different 1ot numbers \,¡ere freshly thawed and

compared to bottles of the same loE number already in use, to

esLablish whether the contamination originated either from the

supplier, or as a result of use. One ml. from each bottle was

plated in a phage assay. In Table I0 are listed the resulLs of

this investigatÍon. It was found that several batches of FCS from

one supplÍer were already contaminated wíth coliphage at the time

of receipt. Therefore, as a precaution, all new batches of FCS

r^/ere analysed, for coliphage before use as a tissue culture supplement

In an effort to increase the magnitude of the anti-SRBC responsee

the method of culture was changed and the anti-SRBC response iLself

was used as the indicator of culture conditions. It was assumed

that changes which would allow an increase in the level of the

anti-SRBC response rtrould also allow an increase in the anti-DNP

response. Cultures were established using tissue culture tubes

instead of dishes. The tubes were gassed, tightly capped and then,
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TABLE 10

ANALYSIS OF FCS FOR BACTERIOPHAGE)K

Lot number Supplier Description PFU/ml

A20748 GIBCO IPT; sterile I x 105

43034X GIBCO IPT; sterile nil
A6LL2G GIBCO IPT; sterile nil
C2I2IQ GIBCO IPT; sterile 7 x LO4

76363 Microbiological Cytopathogenic virus nil
Associates free; IPT; sterile

77543 Microbiological Cytopathogenic virus nil
Associates free; IPT; sterile

IPT : Immunoprecipitin tested

;'.- Bacteriophage typed only as a coliphage; further identification
r¡¡as not done.

TABLE 11

THE ANTI-SRBC RESPONSE IN VITRO OF SPLEEN CELLS FROM BALB/C MICE
USING TISSUE CULTURE TUBES: THE TUBES I,JERE ROTATED AT 0.2

RPM DURING CULTURE.

Time after in vitro PFC/107 cells
stimulat.ion (days) normal cultures immunized culLures

630

2550

L643

5700
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ínstead of being rocked, were rotated at a rate of. l/5 rpm in a

37oC incubator. In Table i1 is described the anti-SRBC response

obtained under these ne\^7 conditions. There \"¡as about an 80-fold

increase in the response as compared to that obtained using the

Mishell-Dutton culture conditions (table 9). Since the anti-SRBC

response had been increased in magnitude, additional cultures were

established using the new conditions to elicit an antí-DNP antibody

response. Alum precipirated DNPOO-BGG was used to stimulate the

cultures (30 ug per culture). Tissue culEure media were assayed

every two days for the presence of anti-DNP antibody. Using the

same tissue culture conditions, other cultures were stimulared with

3 x 106 SRBC to serve as a reference response, and these cultures

were assayed for PFC on day 4 by using the Jerne plaque assay" A

response to the DNP-residue could not be detected despÍte a mea-

surable response to SRBC: 250 PFC/107 spleen ce1ls were measured in

the cultures which had been stimulated with SRBC, and only 120

1
PFC/10' spleen cells in the unimmunized cultures"

Stimulation of an AntÍ-DNP Antibody Response In ViLro-

As a result of the success achieved with the SRBC antigen, the

DNP-residue v/as attached to the sheep erythrocyte in an effort Eo

elicit a measurable anti-DNP response. The in vitro response could

then be monitored for both anti-hapten and anti-carrÍer responsiveness

by studying both the cells, using a haemolytic plaque assay (anti-

carrier response) and the medium, using a neutralization assay

(anti-hapten response). DNP-BGG was coupled to the sheep erythrocyEe

using BDB. The resulting antigen--DNP-BGG-SRBC--was first tested



73

in vivo to determine its immunogenicity with respect to the DNP-

determinant. 5 x I08 conjugated erythrocytes were injected i.v.

into Balb/c mice. 0n days 4,6 and B after the primary injection,

animals were bled and the serum assayed for anti-DNP antibody. In

Table L2 are recorded the average anti-DNP titres on each day.

