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ABSTRACT

SELECTIVE STIMULATION OF CELL-MEDIATED IMMUNE RESPONSES IN MICE

e IMMUNOSUPPRESSED BY A GkAFT-VERSUS—HOST REACTION

by

William Treiber-

Deparfﬁeﬁi’pf Physiology

- Ph.D.

’ The }mﬁungﬁﬁppressive effect of the graft-versus-hcst (GVH) re-
action was studied in F1 picé injected with parental lymghdid cells.
Suppression of the humoral‘immu;e responég to,sheep red blood cells v
(SRBC) .in mice pndergoing GVH reactions (GVH mice) was ;h&hn to de-
}end upon the strength éf the GVH reaction and its duration¢§t the time N
of senbiti%ation with SRBC. Adrenalectomy and castration of mice prior
to Eﬁv iﬁduc;ion ofa GVﬁ reack#ion did not reduce the immunosuppressive
effect, suggesting that immunosuppression results from immugological
factors rather than from a general stress response.

. Appropriate stimulation of BVH mice was capablé of eiiciting cell-
: mediated immune reactions to two dlfferent types ofJﬂntlgenq while the
- humoral immune responses to the same antlgen remained suppressed. Mul-

tiple challenges of GVH mice with allotransplanfatiQn antigen caused a

rapid rejection of subsequent skin grafts‘from the same donor strain,

"
i

AN - N .

. - but failed to stimulate the production’of any detectable antibodies to

Ly



\ :

L | ' :
the transplantation antigens. Sen;itfzatiOAE?FQEVH mice w%th SRBC
in Frgﬂtd's compiete'ad1uvant stimulated a Jzaayed hypersen&itiVity
response to SRBC, although no humoral response to SRBC could be detect?d,
.even after three challenges with SRBC.' )

A single challenge of GVH mice with the thymus-indepenhdent anti-
gen. LPS did not elicit a humoral response, but a—second and third
challenge with LPS resulted in the production of a significant number
of LPSfépecific plaque {orming cells andka high titre of anti-LPS

hem#gglutinating antibodies. ‘ R I

The experimental results are discussed in terms of a proposed

model for the regulation of normal immune responses.

¢




1 RESUME
, I ' .
STIMULATION SELECTIVE DE LA REPONSE IHMUNOLOGIQUE CELLULAIRE CHEZ

DES SOURIS EN ETAT D'IMMUNOSUPPRESSION INDUITE PAR LA

REACTION DU GREFFON &ONTRE L'HOTE.

par Kj

William Treiber

Département de Physiologie

Ph.D.

L'effet immunosuppresseur de la rdéaction du greffon contre 1'hote

(GVH) a éte ¢étudidé chez des souris hybrides F| injectées avec des

s

cellules lymphoides d'origine parentale., Il a été observé que le
degré de suppression de la réponse humorale aux g lobules rouges de

mouton (SRBC) causée par la reaction GVH varie suivant la 'vigueur de

la réaction GVH et aussi en fonction de l'intervalle séparant I'induction

.

de la GVH de la stimulation antigénique. L'adrenalectomie et la
i -
castration des souris hybrides 'y avant 1'injection des cellules

paréntales n'ont pas réduit l'intensité de 1'immunosuppression suggérant

que celle-ci est due A des facteurs immunologiques plutot qu'a un
4

etat de stress.

]

La stimulation de souris en réaction GVH (souris GVH), sous des
conditions appropriées, avec deux types différents d'antigénes a pro-

voqué une réponse immunologique cellulaire a ces antigénes alors que

la réponse humorale est demeurée supprimée. Des injections répétées |



2eaa

d'antigeéne de transplantation a provoque chez des souris GVH un

rejet rapide d'une allogreffe de peau provenant de la méme lignee

de souris que les antigeénes utilisés pour la sensibilisation.

Toutefois il n'a pas ¢té possible de mettre en evidence dans le scrum ‘

de ces souris des anticorps dirigés contre les mémes alloantigines. '
4

L'injection & des souris GVH de SRBC melangdés A de 1'adjuvant complet

de Freund a stimulé une réaction d'hypersensibilité retardce aux
yp

SRBC mais pas de réponse humorale ce méme apreés trois injections de SRBC.

. - , . L . »
Une injection de LPS, antigéne thymique-indépendant, A des souris
u
GVH n'a pas stimulé¢ la reponse humorale., Toytefois, deux ou trois
injections de LPS ont induit la formation d'un grand nombre de
cellules formant des plaques spécifiques au LPS et d'un fort titre
d'anticorps hémagglutinants anti-LPS,
Sur la base de ces résultats un modéle sur la régulation de la
-

réponse immunologique est proposé dans la discussion.

§

» -%

- -
KGN
oAy A ' . o '
AT ".g .J, . .o
@ ‘)t;' N N ° o
. ': -‘r' -
"" f : -« '
y 2. 1
; 3
4
B4 !‘1 A
3 - . v
-~



. . ACKNOWLEDGEMENTS . _ |
7
- I have received help f’rom many people during the course of this

. study and would like to express my gratitude to them, o

To Dr. W.S. Lapp for introducing me to immunology, for his guidance

and advice, and for the generous supply of his laborgtory facilities.

It has been a privilege to have been associated with him.
v s .
.
To Mrs. H.C. Lee, Ml:}:. Ailsa LeeFoon and Miss Rosmarie Siggrist

Y ’
for their careful technical assistance. T have enjO}‘red working with them.

To Mr. Karls Holeczek for his generous and freauent help in preparing

3

figures. o
& 7o Miss Sandra Parker for all her help in preparing this manuscript o *,
.
and for her constant good humor. ' 5

To Sue who gave me encouragement and patience throughout this

study.

This work was supported by the Medical Research Council of Canada

and the National Cancer Institute. Lt

n ‘
%




e

PREFACE

-~

CHAPTER 1.

.
s

CHAPTER 2.

.

" CONTENTS

GENERAL REVIEW

A
fIntroduction

The Genetic Basis of Transplantation

Histocompatibility Systems

THE TMMUNE SYSTEM

The Thymus-Dependent System

The Thymus-Independent System -«

THE GRAFT-VERSUS-HOST REACTION

Introduction )
Pathology and Measurement
Antigens Responsible for GVH Reactions ,

v

Cell Interactions-in GVH Rgactions

Effects of the GVH Reaction on Fmmuno-
logic Responsiveness

\

Immunosuppressive Effect

Significance of the GVH Reaction‘§s a
Research Tool

" References

MATERIALS AND METHODS

Animals

Antiseptic Technique for Operating
Procedures

Skin Erafting

16

16

29
29
33
38
40

45

47 -

52

54
81
g1l

81

82



‘CHAPTER 2.‘(Continued)

Adrenalectomy N

Castration

Induction of GQH Reactions
Preparation of Antigens
Preparation of‘Lipopolysacchgride

Delayed H&persensitivity’$5§ay
; 3

. ‘ o
at, ” >

,’l
_ Detection of Antibody Forming Cells
Detection of Hemagglutinating Antibodies
Statistical Methods !

Experimental Protocol

References * >

CHAPTER 3. RESULTS: Factors Determining the Eétent
- < df Immunosuppression

Effect of Strength and Duration

»

Effect of Adrenalectomy on the Response
of GVH Mice to SRBC .

! t. N .

a References ) ‘
CHAPTER 4. RESULTS: Effect of Multiple Antigenic Challenges
on Cell-Mediated and Humoral Immune Re-
sponses

~

2

Introduction

*  The Effect of Anfigenic Stimulation on
Skin Allograft Survival Time 0

Antibody Activity in GVH Immunosuppressed
Mice Stimulated with Transplantation Antigen

» Response of GVH Mice to SRBC Before and After
Exposure to B6 Antigen

4
;

Page

83
- 84
85
86

87

90
92
93
93

95

97

' 97

105
115
115
117
117

125

131



Al

. .
- . > .

. . P e Page

CHAPTER 4. (Corrtinued)
-Ch 1

PFC Response and Hemagglutinating Antibody -~ 133
Titre of GVH Mice Following Multiple Injec- .

tions with SRBC ) !
Attempts tq Stimulate Delayed Hypersensitivity , 136
t - to SRBC in GVH Mice ' !
References ’ ) - ’ 146 ’
CHAPTER 5. RESULTS: Effect of the GVH Reaction on the . 148
g Humoral Response to a Thymic- . .
) independent Antigen . ’ o
R a . . . N }
™. 4 Introduction f . 148
AN ~
_ Effect of ﬁhltiple Challenges with LPS on the 149
Humoral Immune Response
References ) . o 170
» CHAPTER 6. DISCUSSION- .
’ Introduction 171
) Proposed Mechanism for GVH Induced 172
. Immunosuppression ’
/_/‘
Interpretation of the Present Experiments 182
in Terms of the Proposed Model for GVH In-
duced Immunosuppression of the Humoral :
Immune Response ’
' AppP{cation'of GVH Induced Immunosuppress{on 192 &4
) to the Normal Immune Response “
‘ Application of the Priﬁciples'of Selective 202
. & Stimulation of Cell-Mediated Immune Responses
» / » I ¢
i References .o . ) . 204
. ) L
. « . SUMMARY , 215
APPENDIX Definitions, ‘ » ‘ 217
* Iy *. Q'\
Abbreviations Used in Text i T 219
“ L3




.