UnIike the anti-hapten response obtained following stimulation

with DNP-BGG (Figure 7) in which the maximum response v/as given

on day 6, the anti-hapten response to DNP-BGG-SRBC showed a maxi-

mum on day 4. Having shown that the DNP-BGG-SRBC conjugate v¡as

indeed immunogenic, the next experiment r^ras to stimulate a primary

in vitro anti-DNP antibody response using Ëhe same conjugated

erythrocytes. 70À of a DNP-BGG-SRBC suspension \¡rere therefore

added to a serÍes of Balb/c spleen cel1 suspension cultures.

Control cultures were incubated without antigen. Every second

day, a sample of each culture medium was tested for DNP-Tr-phaBe

neutraLízing ability; medium from cultures incubated with antigen

was in each case compared to that from cultures without antigen.

The results depicted in Figure 8 show that media from cultures

incubated with antigen neutralized DNP-T2-nhage to a greater extent

than did media from unimmunized cultures. Figure 9 demonstrates

the number of immunízed cultures which responded above the range of

the unimmunized cultures. Despite the fact thaL an anti-DNP response

had been elicited, further work \^ras dependent upon this response being

augmented. Therefore the in vivo work was continued in order to

develop an antigen, whose properties \^Iere known in-vivq, and which

could then be used to elicit a utilizable in vitro anti-DNP response.
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TABLE 12

THE R_ESPONSE 0F BALB/C ItrCE T0 DNP-BGG-SRBC.

Tinie after injection (days) Anti-llNP titre

2B

648

186

92

Salting-out
fract i ons

4

6

8

Each mouse was injected with 5 x I0B conjugated
SRBC. Serum anti-DNP antibody levels were determined
by use of the DNP-Tr-lhage neutralization assay on
days 4, 6 and B aftõr the injection of antÍgen.

ABLE 13

THE PRECIPITATION OF ANTIBOD]ES FROM RABBIT AND MOUSE ANTI-
SERA USING 18% Na^S0, ; A COI'ÍPARISON 0F ANTIBODY YIELD"

z+

adj us ted*
Hemagglutination titre
rabbit Ig mouse Ig

Supernatant after

Supernatant after
1B% NaTSOO

Supernatant after
18% NaTSOO

Dissolved precipitate

Original serum

187" ppt I ation

first wash in

second wash in
2

800

800

L28

64

4

LOz4

L024

* all titres were adjusted to Lhe original serum volume



75

80
DAY 2

DAY 4

20

0

100

80

60

40

20

0
î-10 11-20 21-30 31-40 41-50 51-60

NEUTRALIZATION (PERCENT)

FIGURE B. THE IN VITRO ANTIBODY RESPONSE TO DNP-BGG-SRBC CON_
JUGATES ELrcrrED FROM BALB/C SPLEEN CELLS. Tesr culrures were
established and immunized in vÍtre ( ã ). controls consisted
of cultures containing rptã"."lIs and no antige., ( q{ ), and
culture vessels containing only tissue culture medium ( ffi).
Media were assayed for anti-DNP antibody by rhe DNp-Tr-phage
neutralization assay.

60

40
B.l
Eã
trã
æJ
Elt

@

þ"-

U)
LU
É.
f
T
Ð
O
lrL
o
t--z
LU
O
M,
LU
o-

$
þü

ET
@
Elt
E:;¡
É¿:¡
EEI
g:'3
Et3E¡
ÊÁ

20

0

80

60

@t
ffi
@ww
ffi@
E@æø
Ë3

R

@
@l
øet
@
ffiwtww

@w
@
E€I
@
@tw
@
@
@
ECt
æt
æ!w
æl
E;I
@ER

@

@

40

M!w
ffi

@

N

Ë

@
EI
@w
@¡
@
@w
tset

EÍI
@¡æ
@
Eã
E¿-I
Eâ
G!
@Ë
E.g
ETl
Ê:à
E1ã

DAY 6

@



76

Ê
z.
L]U

O
É.
LL¡g
CI
1
Õ
z.
0
À
Ø
LU
É.

U)
LLJ

É.
:)r
f
C)

o
UJ
F-

f

ts
Ø

60

40

24
TIME AFTER STINflULATION (DAYS)

FIGURE 9. THE IN VITRO ANTI-DNP ANTIBODY RESPONSE
TO DNP-BGG-SRBC BY BALB/C SPLEEN CELLS IN SUSPENSION"
The culture media were tiErated by Lhe DNP-T? neut-
raLization assay. Each point represents the-percenE
of stimulated cultures rvhich neutralized at least 5%

greaLer than the unstimulated cultures"

50

30

20

10



77

IN VIVO INVESTIGATION OF THE CARRIER EFFECT

Use was made of anti-SRBC antibodies to bind the DNP-determinant

to sheep erythrocytes, as described by Strausbauch er al (1970).

Two species of anti-SRBC antibodies were employed: mouse antÍ-SRBC

and rabbit anti-SRBC. After collecting the sera from mice and

rabbits which had been hyper-immunized with SRBC, the garnrnaglobulins

were Ísolated by a salting-out procedure usÍng 18% NarSO*, as

described in Methodology, section IV. A comparÍson of the recovery

of gammaglobulin suggested that MGG behaved differently rhan RGG

at I8% Na2so4. Therefore, thê supernatant fractfon from each step of

the procedure was analysed for anti-SRBC activiEy in a hemaggluti-

nation (Hn) assay. Agglutination of SRBC by any of the supernatant

fractions would indicate the presence of anti-SRBC antibody. The

magnitude of the titre would provide a quantÍtative estimate of the

immunoglobulins not precipitated by 18% NarSOO. The dissolved

precipitate was also titrated using the same technique. It was

found that approximately LO% of the mouse anti-SRBC gammaglobulin

rnras not precipÍtated by 18% NarSOOr whereas less than 0.17" of the

rabbit anti-SRBC gammaglobulin remained unprecipitated under the

same conditions. These results "r" sho*., in Table 13. The gannna-

globulin which had been isolated by salting-out was electrophoresed

and allowed to diffuse against a rabbit anti-(normal mouse serum)

anËiserum (Figure l0-A) and rabbit anti-MGC (Figure 10-B) to show

Èhe puriEy of the product: normal mouse serum üras also irnmuno-

electrophoresed to provide reference precipitin lines. It was

found that further purification of mouse immunoglobulins, with the
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FIGURN IO

Il'rlluNOllLECTlì01'ilDRDTrc AN^Lysrs oF FILA,crroNS FROIí l87" and IZ./.' NarSO4 PRICIPITATTON OIr I,IOUSE SERUIÍ

I ¡fcc isolated by 1B% NarS04 precipirarion
I Rabbir anLi-(normal mouse serum). aniiserum
3 Normal mouse serum

4 RabbiÈ anri- (l'fGG) anriserum

6 Supcrnatant f ront I2'L precipitation of l.fGGs isolated by 187. NaTSOO

6 STp?r"atant f.rom I2"L wash of L2'/" pre-
crplLaflolr

-p. 
Indicates /G immunoglobulin

' Each fraction
fn Ëhe presence of
rabbit anti-IIGG.
electrophoresed as

\r'as electrophoresed and then Ieft to diffuse
either rabl¡it anEi-norlna I mouse serum or

In each srsêr normal mouse serum was immuno-
a refercnce.
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objective of obtaining an IgG rich fraction using I27" NaTSOO

(Kekivick, Lg40), ,0", not feasible. Figure lO-C and lO-D show

that XG remains in solution when the product of an 18% precipi-

tation is further precipitated in the presence of 12% NarSOO.

For thís reason both MGG and RGG were isolaced using 18% NaTSOO

only.