TABLE,

TABLE
TAéLE
TABLE
TABLE

TABLE

TABLE

v

TABLE

~TABLE

1

21

10,

11

12-

e
Y

,N_
- 3

¥
-
Y

X

B

)

LIST OF“TABLES
l

\

Survival Time (Davs) of CAll anJ’B6AF1 Micé Re- ~
ceiving®75 X 106 A Lymphoxd Cells Intravenously

PFC Response of CAFy Mice fensitized to SRBC X _—”igﬁ
Ly T '

at Various Intervals After GVH Iq@uction:

JDirect PFC Response to.SRBC in Normal’ and Adrena-

lectomized Mice lindergoing GVH Reactions.

Mortality Rate of Adrenaleetomized Animals Under-
going GVH Reactious.

Effect of Aﬁrenaléctomy and Castration on the PFC
Response to SRBC in Normal and GVH Mice.

Survival Times of First and Second- Sex B6 Skin
Allografts on CAF; GVH Mice Qtlmulated with B6
BM, B6 Kidney Cells or Fp BM. -

o

_Direct PFC to SRBC in GVH Mice After Stimulat‘ion ~

with Allogeneit Cells and Rejection of Allogeneic Skin
Grafts. .
A 0

Survival Time of B6 Skin Allografts on CAFy GVH Mice,
Treated with B6 Kidney Cells. .
Hemagglutlnaﬁﬁng Aptibody Tltre (logp) to B6 Allo-

" antjgens 1in CAF] Normal and GVH Mice Treated with

B6" Kldn‘v CPIIS and Skin Grafts.

Direct PFC Response to SRBC in GVH Mice Prior to

and Following Stimulation with B6 Kidney Cells and

Rejection of B6 Skin Grafts, <

Hemagglutlnatlng Antibody Titre (log,) and C re-

sponse to SRBC of Nortnal and GVH Mice Treated with

Multiple Ipjections of SRBC. .

Pelayed Hypersensitivity to SRBC in GVH Mice 9 Days

After Sensitfzation with SRB¢ in Complete Freund's

AdJuvant (CFA) . - it2
£

’
T

13
o

108
111 X
114 ;

H

120
123"

128

130
132, .,

135

134 .

L L

-
:
- £
'{ !
{’\
o 1



Roa¥odd

TABLE

TABLE®

-

TABLE,

TABLE
TABLE

TABLE

TABLE

TABLE 20
\

13

14

15

16

17

18

19

‘

[

“ b

PFC"Response and Hemagglutinin Titre to SRBC in GVH
Mice.Showing Delayed Hypersensitivity to SRBC.
b

¢ ] > - .
Specificity of the PFC Response in Normal Mice

Sensitized with LPS., R .

Direct PFC Response to SRBC and LPS in Mice Sen-
sitized Once with the Antigens Indicated.
PFC Re;b6nse to SRBC and LPS in Mice Sensitized 3

Times with the Antigens Indicated. ’;

Hemagglutinating Antibody Titre to SRBC and LPS in *

Mice Sensitized Once with the Antigens Indicated,

~ -
[ . ”

- a :
Hemaggldtinating Antibody Titre to SRBC and LPS
in Mice Sensitized Twice with the Antigens In-

«dicated.

Hemagglutinating Antibody Titre to SRBC and LPS
in Mice Sensitized » Times with the Antigens In-
dicated. ’ \\ . -

Hemagglutinating Antibody Titre to SRBC in One Ex-
periment in which GVH Mice were Sensifized Twice
with SRBC-LPS. )

rs

Page ,

141
152

®
154

. 156

159

160

161

167



FIGURE 1
FIGURE 2
FIGURE 3

FIGURE 4
FIGURE 5

FIGURE 6

FIGURE 7

FIGURE 8

FIGURE 9

. FIGURE 11

|
|
|
|
|
|
|
FIGURE 10 -
|
|
|
\
\

¢

., LIST OF FIGURES )

PFC Response of GAE and EBAF Mice Sensitized to

SRBC 4t Different' Times Following GVH Induction.
S

Design of Experiment to Determine the Efféct of

Adrenalectomy on the Response of GVH Mice to SRBC.

Direct PFC Response to SRBC and Mortality Rate in
Normal and GVH Mice Following Adrenalectomy.
Désign of Experiment to Determine the Effect of
Antigenic Stimulation on Skin Allograft Survivdl
Time in GVH Mice. e

Design of Experiment to Determine the Effect of
Antigenic Stimulation on the Humoral Immune Res-
ponse to Transplantation Antigens in GVH Mice.

Design of Exper1ment to Stimulate Delayed Hyper-
sensitivity in GVH Mice.

Design of Experiment to Determine the-Effect-On
GVH Mice of Multiple Challenges with the Thymic-
Independent Antigen LPS.

PFC Response to SRBC-LPS Target in GVH Mice| Sensi-
tized with SRBC or FI—LPS.

Effect of Multiple Stimulation of GVH Mice with
LPS. Hemagglutinating Antibody Titre to SRBC.
Effect of Multiple Stimwlafion of GVH Mice with
LPS. Hemagglutinating Ahtiquy Titre to SRBC-LPS.

Proposed Model for ngulat1on of Cell-Mediated and
Humoral Immune Respond®s.

a) Normal. .
b) GVH In ced Immunosuppre531on ¢
) Effect’pf AﬁtigenicaStimulatlon on GVH
Induced Immunosuppression. - v
¢
3

~sPaée
‘%p;? 103
‘ 107
109

118
127

137

151

155
162
163

197



. I4
. , : PREFACE

The immunosuppressiv; effect of the graft-versus-host reaction
is well documented and has been the subject of numerous studies per-
formed in this laboratory. Although several studies had demonstrat-
eé prolonged survival of skin allografts on GVH animals, there was no
evidence as to the effect of transplanting allogeneic stem cells into
QGVH animals. It seemed possible that allogeneic bone marrow might
not be rejected when transplanted into GVH mice, and that the stem
cel®s might develop into a clone of immunocompetent cells which could
restore immunocompetence to the GVH host. Such an effect would also

|

|

| provide a means of inducing tolerance to spegific histocompatibility
| .

. antigens as well as.studying the acquisition of tolerance to host

tissue by the immunocompetent stem cells, To my surprise, the in-

\

- jection of allogeneic bone marrow into GVH mice stimulated cell-

-
-

mediated reactions against the alloantigens rather than inducing

tolerance to them. An attempt to stimulate a humoral response in

GVH mice using similar treatment was unsuccessful. Although both these

findings were unexpected, they seemed to provide a new approach for
studying the imﬁunosuppressive effect of the GVH reaction.

As the experiments progressed they illustratedseveral basic
] e ‘ ’°0
differences between cell-mediated and humoral immune responses which

applied té?normal mice as well as GVH mice. It became tempting tb

" .
( analyze these observations and speculate as to thelr causes in terms
“

of what we presently know about the regulation of immune responses.

® o

1)

-




As a result the discussion ends with a pro;osed,mechanism for the
control of immune responses in both normal And GVH animals. Al-

though this model 1is highly speculative, feotl thﬁﬁ it provides a
plausible explanation for immune regulation based on the. observa-

tions from these experiments and our current understanding of immune

responses.



‘ N - CHAPTER 1: GENERAL REVIEW

Introduction

Although history records several early clinical applications in
the field of immunology, the science itself is very new. As so fre-
quently happens, these procedures were based:a;,gmpirical observations

- 3

) and were employed with little or no understanding of how they worked.

I

A classic example is that of Edward Jenner who <in 1798 introduced

o vaccination against smallpox after observing that milk maids previous-
ly infected with nonvirulent cowpox never contracted smallpox (111).
His tecﬁnlque of vaccination was widely used for a century before the
virus causing smallpox was identified, and even longer before the

mechanisms of immunity were understood.
\

~

The term "immunity', in fact, merely reflects a basic observation

raggér\fFan an understanding of any of the principles involved.

'''a state of being ex-

’

Strictly speaking, immunity may be defined as

empt from penalty, duty, injury or harmful influence " (240). 1In a

.

biologieal sense it refers to the immunity of living organisms to harm-
ful agents, regardless of the nature of the agents. Immunology as a

true science, however, goes far beyond this observation, ;Pd has its
\

i origins in the work of Koch who firft identified and cultured the

\
Y A

b

causative agents of ‘infectious disease.

The early ‘uncertainty and vagueness concerning 1mmunolo ic pheno-

mena are illustrated by many basic terms still in use tgday. e term
\

: . "antigen" was originally defined as a substance which/can stimu ete an
7

-



animal..to generate cells or proteins (antibodies) capable of reacting
with it in a specific manner. The term "antibody" in turn refers to

the substance or body formed to react against the antigen. ?

The science of immunology developed along two different lines,
that of 'bacteriology and that of transplantation, which for many years

seemed unrélated but then merged following the work of Loeb in 1930
« )
v o

and that .of Medawar in 1945. By far, most of the early definitive work

was dong in the field of bacteriology. Significant breakthroughs came

in 1850‘when von Behring developed a specific diphtheri; ;ntitgxin

and thereby discovered antibodie% (16;: and amazing intuitiwve insight

was shown by Fhrlich in 1896 (62) when he proposed his theory of anti-

body formation which is surprisingly close to our present concept of

antibody formgtion. .
Although the study of transplantation immunity developed much

more slowly, its importance became incréagingly evident and it now

|
forms the major aspect of immunological research. Since the graft-

* ,versus-host reaction is a type of transplantation reaction, the major

I3

emphasis of this review will be on transplantation immunity.

The earliest recorded suggestion of tissue transplants appears in
ancient Egyptian and Greek writings (198) before the birth of Christ.
These writings déscribe skin autografts taken from one location in
order to repair mutilated parts such as lips and noses. Suggestions
of whole organ transplants appear in many legends such asg® the classical
legend of Cosmos and Dam{an* , two saints who were éaid to have removed

&
the gangrenous leg from a faithful churchgoer and replaced it with a

healthy-leg from a dead Ethiopean. v

-
*Golden Legend by Jacobus de Voragine, 13th century, also from a paint-

-

?

ing by Fra Angelico, Museo di San Marco, Florence. ;
-



The successful transplantation of whole organs did not occur until
after 1902 when Carrel repgrted a technique for anastamosing large blood
vessels to one another (3§). Using this technique he performed success-

.ful autografts in dogs of the thyroid gland (39), kidney (40) and

~

~

ovary (42,43). Surgical success was also achieved with transplants
of these organs from one individual to another (allografts), although ‘

the eventual failure of these grafts was attributed to technical errors;

~

and observations during the period of rejection were not published.
Carrel also reported the first canine heart allograft that was implant-

\4
‘ed into the neck of the recipient and which beat normally for 2 hours (41).

The Genetic Basis of Transplantation.

A clear understanding of the genetic basis of tumor transplanta-
tion came into view in the early 1900's but these principles were not

applied tq whole organ transplants until some time? later. 1In 1908,

5]
Bashford, Murray and Haaland (14) noted that a mouse tumor transplanted

|

|

|

|

; into a rat survived for an initial period of 8 or 9-days before being
r destroyed, but that a second mouse tumor implanted into the same rat

survived oniy 3 or 4 days. From these results they postuléted that

3

the injtial exposure to the mouse tumor had provided the rat with an

immunity which allowed it to destroy a second transplant mee rapidly.
Noticing a similarity between neoplastic and embryonio tissue,
Rouss and Murphy (194,166) in 1911 found that rat sarcoma was tolerated

and grew rapidly when injected into 16 day old chick embryos. Further-

more the injection of spleen tissue, and to aclesser extent bone marrow,




,
*
"

(

7

from adult chickens injecteé into the other side of the embryo receiv-
ihg thé.tumor brought about a rapid retrogression of Eﬁe tumor. In
these experiments, Murphg not only introduced the‘}dea of tolerance,

but also identified adult tissue as the basis for the rejection of
foreign neoplastic E?sbue Carrying this one step further, Murphy (167)
was able to suppress the rejection reaction and achieved increased
survival of mouse sarcoma when injected .into adult rats which had been
previously treated with subcutaneous injections of benzene or whole
body radiation.

Complegely successful transfers of tumors among members of the
same speciés, especially mice were not achieved until syngeneic strains
were developed. A syngeneic strain can be defined as one that has

o
undergone sufficient generations of brother x sister matings so that
all the animals in any one strain kapd of the same sex) are homozygous
and genetiéglly identical. Members of a given strain and sex will

accept tumdrs, and indeed any tissue from members of the same strain

and sex without the risk of immunological reijection.

Further insight into the genetic basis for tumor rejection was
provided by Little (128) in 1914 when he proposed that tissue charac-

teristics are determined by numerous genetic factors, and explained

in a Mendelian fashion how phenotypic expression of these Characteristics !

-

can be losh through successive matings. Using this theory, Little and

Tyzzer (130)\explained why a carcinoma which grew only in Japanese

3

waltzing mice would also grow in animals of the F1 generation of a



hybrid cross between these mige and those of another strain, but would

not grow in animals of the Fy or F3 generations. They proposed that

Ll

susceptibility to_the transplantation of tumor is based upon a number

of inherited factors and that possession of these factors, even in a
. 0
half dose as in F; animals, renders the individual susceptible to tumor

N - N
growth. Animals of subsequent generations, however, which lack one

or more of these factors are not susceptible.

In 1922 the studies of Little and Johnson (129) showed that Fl‘

hybrids of two inbred strains readily accept tissue gragts from ani-

mals of the same sex from either parental strain. Subcutaneous spleen
implants from waltzing mice into Fq hybrids of waltzing and albino

parents grew iﬂrtﬁe hybrids,while spleen implants from the hygrids
did not persist in the waltzing mice. They postulated ‘that the failure
of the Fy graft in the waltzing mice resulted from the expression on

s |
the F{ graft of albino factors which were not present in the waltzing J
rifipients. From this study and a ,similar study of his own, Bittner
(24) concluded that retention of tissue implants is dependengﬂﬁbon the

presence in the genetic makeup of the host ;f all factors giié; in the
genetic constitution of the graft. This i%;a has become ; basic rule
of transplantation.

Based on gxperiments in 1918 with different combjinations of inter-
related rats, ioeb (132) postulated that "individual differentials" were

prifent in, chemical form on the surface of all cells and that they were

inherited inﬂependently in a Mendelian form of blending. Loeb, however,




ok

was unable to demonstrate an accelerated rejection or the production of
antibodies following fepeated allografts of the same tissue type (133).
As a result, he did not accépt thé concept of an inmune reaction as

the cause of trunsplant rejection, and as late as 1945 he still believed
that rejection was caused by a "disharmonious condition' between in-
compatible differentials of the donor and host tissue (134).

However, the immunological nature of skin graft rejection became
apparent to Gibson and Medawar (80) in 1943 when they treated a young
woman with extensive burns of the chest. Grafts of skin were made
with "pinches'" of skin from her own thighs as well as her brother'sa
and biopsies were taken at regular intervals. A second set of 'pinches"

was applied from her brother fifteen days after the first operation,
- %

It was noted that, while the autografts grew well, the first set of

allografts began to degenerate by the 15th day and were completely

destroyed by day 23. With the second set of allografts they observed

an accelerated degeneration, beginning immediately and becoming well
advanced by the eigh%% day. Although no evidence was found that the
PR

breakdown of foreign epithelium was brought about by lymphocytes,  the
"time relationships and acceleratea rejectiqn of second set alldérafts
suggested that the destruction of the foreign epithelium was brought
about by a mechanism of active immunization'.

Conclusive proof of the immunological nature of graft rejection -

came from a series of classical experiments by Medawar (140,141) in

1945. Sets of pinch skin grafts (autografts and allografts) were

L]
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placed on rabbits,and biopsies of each were examined at regular inter-

9

vals. While the autografts survived, there was degeneration of the

‘allografts which was accompanied by a massive invasiop of lymphocytes

and monocytes. Application of a second set of allografts from the
same donor was followed by an accelerated rejection which was the same
whether or not these grafts were placed in the same operative field

as the first set, These results showed the temporal relationship of

.rejection, the involvment of lymphoid cells,and the systemic nature

which are required of an immune response. The most important test,

~—

that of specificity, was shown when a set of allografts from a related
donor rabbit was applied following the rejection of the initial allo-

graft. Prior sensitization caused an accelerated rejection of the second
set allografts, but did not accelerate rejectiom—of the third party

skin. “Thus graft rejection demonstrated two essential features charac-

-

teristic of an immunological reaction, namely immunological memory and
specificity. 1t was therefore concluded thét allograft rejection was

mediated by an immunological phenomenon.

Histocompatibility Systems. \

Although a Mendelian interpretation of graft survival was put forth

by Little in 1914, the genes controlling these characteristics were not

identified until 25 years later, Working with sarcoma in a pure line of

a . ¢

albino mice, Gorer ,(86,87) identified isoantigenic factors reéponsible

for the rejection of incompatible tumors and demonstrated specific iso-



- 10.

agglutinins in the sera of mice in which tumors had recently regressed.

M »

. He postulated that two dominant gene$ governed the transplantability of

tumors in these strain combinations, and that the genes determining the
presence of these isoantige%ic factors might be identical with those,
determining antigenic differences in blood groups. It is interesting
that Gorer's experiments also suggested that '"there is some evidence

that malignant cells are antigenically different from the tissues from

which they arose, but such differences do not afford an efficient

-

stimulus (for rejection) under ordinary conditions of transplantation'.
. » ‘a ig I3 »
Early studies of transplantation genetics were carried out in mice
because of the homozygous inbred strains that were available By

backcrossing Fq hybrids of 2" purebred strains, Snell (220) in 1948

v

produced what were later called "congenic resistant' (CR) strains of

-

mice. Mice of these strains were identical with established inbred
I 4

stocks except for the presence of one recessive alléle at a single locus.

Using CR strains of mice Snell determined .thiat at least 7 loci and pro-

bably 14-or more were involved in determining the fate of tumor transplants,

and proposed the names '"histocompatibility genes' (H genes) for the .
1
loci and "histocompatibility antigens" (H antigens) for their products.
3 .

The prefix "histo' was used because he beliebed that the same genes
determined susceptibility to or resistance to tissue transplants in
general. After producing more of his congenic resistant strains, Snell
(222,223) was able to distinguﬁsh‘ﬁZZween alleles of a single weak locus

without stronger H systems interfering. Based on his tumor studies,

Snell delineated individual H-loci in the mouse and assigned them the
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_ symbols HAl, H-2 etc..

As it became apparent that Qeoplastic tissue can grow even in the
‘ .
. * R N N t
presence of an immune response, Wormal- tissue was used for histocompati-
. ‘
bility studies and revealed antigenic factors which had not been pre-
AV

viously revealed in tumor studies. 1In 1957 Barnes and Krohn (13)

’
¢

studied the survival of parental strain skin grafts on F2 hosts and
! e§timated that at least 15 H loci were responsible for skin graft re-

|

jeceion. More recently; W antigens have been detected using such tests .
\\_‘ . ‘

as cytotoxicity, hemagglutination, complement fixation, and indirect |

v
4

fluorescent antibody tests.