Each conjugated gammaglobulin was incubated with SDNBS at pH

9.5, as described in Methodology, section V. After the unreacted

SDNBS had been removed from the conjugate by dialysis, iË was

established by spectrophotometric analysis2 that the DNP-MGG and

DNP-RGG products had on the average 2-3 DNP-groups per molecule.

The concentration of the DNP-gamrnaglobulin preparations was then

adjusted until both had the same HA titre, i.e., they were equal

in terms of their ability to agglutinate SRBC, subsequently each

preparation was incubated separately rvith 5 x 108 SRBC. The

purpose of this procedure was to prepare DNP-coupled SRBC in which

the concentration of DNP-residues per SRBC was the same and the

coupled erythrocytes would only differ in the type--not the number--

of gammaglobulin molecules bound. After washing, the coupled

SRBCIs were injected into two groups of Balb/c mice, one received

5 x 108 DNP-MGG coupled SRBC (DNP-I'IGG-SRBC) i.p., and the oLher

received 5 x 108 DNP-RGG coupled sRBC (DNP-RGG-SRBC) í.p. Half of

2¡ach DNp-gammaglobulin preparation v¡as read at 280 m/,t ånd

363 mpt. The concentration of protein and the molar ratio!s of
DNP pår gammaglobulin were 'calculated using the following para-
meters:

O.D. of lmM e-DNP-lysÍne at 363 m¡u : lB
O.D. of a l% solution of gammaglobulin
0'D' at 363 mi'r: o.D" of DNp-lysÍne ar

2"89 t

at 280 m¡{: 14

280 n¡
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each group of animals v/ere exsanguinated on day four, and the other

half on day eighc. The serum and spleen from each mouse were tested

individually. The serum rvas assayed for anti-DNP antibody by

determining its ability to neutralize DNP-T2-phage in the presence

and absence of 2-ME: the 2-!fE sensitive titre was attribuced to

IgM; and the 2-ME resistant titre was attributed to IgG. The

anti-SRBC response \^/as assayed by determining the PFC content of

each spleen in a hemolytic plaque assay desÍgned to visualize both

IgM (direct PFC) and IgG (indirect PFC) producing ce11s. In other

words, both anti-DNP and anti-SRBC responses vrere analysed for IgM

and IgG content. The objective of this experiment was to establish

the individual roles played by the sheep erythrocyte and the DNP-

residue, and further, the role played by the ganimaglobulin moiety

in the complex antigens whÍch were used. The results are displayed

in Figures 11 and 12, and in Table 14. Table 14 is a summary of

the resulEs. Fígure 11 represents the anti-SRBC antibody response

elicíted by rhe DNP-MGG-SRBC and the DNP-RGG-SRBC complexes broken

down into IgM and IgG antibody responses. The response to 5 x 108

unconjugated SRBC is included as a standard. Flgure 12 presents

the anti-DNP antibody responses to DNP-MGG-SRBC and DNP-RGG-SRBC

immunogens, which is also divided into IgM and IgG anËibody responses"

The background anti-DNP antibody level is included to represenE a

negatÍve response" Statistical analysis (Student0s t-test for 957.

significance) indicated that both antigenic complexes stimulated

responses which v/ere not significantly different. Neither was

there any difference found when the responses vlere compared in terms

of anribocly class (IgG vs IgG; and lgM vs IgM). The total anti-DNP
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response expressed as the torr-O of the anti-DNP titre, and the total

anti-SRBC response, expressed as the logrO of the total PFC (Cirect

and indirect) per 107 spleen cells, elicited in each individual

mouse were compared to determine if there was any relationship between

the two. The correlation analysis is described in Figure 13. The

two responses v¡ere found to be very significantly related (pX.00l)"

When the analysis was broken down into DNP-MGG-SRBC and DNP-RGG-SRBC

stimulated populations, and the two populations were compared by

an analysis of residuals (a t.-test for regression data), it was

found that no significant difference existed between the two re-

sponses of the groups.
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DISCUSSION