¢

¢

gy 1966, a minimum of 29 H loci were known to exist (10) widely
diséributed“throughout the chromdsomes (228), but that pumbgf may be
a gross underestimate. Bailéy (9) points out the complexity of th;ge
loci by suggesting t;at most are realiy nests of tightly linked loci

and highly susceptible to mutation He estimates that the total »umber

of H loci may be greater than 400.

-, The strongest and most extensively studied H-locus in the mouse o
S + N
‘ 4 :
.was designated H-2 by Gorer et al. (89) who located it in the ninth
<

linkage group close to a series of loci that cayse fusing, kinking,
and shortening of tail structure. Early estimates of 5 H-2 alleles
(221) were reviéed upwards to 9 alleles (226) and at present more than
20 alleles have be;n described at the Blé locus (228). The complexity
of this reg&on is further established by tﬁe fact that it)@é divisible

by crossing over into at least 5 sepaﬁate*regions, permftﬁing phanotypic

expressiod of many antigenic specific}%%?s for each allele €225).
| ' ‘ N
° - »

]




At present, 3Q(H—2 specificities have been serologically defired

i

- e v N
in the mouse and the number is likely to increase even more (58,225},

Some of these antigeﬁs are shared by many different H-2 alleles and -
] ‘ * .

are present in most pure bred strains as weéll as wild mice. These are

termed '"public'" specificities (116). Other antigens of the H:2 system

B

are limited to one or very few alleles and are therefore present in

I

o <
very few strains of mice These are termed 'private'” specificities. _ __.

It is now belleved that the segment of chromosome which deter-

r

-
mines H-2 antigenic specificities is actually compbsed of a complex

2

number %f genes, some with functions not related to the?H-Z antigé;s
117,118). This region, therefore, has been referred to by Bach (8)
as the major histocompatibilify.complex® (MHC). At either end of the
MHC. 1ie the two major serologically defined- (SD) loci,Hi-2K and H-20., -
with a recombination frequency between them of 0.47 (205,224).'ﬁBe~

tween these SD loci lies the Sg-S}p locus identified by Shretfler

o o
(204) as being responsible for the production of two serum proteins.

v

Within the MHC, several lymphocyte defined ¢LD) loci have also been
identified based on a number of lymphocyte activities which théy

control. To the left of the Ss-S1p and next® to the H-2K locus lies

~ Q

the Ir%locus which determines the ability of the animal to meunt an
immune response to & number of synthetic polypeptides (17,139). The
Ir region seems to be a complex region containing a cluster of genes

which are important in the immune response to many diffegent types of

antigens., 1In addition to controlling the response to synthetic poly-

°

peptides Ir genes have alsd been shown &£p control responsiveness to, &

o

T T I R RSN~

Ve ( : ) ‘
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variety of allogenic antigens and several strong native antigens such
Y
as bovine serum albumin.
4

o

.

Several mutant strains of mice have recently been described as

[ 4
~

differing from the original strain by a spontaneous mutation in the

-

MHC to the left of Ss-Slp (189,243). Although it is not poskible to

~

obtain cytotoxic or hemagglutinating antibodies against the difference -

by cross-immunization, there mﬁy be reciprocal and rapid rejection of
‘e

skift grafts exchanged between the two strains (11). Despite the

possession of identical SD antigens, tHe MHC dif}?rené@ was found to

o

activate T lymphocytes in vitro as well as ig‘vdﬁo. The LD difference

in the mutant strain wascsufficient to cause reciprocal stimulation

S

in mixed leucocyte culture (MLC) and cytotoxicity as measured by cell-

mediated 1ymphofyéis._ The in vivo cougterpaft of MLC reactions, name1§
the graft—;ersus—host (GVH) reaction ha; been demonstrated fy Livnat
and Klein (131) and by Rodney et gl. (189) inh several mutant strains
of mice. \They have shown that GVH reactions can occur in combinations
;hich are serologically indistinguishable and which accept each other's
skin gfafts permanently. They attribute -the GVH reactivity to a cross-
over within the Ir region and speculate that the genes leading to the
GVH énd MLC reactions are iéentical with the Ir genes A somewhat
complex relationship, appears to exist between SD and LD regiens in re*
gard to their involventent ig MLC and GVH reactions. It has been proposed
that lymphocyte defined antigens stimulate MLC and GVH reactions while
serologically defined antigens appear to be éhe targets of fmmunocompetent
cells in theSe:feactions‘(B). # . J SN - . .

. -

’ . e
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The relative importance of the regions of the H-2 gene complex

o

in eliciting GVH reactions has been summarized by Opﬁltova and Demant
%(1i3). GVH reacgions are stimulated most efficiently when there is Tr<
) regién incompatibility, but only weakly by H-2L£ H-2D, and Ss-Slp in-
compatibility. These requiremeqﬁf closely resemble those for the MLC
reaction, but seem‘to'be quite different frém the genetic requirements
for skin graft rejection'which can be caused b; H-2K and H-2D incompati-
bility but not by Ir or Ss-Slp incompatibility.
It should be popinted out, however, that control of MLC and GVH
P reactivi;y in‘the mouse is not limited to the H-2 region. Festenstein,,
et al (69) have demonstrated a single genetic region known as the M
4 locﬁ; which 1 -not linked to the major histocompatibility system nor
to several knopm H antigens. The antigens of the M locus cannot
be detéctea\s rologically but can stimulate strdng MLC and GVH reac-
. tions as well as allograft rejecg}on (69,108,165).

Serologically defined H genes express themselves by producing
‘ H ang}gens on the surface of cell membranes. Also know; as trans-
plantation or alloantigens, the H antigens are glycoprotein in nature .
witH the profein moiety accounting‘for 80—90%\(203) and co?taining most,
if not all of their antigenic determinants (186). LD genes are also
believed to be phenotypically éxpr?ssed at the cell surface although
their phenotypic product is probably not of the same chemical géture
as H antigens (8). Nonetheless, David and Shreffler (53) E;ve pro-

¢
duced several anti H-2K reagents which they have sliown to contain

~ antibodies directed against LD antigens. Using these antisera they
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hav iyg}y identified 6 LD specificities determined by the
- e

Rl

I 4
r locus.

¢

H-2 antigens have been demonstrated on virtually all types of
tissues includin skin,” lymphoid tissue, myeloid tissue ‘;f neoplasms
derived from these cell types. The primary function of transplanta-
tion antigens is not known, although many _theories have been proposed.

v

Jerne (112) cites the importance of H-antigens in ontogeny, namely

¢ in th; cell to cell recogﬂition that is ngeded for the formation of
spec;alized tissues andlfor morphogenesis. Other researchers (98,161)
N su%gest that H antigens function in cell contact and recognit?on
”‘\\\ phenomeﬁa, providing a surveillance mechanism capable of eliminating
cell variants such as neoplasms which have a changed surface stpuci
ture. Burnet (31,32) points out that susceptibility to malignant
disease increases with tHe mother-fetus relationship of higher verte-
bratés, and suggests that H-antigens provide é means of recognizing
and removing neoplastic cells which might be received from.the mother.
In regard to LD genes, Bach (8) has postulated that recognition of LD
differences may be a key event which will eventually lead to the allo-
graft reaction., , g
Histocom?atibility systems have been fogpd i; a wide range of
vertebrates-including fishes (113), émphibia (101), birds (202) and
wmany species of mammals (A good review of these is ‘provided by
. Batchelor (15) ). Althouéh no attempts have been made to identify

H systems gmong inveftebrates it seems quite likely that similar ''self"

antigens also exist on the ce€Hs of lower animals. Such surface anti-

. 9



gens may play an imporfant role in the morphologic development of all
animals as well as the natural immunity which has been described in

lower animal forms (110).

)

The Immune System

The Thymus Dependent System. -

.

The most impértant cell in the immune response is the lymphocyte.

) Once thought to be a simple, homogenoué pépulétion of cells, 1ymp£ocytes
are now known to vary greétly with respect to origin, structure and
function. Most evidence suggests that lymphocytes, and indeed all blood
cells, develop from a single type of hemopoietic stem cell (144,162,164).
These stem' cells are first formed in the earlysyolk sac, probably from
cells that migrate out of the anterior quarter of the primitive streak

o« (165). Most stem cells ;n the yolk sac differentiate into early stage
erythrocytes, but éome divide to form new stem cells which are released
into the general circulation. Early migration of the new stem cells to
the liver results in the formation of "colonies" and the initiation of
hepatic hemopoiesis which is evideﬁgrin the mouse by the tenth day of
fetal development (162). Although the earliest detection of stem cell
colonization appears in the fetal liver, migration to the bone marrow
and lymphoit organs is almost Isimultaneous. In the mouse, Moore and

Owen (163) have demonstrated the presence of stem cells within the

< ' .
epithelium of thymic rudiments of 11 day embryos, while the earliest

‘ colonization of the bone marrow has been shown at 17 days gestation (143).

e

16.



Stem cells from the yolk sac have been shown to be pluripotent,
i.e. having a wide range of developmentalicapafilities (162). The
particular cell type into which éhey differentiate is determined by the
inductive environment of the organ rudiment in whigh they proliferate.