The in vivo and in vitro anti-DNP antibody responses studied

in this thesis were detected by the use of DNP-coupled Tr-phaee"

This sensÍtive reagent was synthesized by two different methods;

the first employing sodium 2,4-dínítrobenzene sulfonate and the

second glutaraldehyde and E-DNP-lysine. Both of the methods yielded

a product which was neuLraLized by anti-DNP antibody, and which

could be used therefore to quantiLaLe the antí-DNP antibody response.

hlhen sodi.r¡ 2r4-dinitrobenzene sulfonate is incubated with Tr-phaee

aË pH 9.5, it will react wirh free amino groups in the phage protein

and thereby attach the DNP-residue directly to che phage. The

second method, using the bifunctional reagent glutaraldehyde,

facilicated the binding ofÊ-DNP-lysine to Tr-phage. Sínce both

aldehyde groups react with free amino groups; reactant concen-

trations were adjusted (1ow phage concentration and high Ê--DNP-

lysine concentration) so that phagerphage coupling was reduced to

a minimum.

Initial experiments rvere designed to facilitate a choice

of a mouse strain with which to carry out lhe in vivo and ín vitro

analyses of the anti-DNP antibody response. Reference to the

literature indicated that two strains, CBA and Balb/c responded

well in vivo to the DNP-hapten. Selection of the strain which

would mount the most vigorous anti-DNP antibody response in tissue

culture was therefore made from these two straÍns. Using the

DNP-T2-nhage to titrate the anti-DNP antibody responses of the

BaLb/c and CBA mice to DNP-BGG, it was found that Balb/c mice

B6
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üiere better responders than CBA bo¿h in vivo and in vítro. Important

strain differences have been shown to exist in the immune responsive-

ness of mice to other antigens (FÍnk and Quinn, 1953; Davidsohn and

Stern, 1954; and Warner et a1, 1968). In these reports the differences

have been attributed to the inherent properties of the antigen. One

example of a response which is clearly under genetic control has

involved the synthetic antigers [(r,c)-a--L] and [1tt,c)-e--l]

(McDevitt and SeIa, 1965). These antigens are composed of a poly-

lysine backbone and side chains of poly-DL-alanine terminating in

short random sequences of either tyrosÍne and glutamic acid, or

hÍstidine and glutamic acÍd. Some strains of mice that respond

well to [(r,c)-a--L] respond poorly to [(H,c)-A--L] and vice versa,

i..., for both antigens there are clearly defined responders and

non-responders. The differences are thought to reflect a genetic

influence on responsÍveness. The gene controlling the responsive-

ness to [(f,C)-a--l], termed IR-1, lies within the H-2 regíon, the major

histocompatíbility locus of the mouse" Fink and Quinn (1953)

studÍed BaLb/c and four other mouse strains (A/J, C57Bl/6, DBA,

and C3H) to establish the relative responsiveness of each Ëo egg

albumin. Balb/c was found to be a poor responder to this anËigen.

Davidsohn et aI 0954) comparing the responsiveness of eleven

inbred strains, t\^ro of which were CBA and Balb/c, found that CBA

responded consistently better than did Balb/c to both sheep and

chicken erythrocytes. In contrast to the above is evidence obtained

by Cerottini et a1 (1969). These investigators compared the immune

responses of NZB and NZB/W mice to those of A/J, CBA/J, and Balb/cJ.

The antigens used were SRBC, Hcy, HGG, and BSA. It was reported
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that each of the five strains responded differently to each antigen.