Two ﬁ;fhways have been identified for the development of 1ymphoid’

§
cells. One cell population migrates through the thymus (thymus-dependent

s

system) and gives rise to what are termed thymus derived cells or T

cells. 1In birds a second populgtion of lymphoid cells (thymus -

Y

independent system) migrateé through the bursa of Fabricius. In mammals,

the route by which this second population of cells migrates has not
been established and thé-thymic—independent cellg are merely called-
bursal equivglent cells, or simply B cells. Stem cell migration ori-
ginates directly from the yolk sac in early embryonichdevelopment,
but once the bone marrow has developed,’ the marrow becomes the origin
of migration and continues as such throughout the animal's life.

It is generally believed that cells within the thymus do not
participate directly in immune reactions. As afgrimary lymphoid organ,

,

J
however, the thymus id vitally important in the development and matura-

tion of the immunocompetent cells which are necessary for these reactions.

.

EYidence for this belief is shown by the fact that nmeonatal thymectomy
in mice, rabbits and chickens renders them unable to mount an immune
response in later life (85,146,238). 1In some cases, immunocompetence
can be§restored by grafting a syngeneic thymus into such animals (145).
hithin the thymic environment, migrant cells proliferate and

differentiate into thymus lymphocytes (thymocytes). In the mouse the

17.
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great majority of these thymocytes appear to die in situ within 3-4
days and fewer than 0.57 are released to the circulation (137,142).
This excessive lymphppoiesis within the thymus may represent a reserve
function of the thymus, or it may be that it provides an excessive
number of lymphocyte mitoses needed to generate, on a random basis,
lymphdacytes with a wide range of antigenic reactivity pat;efﬁs Those
cells which are released from the thymus migrate to peripheral lymphoid
tissue and are termed "thymus derived" lymphocytes or "T" cells.
During their development in the thymus, mouse T .cells acquire a distinct
"th'eta" surface antigen which is unique to T cells and is frequently
used as a surface marker to trace cell development. Recent studies
have shown a similar human thymic lymphocyte antigen (HTLA) on human
thymic derived lymphocytes (1,219). A comprehensive review of surface
antigenic markers for distingﬁishing’T and B qe11§ in mice has been
made by Raff (180).
The production of T cells and the development of immunocompetence
believed to be controlled by a humoral factor produced by the thymus.
is was first shown by Osoba and Miller (175,176) who restored immunoc-
coﬁpetence in neonatally thymectomized mice by the intraperitoneal im-
plantation of thymus grafts enclosed in millipore chambers. Subse-

’

quently, extracts from calf thymic tissue were also found to restore
immunocompetence and lymphogytopoiesis in neonatally thymectomized mice
(242). Although the precise cause of this restaration has not been es- .

tabiished, an active factor has been isolated from the thymic extracts.

This,K factor has been termed thymosin by White and Goldstein (82) who



-

. have evidence suggesting that it is produced by thymic epithelial

°

cells. The injection of extract containing thymosin into qormal new-
born mice has been found to accelerate the developmént of T cell
functions such as cell-mediated immune reactions and rosette forma-
tion (84). -

The activity of thymosin does not appear to be limited to the
thymus. Although most T cell maturation is initiated in the thymus,
cells’having the properties of T 1ymphocytes have also been shown
to be produced in the peripheral ly;phoid organs (82,83). Komura
and Boyse (120,121) have demonstrated the ability of thymosin to
specifically'induce mouse precursor celfs to differentiate into
T lymphocytes in vitro Mouse bone marrow stem cells incubated

i;;gp minutes with a purified thymicathract were shown to acquire

the characteristic T lymphocyte surfake antigens specific for mature
T cells. More recent reports .(199,200), however, have indicated
that s9ch T cell differentiation can be initiated by agents that are
not specific pryducts of the thymus. Cyclic AMP and polyﬁA:U have
been found to induce in vitro the expression of T éelk';;ecific
antigens on precursor cells found in the spleen and bone marrow of
"nude'" (congenitally athymic) and normal mice. 1In addition there has
been some speculation that endotoxin (LPS) may be’capable of promoting
T cell maturation in vitro (200).

Although the majoriéy of thymocytes appear to die without ever
leaving the thymus, a significant number of T cells are released

and ''seeded" to the peripheral lymphoid organs. T cells aggéar to

19.
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leave the thymus by way of its lymphatic drainage system as well as
through the rich supply of veins in the cortico-medullary junction
(143) A small proportion of these mature T cells localizes in
"thymic-dependent" areas of the spleen and 1ymph nodes (177). These
areas are found within the lymphoid follicles of the spleen immediately
surrounding the central arterioles in the mid and deep cortical zones
of the lymph nodes. ‘Studies by Raff and Owen (183) using anti-theta

| -~
serum indicate that T cells account for 65-707 of the lymphoid‘ cells
in the lymph nodes and 30-35% ;>f those in the spleen.

The largest percentage of existing T cells becomes part of the
recirculating pool of small lymphocytes.q T cells have been shown to
constﬁit‘:utg up to 857, of this pool, though only about two-~thirds of
these bear the theta antigen (152). Iﬁ the adult, the recirculating
small lymphocytes are carried in the blood to the thymic-dependent :
areas of the spleen and lymph nodes where they leave the blood through
post-capillary venules. They circulate through the lymphatic system
and return to the blood by way of the thoracic fduct which, as:-a re-
sult, is an abundant source of T cells (91). The maioricty of recircu-
lating lymphocytes have a 1or‘1g life span measured in the order of months
in rats (188) and up to 10 years in man (30).

T cells play a primary role in cell-mediated immune reactions such
as graft rejection and delayed hypersensitivity (143) The cells which
participate in these reaction®are specifically sensitized, and there- ¥

‘fore capable of antigenic recognition. Considerable dispute has arisen

over the nature of the recognition site on the sensitized T cell.
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Whereas immunoglobulin receptors have been readily identified on the
surface of B cells, similar techniques have failed to demonstrate their
presencé on T cells. Uptake of antigen by thymocytes in vitro is m-ini-
mal compared to that seen with peripheral lymphocytes (34), and immuno-
globulins have not been found on thymocytes by immunofluorescence or
immunoautoradiography (184,236). Some indirect evidence, however,
suggests that "immunoglobulin-1ike" receptors might be present on T
‘cells. Antisera to immunoglobulins were found by Mason and Warner (136)
to interfere with transplantation immunity and delayed hypersensitivity,
fyunctions usually performed be T cells. 1In addition, Greaves and
MBller (93,94) have shown that sensitized thymus derived lymphocytes
(possessing the theta antigen) bind to sheep red blood cells and form
rosettes. Furthermore this binding can be inhibited by the prior treat-
ment of these T cells with antisera directed against different parts

of the in}munoglobulin molecule (190,191). Greaves and Hogg (92) have

- T -
’

o

< 3

suggésteél that the surfaces of T cells may contain immunoglobulin recep-
to;'s which are only partially exposed, z;md are therefore difficult to
detect by conventional means .

* If T cells do possess immunoglobulins on their surfaces as re-
cent evidence suggests, it is important to determine whether these
immunogll’obulins are actively produced by the T cells or passively ac-
quired as cytophil}c ;mtibody. Recent reports by Roelants et al.
(191,192) present evidence that T cells have immunoglobulin receptors
for antigen and that they are actively synthesized by the cells carrying
them. Both T and B cells from sensitized mice were found to specifically

bind labeled antigen and "cap" with anti-immunoglobulin serum in cul-
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ture. This was followed by e};ldocytosis of the complexes and the dis- -
appearance of detectable r/eé/eptors. After 18 more hours in culture

the same T cells appea'red to have resynthesized receptors,and once

again bound specific labeled antigen and "capped' with anti-immuno-
globulin serum. Recognition by the T cell of antigenic determinants
results in the transformation of specific lymphocytes into large pyroni-
nonphilic “blast cells which proliferate to produce a ‘clone of small
lymphoeytes. Virgin antig,en sensitive cells cannot take part in immune
reactions, but must first be sensitized or '"educated'. By interact-ing
with a specific antigen sensitive cell, the antigen thus stimulates

the proliferation of a whole clone of cells capable of reacting with

it. The pArocess of education might be merely a quantitative expansion

of the cells capable of reacting with a specific antigen, or it may
bring about further differentiation of the T cell and the development
of antigen-specific receptors with higher affinity. ‘

Once educated, thvmic derived lymphocytes can participate in
cell-mediated immune reactions such as gr’aft; rejection. Until re-
cently it was believed that sensitized T cells can directly act as
kille™ cells in such reactions without the collaboration of bone marrow

derived cells (148,231) New evidence, however, suggests/that in

, non-specific cells of bone marrow ori-

addition to sensitized T cel
gin may act as effector ¢élls in cell -mediated reactions (103,122,123).
T cells are alsgp/required to serve a "helper function” in re-

actions leading to the synthe of antibodies against "thymic-dependent'

antigens. By far, e majority of\ antigens fall into this category.
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The actual antibody forming cell has been shown to be of bone marrow

origin, but nonetheless dependent on T cell cooperation (149,154).

The function of the T cell in such reactions may be to combine with

the ;nt%gen and present its antigenic determinants to the B cell in

a Qore>§timulatory fashion (147). The addition of supernatant from

cuflures of nonspecifically activated T cells has been shown to ac-

tivate B cells to produce specific antibody when they are Fultured

alone with a given antigen (4). This would suggest that the T cell

may release a soluble factor which nonspecifically stimulates the

B cell to produce antibody once it has bound wiFh the antigen. Al- |

though V;tetta et al. (235) have demonstrated cells in the thymus

which are capable of secreting immunoglobulint these cells do not

bear any thymic antigens and are believed to be plasma cells or bone

marrow derived lymphocytes which comprise less than 27 of the thymic

cell population. g
Finally, T cells may also provide the means'for immunological

"memory'' (50), a basic characteristic of immune responses. 'Memory"

seems to rgsult from ant}gen induced proliferation of specific T cells

and the consequent production of a T cell clone of long lived sntigen

reactive cells (158,193).

The Thymus-Independent System.

In 1621, Hieronymus Fabricius reported the existence of a pre-

viously undescribed organ of the chicken 1océted at the caudal end of
. 4

the cloaca (239). Experiments in the 19th. century showed that this
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organ was present in at least 30 different species of birds. Furthermore,
its development was found to roughly parallel the development of the
thymus. Like the thymus the bursa develops from endodermal-ectodermal
interaction, growing most rapidly soon after hatthing and continuing

|

its growth until sexual maturity, at which time it involutés (56,187).

As early as 1885, the bursa was identified as a center of lymphocyte

¥
1

activity (143). The first indication that the bursa was connected with
immne reactions came from a Study by Glick et al. (81) in which they
determined that chicks which w?vg bursecteomized at hatching were
found to be very susceptible'to infection by Salmonﬁllé typhimurium
and did not‘produce any detectable antibody.

While lymphoid colonizatigﬁ in the chick thymus starts at about
8 days incubation, colonization of the bursa does not start until day
13 or 14. Large, undifferentiated cells migrate from the yolk sac and
spleen and localize within epithelial buds of the bursa where they be-
come committed to the lymphoid line (143) The"subsequeét prolif;ration
and maturation of these cells results in the establishment of a popu- =
lation of bursal small lymphocytes. The bursa of Fabricius has been
identified as the fir;t site of antibody formation. Thorbecke, et al.
(232) have demonstrated IgM productgon in the chick bursa as early as
the 18th. day of incubation, although this is not believed to arise as
a result of antigen stimulation within the bursa. ¢

-

Studies performed in the chick at the time of hatching have shown

3

a migration of cells from the bursa to othar lymphoid organs'including

the spleen and even the thymus (99). This migration continues up.to
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at least 6 weeks of age but ceases by the onset of bursal involution.

Bursectomy at this time has very little effect on antibody production

(237). Although a hormonal mechanism for bursal control of lympho-

poiesis has been proposed (197), it has not been firmly established.

It has been more difficult, in mammals to identify a'specific .

organ equivalent to the avian bursa of Fabricius. Recent studies (47,97)

"suggest that the Peyer's patches and other gut associated lympho-

epithelial tissues may be the mammali-an homologue of the bursa of

Fabricius. There axe several lines of evidence to support this:

o

1) removal of Peyer's patches in rabbits has been shown-to result in
a deficiency of antibody production; 2% Peyer's patches have lympho-
epithelial relationships similar to those in the bursa; 1) unlike

follicles of the spleen and lymph nodes, Peyer's patch foliicles are not
y C

\:--..\___

dependent upon antigenic stimulation for development, 4) Peyer's
patches are well developed in animals that "have been subjected to ®
neonatal thymectomy; and 5) Peyer's patches have been shown to b% com-

posed mainly or entirely of thymus-independent lymphoid tissue. g

M - °

& gegardless of whethér‘the Peyer 's patches represent the mammalian
: eqaiQalent of the bursa, a distinct population‘ofﬁmarrow-der{ved,
¢
thymic-independent lymphocytes has been identified in mammals (154,169).
These peripheral lymphocytes areitermed bursal-equivalent or "B" cells.
B cells recirculaLe to a much more 1imited extent than T cells
and with a much slower transit time (181). The éreat majority.of B .

cells tend to settle in definite thymic-independent areas of the peri- I~

pheral lymphoid organs. Some evidence suggests that B cells have

‘
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specific surface antlgeH§ which can be used to distinguish them from -
thymus derived cells (?@7) These '"mouse-specific B 1ymphocyte antigens

(MBLA) are believed to bg somewhat similar to the thymus specifrc.anti—
& -

-

“ gens although their existence and specificity are not nearly so well

documented. Theta antigens are readily identified by, specific antisera
. ® = ' . .
prépared in allogeneic mice. MBLA, however, have only been identified

using antisera prepared in rabbits agéinst lymph node cells frem mice

3

R 1
which have been_ thymectomized, lethallv -irradiated® and reconstituted

~

! with syngeneic fetal liver cells. Since the antiserum is directed against

j a xenogenic antigen(s) it is not certain whether it is sblely directed
y : >
i' apainst MBLA or what percentage of B cells express these antigens

x

When B cells are activated by antigen they divide and differentiate

to produce expanded clones of antibodv forming cells which usually
<

fofy antibody of a single specificity (170,171). 1t is now believed
- i ?
that T cells play a major role as "helper” cells-in such reactions with

most antigens which are therefore termed thymic-dependent antigens. The

4

first evidence for such T-B cell cooperation was supplied by Claman

1

et al. (4%) who found that irradiated mice given both thymus and bone

.

marrow cells made a far greater antibody response to Lheep erythrocytes

than recipients of either thymocytes or bone marrow cells alone In sich

) . @
reactions, the T and B cells have been shown to bind to different deter-
minants of the same antigen (156).. As previously mentioned, cooperation

ig believed to be accomplished etither by a bridging effect of the anti-

>

gen between the T and B cell,Yor by the release’by the T cell of a

chemical mediator which enhances B cell responses (181). Some.evi-
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dence suggests that macrophages or adherent cells may also play éﬁ' J

. important role in this éooperation, either by processiﬁé and concen-
trating the antigen or by producing soluble factors which may be necessary -
forﬁpprmal cell proliferation. A good review of some recent’concepgi

| in the control of antibody synthesis is presented by Bretscher (29).
Although the Property 9f immunological memory is usually attri-

buted to thymus derived cells, some memory function has been shown to

reside iqra population of long lived B cells (230). Expression oft

' memory b; B cells, howeve;, may be dependent upon the presence of un- -
primed T cells (153). ‘ \

el

A small number of antigens are known to be able to stimulate L,
N A

2

! antibody production in B cells without the_cooperation of T cells. Toad
Termed'thymic-independent antigéﬁs, thése lnglude tetanys toxoid
flagella H antigens of Salmonella adelaiée and p&lySaccharides fromz
E. coli and pnéumococcus (150,157). A;imals which have geen n;onatally -

thymectomiz:du(¥00)‘ lethally‘irraditted and reconstituted with bone
marrow (6), or treated with anti-theta serum (60) show alTost normalt
primary antibody responses when subsequently exposed to these antigens.
Studies by Feldman and Basten (68) have suggested that ;hymic dependence
. -
or independence is related to the mode of presentation of the antigenic
determinants r;ther than ;o their specificity. Thymic-independent
antigens appear to have repdating etermingnés which c;n be presentea to
B cells and stimulate them directly\\iThis in turn might suggest that

the role of T éells as helpers in antibody production lies in their

ability to present to the B cell sufficient antigenic determinants§ to

i
[ -
‘ .
.
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cause stimulation of antibodv'productjion.

3

Many thymic-indepenpdent antigens, when present in high concen-

trations, have been shown to acﬁivagg B cells nonspecifically into

‘incteased DNA synthesis and polyclonal antiﬁody synthesis (4). LPS,

for egample, in appropriateg high }oncentrations is-believed to exert
«

this mitogenic effect on all B cells irrespective of the spgcificities
of their antibody ré@eptoré (48)i Coutinho and MBller (49) have ex-
plained the difference between specificlg cell activation by %hymus-
independent antigens and their nonspecific mitogenic effect on the basis
of a quantitafive concept. Optimal (higher) concentrations of a'mﬁtoéen
presumably bind nogspecificgﬁ}y to B cell receptorsd which are not immuno-

.o

globulins,and they therefore activate a ﬁhole population of B cells,

irrespective of the specificity of their immunoglobulin receptors.

As the concentration of mitogen is decreased the number of mitogen

‘

:Zlecules nonspecifically bound to the cell surfaces decreases below

l

1

tion of responding cells until non-specific activation cannot be
P

a

detected. At lower mitpgen concentrations, all B cells will nonspetci-

fically bind mitogen molecules at’the same subthreshold level. 1In

4

additdon, however, B cells having specific immunoglobulin receptors’

-

for the antigenic determinants of the mitogen will bind a larger number

of mitogen molecules and will become activated by the confrontation

L

with the mitogenic properties carried by these molecules. At.these low

”
2

mitogen concentrations the responding cells are selected by their

28,

e threshold required for triggering. This ‘results in a decrgased propéyh
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specific Ig receptors, and the response is detected as a specific,

’

thymic-independent immune response.

The ability of thymic-independent antigens to stimulate B cells

29.

directly circumvents the normal requirement for T and B cell cooperation. ;

In the case of thymic-dependent antigens, stimulation of antibody

.

production by the B cell depends upon the receipt of 2 signals by

_precursor cells (29). One signal is provided by the binding of anti-

gen to specific receptors on thé B cell of a thymic factor produced

as a result of T cell interaction with thﬁ antigen. M8ller etlal. .
(160,217), have shown that T~B cell %ooperation is not an obligadtory
event in the triggering of B cells and that LP$ can be substquL

for the T cell activity which is normally necessary for a response
against SRBC. They showed that the primary PFC response to SRBC was very
low i% mice wﬂ;ch had been thymectomized, lethaliy irradiated, and
repopulated with syngeneic bone marrow. The injection of SRBC coated

with LPS restored®the PFC response to SRBC to control values, but

the injection of SRBC and LPS separately had no effect. Thus,

'heteroloéous red blood cells were in effect converted into thymus-

independent antigens by coating them with LPS.

o

. The Graft-Versus-Host Reaction

"

Introduction.