If the responses of only the Balb/c and CBA strains are compared,

the follolving generalízaLion can be made from the results obtained

by Cerottini et al: Balb/c mice responded better than CBA Eo all

of the antigens except HGG. In the experiments reported in this

thesis, Balb/c spleen fragments were able to respond in vitro E.o

DNP-BGG under conditions which failed to support a response by CBA

mice to the same antigen. An additional complicating factor to the

ínherent differences between strains is the fÍndÍng by Tan and

Gordon (L97I) that the pattern of in vitro responsiveness does not

always parallel the in vivo results. They found that tissue culture

conditions whÍch were adequate to sustain an in vitro anti-SRBC

response from CBA spleen cells, \,rouId not allow a response by

C57BI/6 spleen ce11s. The apparent tissue culture deficiency was

overcome by incorporating an excess of L-asparagine into the tissue

culture medium and under these conditions C57BL/6 spleen ce1ls then

were able to mount a nornal anti-SRBC response. The unresponsiveness

exhibited by CBA spleen fragments in vitro in this Ëhesis must

therefore be attributed to an undefined deficiency in the tissue

culture medium, since this strain did respond in vivo.

One of the objectives of the experiments described in chis

thesis was the development of an anti-DNP antibody response lgJigro'

Since an in vitro anti-SRBC response has already been well sLudíed

(t'tishell and DutLon, L966; Marbrook, 1968; and Mosier, 1969), an

in vitro anti-SIìBC response was established using Balb/c spleen

cells to serve as a reference response for the optimization of
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tissue culture conditions for the anti-DNP antibody response. It

was assumed that changes in the tissue culture technique which would

increase the response of Balb/c spleen cells to the sheep RBC, were

changes which would serve also to optimize the conditions for an

in vitro anti-DNP antibody response. This assumptíon proved to be

correct; the tissue culture system which was found to support the

optimum anti-SRBC response was in fact the only system which supported

an anti-DNP antibody response. The tissue culture system consisted

of rotat.ing air-tight tissue culture tubes containing 1.0 ml. of

medium and spleen cells under a gas mixture of.95"L air and 5% CO2

aE L/5 rpm at 37oC. Prior to incubation, the culture v/as stimulated

by the addÍtion of 3 x 106 coupled or uncoupled SRBC. Although

ft has been reported that organ cultures of mouse spleen fragmenËs

will respond to DNP-Hcy to produce anti-DNP antibody (Segal et al,

L97O; and Klinman, L97L), the culture conditíons used in the present

sËudy were not adequate to supporË an anEi-DNP response by spleen

fragments in organ culture. Several investigat.ors have reported

the use of hapten-coupled SRBC to elicit an anti-hapten antibody

response in tisSue culture from mouse Spleen ce11s in suspension

culture: for example, Kettman et al (1970) and Katz et al (1971)

have used TNP-SRBC; Trowbridge et aI (tOZO¡ have used NIP-SRBC; and

Naor et al (1970) have used Penn-SRBC. In each of these latter

three reports a suspension-type culture was used to support the

anti-hapten response. Tarrab et al (L97I), employing rabbit spleen

ceIls in suspension were able to elicit a secondary anti-DNP response

lo DNP-BSA in vitrq-. Because a soluble antigen r¡/as used in this
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latter study, Tarrab et a1 were able to remove residual free antigen

from the ce11 suspension after an initial pulse of antigenic

sEimulation. This was done to reduce the concentration of free

antÍgen in the tissue culture which mÍght otherwise combine with ¡he anti-

body produced and lead to spurious results in which the antibody

leveIs detected would be either low or absent. The anti-DNP

response described by Tarrab et al was higher than that reported

in this thesisr eB., on day 6 the media from DNP-BSA stimulated

tissue cultures in the former study had an average titre of 450,

while in the response descrÍbed in this thesis the titre on day 6

was only about 5. A possible reason for this discrepancy may lie

in the type of antigen used to elicit the response. The coupled

erythrocyte which was used in t.he present experiments as antigen was

present throughout the duration of 
-the 

experimenË and was probably

responsible for sequestering some of the antibody whÍch was produced,

thereby reducing the effectÍve titre of the medium.