<

Ej
4

For the, first half of this century the,ﬁrimary emphasis of most

transplgntation studies was placed on the reaction of the host against

AY
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the grafted tissue; even when the grafted tij;ue consisted of immuno-
logically competent cells. 'In 1916, Murphy (16é) inoculated the
chorioallantoic membranes of 7qday chick embryos'with fragments of
certain tissues including spleen, liver and bone marrpow from adult
chicken donors. He noted a considerable enlargement of the host's
spleen and the appearance of white nodules on the membranes in the
spleen and elsewher;, but ;ttributed this to a reaction of tﬁe host
spléen and iéukocytic elements againstlthe donor tissue. Subsequent
studies (51,52) seemed to confirm this ﬁheoyy, and for 40 years sueh
splenomegaly was beligved to result from a unique ability of spleen,
liver or bone marrow grafts to release sub-cellular protein consti-
tuents and stimulate a host-versus-graft reaction in.the host spleen
(61). ’ }
Thé first suggestion that grafted tissue could react immuno-

logically against the host came in 1953 from indepenéent studies by

Dempster (59) and Simonsen (206,211). While studying the rejection

e -
il

of kidney transplants in dogs, both men noted the appearance of py-
roninophilic cells infiltrating the remnal cortex after several days'

residence in the foreign host. Both men postulated that these célls
were of graft origin and that they*were involved in an immunologic
reaction on the part of the graft against foreign host antigens. Al-
though there is presently some dispute over the origin of these cells,
the significance of these reports lies in their presentation of the

concept of a graft reacting against the host. Such reactions are

now termed 'graft-versus-host" or simply GVH reactions, and are the -
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subject of a number of recent review articles (18,65,138).

The reactivity of jmmunocompetent ggafts was illustrated in 1954
by Mitchison (155). He showed that the breakdown of lymphosarcoma
in a non-susceptible strain of mice could be greatly accelerated by
injecting the host with a lymph node suspension froT syngeneic, immunized
animals. sThe power to transfer immunity was confined to the lymph nodes
draining the site.of implantation. In 1955 Billingham et al. (21)
showed that the injection of normal CBA lymph node cells into tolerant

CBA mice could cause the rejection of a previously tolerated A strain

<

skin graft. It wasn't until 3 years later, ‘howdver, that the effect

of incompatible immunocompetent grafts on the host itself wére realized.
Using similar transfer téchniques Simonsen (207) set out to prove his
concept of a GVH reaction by studying the effects of the intravenous
inoculation of 18 day chick embryos with adult lymphoid cells. The
developiné chicks exhibited severe pathological changes including
splenic enlargement to over twice that of normal chicks;and severe
hemolytic anemia. Microscopic study suggested that th; transplanted

cells had been stimulated into multiplication and antibody formation

by host antigens, and in so doing had largely replaced the native cell

population.

From his first definitive study oé the GVH react?on, Simonsen (207)
put forth 3 basic criteria which are necessary for the clinical mani-
festation o% a GVH reaction. These requirements remain valid today.

The graft must first be comprised of immunologically competent cells

capable of engaging in an immune response. Secondly, the host must
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possess transﬁiantation antigens foreign to the grafted cells and
sufficiently immunogenic to elicit a response from them. A third
criterion, which is necessary for complete expression of a GVH re-
action, Ts that the host be incapable of mounting a countervailing
immune response against the graft. Fulfillment of the first two condi-
tions without the third will mean that a GVH reaction will take place,
but its clinical expression will depend upon the strength of the counter- ¢
directed host-versus-graft reaction.
There are several experimental means by which the host's unrespon-

siveness to the graft can be insured. A generalized depression of the
immunologic capacity of the host can be achieved by the use of X-~irradia-
tion (28), antimetabolites or noenatal thymectomy (2). Similarly, a
GVH reaction can be initiated in a host that has been rendered speci-
fically tolerant to tissue antigens of the donor by exposure of the host
to these antigens at birth (2). Such methods of reducing responsiveness
to the graft, hHowever, interfere with the’nonnal immune response of )
the host. By using genetic combinations of inbred strains it is possi-
ble to induce a strong GVH reaction in an adult host whose immune system
is completely normal (73). An example of such a situation is the injec-
tion of parental strain lymphoid cells into F; hybrid offspring of a ////
cross between the donor strain and an unrelated second strain, While
the F; hybrid is unable to react immunologically to the histocompatibility |

] ®
antigens of either strain, the immunocompetent cells of the graft

tissue can mount an immune response against the foreign antigens of the

-
second parent expressed in the F; hybrid. The strength of the ensuing
P 1 g




GVH reaction can be pre-determined by varying the genetic disparity

-

between the two parental strains.
The age of both the donor and recipient also seems to be a factor

in determining the severity of GVH reactions induced by the Iinjection

of parental cells into F] hybrids. Younger animals, though immunologically

mature, appedr to be more susceptible to the effects of GVH reactions
k73). The reason for this 1s not entirely clear, but it may reflect

a greater susceptibility of younger organs to colonization by foreign
cells,or a greater ability of older animals to deted subtle differences
between donor and host cells. Sim?larly, graft cells from younger
mature mice are more effective in eliciting a GVH reaction than cglls
obtained under the same conditions from older mice (37).

The GVH reactions previously described are of a systemic nature
affecting £he entire animal. 1In addition it should be pointed out that
1ocgl GVH reactions are more eastly induced int:o~cd-rmally and in areas
such as underneath the renal capsule'(66,7A;. -In the casée of local GVH

reactions the immunologic status of the host is much less important, and

‘much more information can be gathered, from the reaction of the immuno-

-

logically eompetent graft prior to its rejection by the host.

\

Pathology and Measurement.

~

Although the pathologic effects—6T:E?th systemic and local GVH
R
reactions vary from species to species, certain features are held in
common (2,207.209). Growth retardation in newborns and wasting disease

in adults are perhaps the most obvious effects of systemic GVH reactions.
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It has been suggested that growth retardation }§ due primarily to loss
of fat storage and lack of musculoskeletal growth. 1In addition, it has
been shown that mitotic inhibition may occur in many tissues and organs
during the course of GVH disease and this may account for some of
its pathological manifestations (45). ’

One of the most consistent manifestations of GVH disease is splenic
enlargement. Splenomegaly has been observed in chickens, mice, rats
and rabbits (209), and is one of the most common means of assessing the
strength of a GVH reaction. The enlargement begins-about 3 or 4 days
after grafting and increases to a maximum size at about 8 or 10 days,
] after whi;h it slowly declines. At the peak of splenomegdly, spleen
sizes of 4 to 5 times normal have been reported. Outwardly, the en-
larged spleens frequently appear paler than normal, but are just as
often normal in bo;h shape and color. Histolo%ically, Howard (104) has
shown a massive proliferation of pyroninophilic cells of the plasmacytic
family. At the height of splenomegaly at least 507 of the total cell
population was classified as plasmablasts or immature‘plasma cells.
Malpighian follicles were completely destroyed within 7 to 9 days of the
donor cell injection. At a later stage, macrophages have been shown
throughout the spleen (241). 1In addition to phagocytosis of lympho-
-cytes and pla;ma cells, a moderate number of erythrocytes are phagocytized
and many macrophages contain pigments derived from hemoglobin.

In contrast to splenic enlargement, systemic GVH reactions generally

cause marked involution of the other lymphoid organs (19,20,23). The

-
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1ymph nodes may pass througq a temporary beriod of enlargement but the
thymus does not (22). Within tw6 weeks lof GVH %nddction, the lymph nodes
andﬂthyﬁi are greatly reduced in ;ize, yellowish in color and hard in
texture. Some have disappeared entirely. Much of this destruction of
host lymphoid tissue may be the result of a non-specific cytotoxic
effect which has been shown to be exerted against syngeneic, allogeneic
and xenogeneic cells by lymphoid cells undergoing a GVH reactioq (213).
Dermatitis and severe alterations of the skin are prominent
features of GVH reactions in rats,and. to a lesser extent in mice (20)
Exfoliation is accompanied by thickening and loss of elasticity of
the skin,=wwgich seem to be related to the infilgration of histiocytes
and fibroblasts (23). . N
A wide range of hematological disorders have also been reported
in cases of GVH disease. The most pronounced of these is severe anemia
wﬁich can be attributed to‘both bone marrow hypoplasia (23,229) and‘
production by the donor cells of antibodies directéd against host ery-
throcytes (172,179). Lymphopenia is also a consistent finding in GVH
disease.’ .
A number of other organs are affected but their roles in the develop-

ment of the GVH reaction are probably of only secondary importance.

o

Severe diarrhea is very common,as is liver enlargement. Extensive
* ¢
cellular infiltration is frequently seen in the omentum and pancreas,

and in terminal cases inflammatory changes are visible in the lungs (88).

Not surprisingly, the severity of pathological changes is proportional




36,

to the strenéth of the ongoing GVH reaction. Since many of these
changes can be expressgd quantitatively they. provide a means of mea-
suring the extent of a given GVH reaction. The more obvious effects
such as mortality rate and body weight change ﬂave been used to estimate
GVH severity (196), but host related and envrionmental variables fre-
quently make *these methods unreliable. In cases in which the host has
been immunosuppressed, the complex interaction of irradiation or drugs
with the GVH reaction itself makes it difficult to attribute mortality
and weight loss specifically to the GVH reaction.