Because the anti-DNP antibody response which was elicited

wiËh DNP-BGG-SRBC from Balb/c spleen cells cultured in vitro was

low, other DNP-antigens were studied in an attempt to augment this

antibody response. The crrri"rs used for thÍs further study were

DNP-coupled antÍ-SRBC gammaglobulins prepared from the serum of

mice and rabbits which had been immunized with SRBC. The technique

used for isolating the gammaglobulins from the two sets of antisera

was precipitation wíth i8% Na2S04. Ðuring the isolation, it was

found repeatedly thar although 99.99% of the RGG was precipitated,

only 90% of the MGG could be isolated under the same conditions.

It r¡as clear, therefore, that. the original procedure which had been
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developed for the isolation of gammaglobulins from human serum \^/as

noË, directly applicable for the isolation of these proteins from

the serum of other species, for example, the mouse.

The conjugated antibodies were then allowed to react with SRBC

to yield DNP-MGG-SRBC and DNP-RGG-SRBC, respectively. The two pre-

parations of conjugated erythrocytes rvere injected separately into

two groups of Balblc mice and the resultant primary anti-DNP and

primary anti-SRBC antibody responses vÌere analysed for IgM and IgG

antibody content.. It is evident from the data previously presented in

the Results section that these complexes each elicÍted both classes of

antibody, and at the concentrations used, there was no apparant selec-

tivity for any one class of antibody. AIso, irregardless of the source

of the gammaglobulin moiety (isogenic or xenogenic animals) used to

atEach the DNP-residue to the sheep erythrocyte, the anti-DNP antibody

responses were not significantly different when analysed by a Studentts

t- test .

There are several ways of interpreting this fÍnding. One would

be to assume that the mouse gammaglobulin component of the DNP-MGG-SRBC

complex r¡ras as immunogenic as the corresponding rabbit gammaglobulin

component. It was possÍble that the mouse gammaglobulin was rendered

immunogenic in the mousee as a result of structural changes induced by

coupling DNP-residues to it. Havas (L969) used MGG as one of several

DNP-conjugated carriers to study the effect of the carrier molecule on

Ëhe immune response to the DNP-determinant. She coupled 35 DNP-residues

per MGG molecule and immunized Balb/c mice wíth 0.1 mg. of DNPr5-MGG

in CFA. The responses elícited \^¡ere analysed for antibodies directed

against DNP-determinants, MGG-determinanLs, andfor new determinants

created by the coupling reaction. Havas found that only 3 out of 9 mice
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responded to DNP-MGG" It was also found that the titres of these

mice were lower than those obtained $rith carriers naturally foreign

Ëo the injected mice, and that alI of the antibody was directed toward

new determinants found only on the conjugated MGG, i..., the antibodies

produced failed to agglutinate DNP-SRBC or MGG-SRBC. The resulrs of

this study indicate that a heavily coupled gammaglobulin can be weakly

immunogenic in the strain from which the ganrnaglobulin was isolated.

Fronstin et al (L967) were able to demonstrate that DNP-MGG (30 DNP-

groups per MGG molecule) could stimulate an anti-DNP response when

they injected 1 mg. of protein with CFA into C3H mice. These authors

were studying the relationshíp between immunogenicity of the carrier

and the magnitude of the anti-hapten response. Although DNP-MGG was

found to be immunogenic, the response r^/as always lower than that

elicited by the xenogenic proteins (RGG, RIGG; and BGG). C,olan and

Borel (L97L), on the other hand, r¡rere not able to demonstrate an

anti-DNP antibody response to DNP-MGG using a less heavÍly coupled

conjugate (Z: nne-troups per molecule of MGG), despíte the fact thaË

Ëhe protein (0 .2 mg. ) was injected in CFA.

The conjugation and immunization procedures used in the experiments

descríbed ín this thesis militate against the possibility that the

DNP-MGG component of the DNP-MGG-SRBC complex was innnunogenic in

BaIb/c mice for the following reasons: (1) the conditions of Ëhe con-

jugat.ion reaction were designed so that a lightly substituLed protein

would be produced to avoid creating any ner.r antigenic determinants in

Ëhe MGG protein; in fact only 2-3 DNP-groups vlere actually attached to

each molecule, (Z) there T.las no detectable loss of anti-SRBC actívity

as a consequence of the conjugation reaction at least as judged by HA

titration, (3) the concentration of DNP-MGG actually injected inÈo any
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one mouse T¡la's muclì less than any of the doses reported in the above

studíes (the amount \^/as calculated to be no more than 7 þs)3 and (+)

all injections were made without the use of powerful adjuvanrs tike

CFA, as was used in the previously cited works. In regards to the

last point, an anti-hapten antibody response, using carrier molecules

from syngeneic animals, was elicited only when the antÍgen was in-

jected in CFA (Havas, L969; Golan and Borel, I97L; and Fronstin et al,

1967) or when the animal was skin-painted beforehand with the hapten

(Iverson, I970).

Thus, it is much more likely that the MGG component of the DNP-

MGG-SRBC complex was not immunogenic, and that the anti-DNP response

must have depended upon the SRBC component for carrier function, i.e.,

the MGG molecule was attached to the erythrocyte membrane at the time

of stimulation and this erythrocyte membrane functioned as the carrier

for the anti-DNP anEibody response. The immunogenic entity must

therefore have contained at least two sheep RBC antigenic determinants;

one which would be bound by the carrier specÍfic T-cell; and the other

by the DNP-mouse anti-SRBC gammaglobulin--the DNP-determínant of whích

was bound by a DNP-specific B-ceI1.

I^lirh respecr to rhe orher conjugare (DNP-RGG-SRBC), it is highly

possible thal one of the states in which it functioned as an ímmunogen

was änalogous to that described for the DNP-MGG-SRBC immunogen. Since

gammaglobulins from xenogenic sources have been shown to be immunogenic

3"l4O tre./ml. of DNP-MGG was incubated with sheep erythrocytes
After the'incubalion, the cells were washed and 0.5 ml. of coupled
cells were injected into each mouse. If as much as I0% of the
DNP-MGG was anti-SRBC antibody, no more than 7 Þ€ of anti-SRBC was

injected into each mouse. I -
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in mice in this thesis (DNP-BGG) and elsewhere (Fronstin et a1, 1967),

the DNP-RGG anti-SRBC moiety of the DNP-RGG-SRBC complex is likely

to have been immunogeníc in the nouse, and could have provided a

helper function to the antí-DNP antÍbody response by acting itself as

a source of added carrier determinants. However, the relative roles

of the RGG and the SRBC determinants have not yet been clearly

established. Since no significant difference could be shown to exist

between the responses e1Ícited by the two conjugates (DNP-MGG-SRBC

and DNP-RGG-SRBC), it is probable that the sheep erythrocyte functioned

as the carrier moiety for the anti-DNP antibody response to DNP-RGG-SRBC

as wel1.

It is possible to analyse the anti-DNP antibody response to

descríbe further the properties of the DNP-MGG-SRBC ímmunogen. By

comparing the average IgM anti-DNP titre to the average IgG anti-DNP

títre elÍcÍted by the DNP-MGG-SRBC antigen complex, the ratio was

found to be approximately equal to one (0.93). According to Makelats

receptor hypothesis, which was reviewed on page 21 of the introduction,

this requires that the distance between like determinants be on the
o

average, greater than 120 A (the maximal distance between receptor sites

which can stimulate an IgG antibody response) but not greater than

o
350 A (the maximal distance of receptor site molecules which can stÍmulate

an IgM antibody response). Ott the basis of the results described in

this thesis, it may be assumed that the

on the DNP-MGG-SRBC complex, effective

DNP antibody response, was between 120

distance between DNP-groups

in stimulating an IgM anti-
oo
Aand350A.
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