. -

Perhaps the most commonly used assay for GVH intensity is the

. spleen weight.assay developed by Simonsen (106,209,212). The ratios

"

of spleen weight to body weight are determined for GVH experimental
animalg and normal 1itterﬁate controls. GVH activity is then ‘expressed
by the "spleen index" which represents the relationship of spleen to body
weight for GVH mice relative to that for littermate controls. A spleen
index of 1 would therefore represent a normal spleen while an index of 2
would be indicative of considerable splenomegaly.

Although there is a linear relationship between the spleen index
and the logarithm of the dose of inocﬁlate; lymphoid cells, the splenic
enlargement is largely dué to the ﬁroliferation of host cefls (106).

Thus the spleen index reflects'not only the immunologic potency of the

donor cells, but host responsiveness to proliferative and inflammatory,

¢

stimuli as well. Care must therefore be taken in making a comparison .,

between spleen indises of hosts with different ages, sex, genotype etc.:

v

w
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Furthermore, it should be remembered that host proliferative responses
such as splenomegaly do not play an essential rqle in the pathogenesis
of GVHl disease (102). \ |
A liver we;ght assay similar to that for the spleen has also been
described. Since the liver enlargement produced by a GVH reaction is

invariably much less than that produced in the spleen however, liver

assays are much less sensitive than-spleen assays and subject to the

~

same drawbacks. R
A phagocytosis assay has been developed by Héward (104) based on
his findings that intravenously injected colloidal carbon is cleayed
§k4~\from the blood by the reticuloendothelial system at an increased rate
during the course of a GVH reaction. The advantage of this test is
that quantitative data can be obtained without sacrificing the animal
The specificity of this assay is questionable, however, since there is
no way to distinguish between increased phagocytosis resulting directly
from the GVH'reaétioﬁ and that resulting from complications such as
infection and inflammation. .
An assay pf graf&Thost interaction has been described by Millerr
v et al. (151) based on t;éir finding of liver infiltrates of donor ori-
gin following the injection of cémpetent tissue in the mouse. Enumera-
tion of microscopic foci along the branches of the portal vein was used
as an indication of doner cell activity. A number of reports, however,
have showﬁ\that such perivascular infiltrates may also develop as non-

specific lesions, often associated with abdominal inflammation and certain

systemic infections such as mononucleosis (178,195). This assay, like thg

o o |
o - @.
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spleen index therefore, need not represent a direct indication of GVH
éctivity.

In addition to tﬁe systemic reactions ﬁ}eviously described, local
GVH reactions are frequently produced experimentally by the injection of

immunocompetent cells intradermally or under the renal capsule (66,74).
In such conditions the pathogenesis of the GVH reaction can be studiedl

more directly while the concémitant immunologic response of the host

\

is greatly reduced. The intensity of these reactions can be measured

by subjective evaluation of induration, erythema and vascular permeability
(67). Ford et al. (75) have found -that the popliteal lymph nodes

draining an area undergoing a local intradermal GVH reaction show, weight

increases up tof301times that of control nodes. They have developed a

I

uantitative assa§ of local GVH activity based on this increase in lymph
nodenweight.

se of partihular assays in evaluating GVﬁ intensity depends

upon the experimental conditions Since each measures a different facet
"of the GVHIrqaction and each has its inherent weaknesses, several of these

ES

assays should be considered in determining the activity of a given GVH

reaction.

Antigens Responsible for GVH Reactions. ,
Q -

As with most transplantation reactions, tbe intensity of a GVH
reaction is determined by‘the disparity of histocompatibility antigens

expressed by the donor and the host. Incompatible LD and SD antigens

expressed on the host tissue and not present on the donor cells will
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elicit a GVH respogse. ,Although N antigens expressed by the donor cells

1} \ [~
are also important, the experimental selection of an unresponsive host

willenullify their ef€ect. !

FRrS

As described earlier, each species has a majormy locus responsible

¢

for the production of 'strong' transplantation antigens. These major

[y -

‘loc{{are in the mouse, H-2; in the rat, Ag-B (H-1); the chicken, B;

v

and

man,;*HL-A. GVH reactions can readily be elicited by one of these ¢

?

séfbng antigens without prior specific immunization of the donor. 1In

e
the mouse, for example, a singlé H-2 antigen can stimulate a GVH rigction
with sufficient intensity to produce significant splenomegaly in the host.

)

In the absence of H-2 disparity, however, splenic enlargement is not

»

3
readily elfcited. (63), and preimmunization of the donor or a higher

dose of donor cells is usually necessary (209).

Until recently, it was thought that the genetig requirements for
a GVH reaction were the same as those for skin graft rejection, e.g. H-2K
and H-2D incompatibility. Recent delineation of the H-2 locus, however,
has shown that GVH reactions are stimulated most efficiently when there
is Ir region incompatibility, but.only weakly by H-2K, H-2D and S£-Slp
incompatibility (173). in fact, Livnat-and Klein (131) bave shown éhat
GVH.reactions can occur in c?mbinations of strains which are serologically
indistinguishable and which aq;ept each other's skin grafts permanently.
The requirements for GVH reactivity, therefore, have bgeﬁ shodn to
closely resemble those for the QLC ;eaction (57,189).

The strength of the major H antigens may be largely due to the high

frequency of lymphocytes which can be stimulatediby these antigens (210).

!
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Supp?rt for this concept comes from the fact that it {is often difficult

i

to obtain a GVH reaction across species bérriers, even in cases where

the host environment ﬁérmite the survival and immunologic function of the .
. v

donor cells (63,1@4). In such ca§és’it is believed that there is a

much lower frequency of cells capable of recognizing xenogeneic anti-

gens than capable of recognizing thé ma jor H anligens on allogeneic

. 3 o

cells

Cell Interactions in GVH Reactions.

Although antibodies directed against host tissues have been identi-

. . - .
fied in animals undergoing suth reactions (172,179), GVH reactions have

"

been shown to be primarily cell-mediated immune responses (7,209).

Some studies have suggested that a cell cooperation similaﬁ to that

+

observgd in antibody formation is an essential part of thése reactionms.
Early experimerits with irrad{gted F]vhybrid mice of parent strains differ—‘
ing 4t the %-2 locus, suggested that neit?er parental T lymphocytes nor

B lymphocytes alqge can initiate a GVH reaction sufficient to produce
stgnificant §pienomegaly (12.27.234). An inoculum of half Ehe cell ddse

but containing both T awd B lymphocytes, however, produced a severe

e
/

splenic enlargement. Sglenomégaly, however, may have non-immunologic

causes and is not always a goocd indicator of GVH activity (102). For °
example, the splenomegaly obsezved in these experiments could easily

result from a general repopulation of lymphoid cells in the irradiated

host rather than a synergistic effect between T and B cells in eliciting

v

a GVH regction. Splenic enlargement has also been shown to be caused

- 7 Kl

by inflammatory responses (65,67} as well as non=tmmunologic proliferation

b4 ~
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of bone marrow cells (103). Because of this, many authors (55,67,231)

refute the concept of. thymus-bone marrow synergism in GVH reactionms.

-
4

The reactive cells initiating QVH Feactions were first identi-
fied by Gowans (90) as recirculating, long-lived, smal{/}yﬁphocytes
of the type found in the thoracic duct. Althdugh éiﬁans' studies
suggested that these cells were mature T cells, mo;é recent studies by
Can;or and Asofsky (7,36,57) suggest that a synergistic rélationshié N
may exist between two populations of thymus-derived cells., The addi-
tion of normally unreactive young thymus celis to a lymph .node or ,spleen
suspension has been shown to greatly enhance their ability to induce
a GVH reaction (35,37). The less mature cell type found in the thymus
is relatively unaffected by anti-thymocyte serum (ATS). ‘It appears to

» .
determine the specificity of the response and is probably the precursor

A

of effector cells. The more ma%ure T céll found in the spleen is highly,
sensitive to ATS and is believed tp‘amplify the response of the effector
.cells (36). \

A recent report by Argyris (5) supposts the concept of two T cell
populations being necessary for GVH activity and shows that macrophage‘sL
may also contribute to the GVH reaction. Treatment of C57BL/6 donor
spleen cells with anti-6 serum or anti-macrophage serum decreased‘the
GVH activity in newborn C3H x 57 Fi mice. Treatment of donor cells with
anti-B serum, howe;er, had no effect on GVH activity, éuggesting that B } \
cells are néf essential for expression of GVH reactivity.

In his early studies on tpe GVH reaction, Simonsen (207,212) reported

that host antigens stimulated donor 1ymph01d cells to multiply and form '

antibody, thereby destroying and replacing the host cell population.
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This theory was later challenged by Fox (76,77) who used chromosome

marker techniques to show that extensive donor cell proliferation is

J

not a’constant feature of the GVH reaction. When CBA (T6) spleen cellg
were used to induce GVH reactions in CBA x CS5S7BL Ff‘adult recipients,
three consecutive phases of cell proliferation were observed in the host
spleen: 1) a tremendous early burst of donor cell proliferation account-
ing for up to 607 of cell mitoses but lasting only 48 hours; 2) a more
protractea rise of host mitotic activity resulting in splenomegaly; and
3) a final period when donor mitotic activity was constant but agcounted

for only about 17 of cell mitoses. Similar results were observed when

GVH reactions were infitiated by the injection of adult CBA spleen cells

into one day old A" strain mice (246). In.both cases, no donor cell pro-

v

liferation'was seen in the host bone marrow.

Subsequent studiqf showed that donor cell repopulation was more

extensive when the GVH reaction was more severe (77,78). When C57BL

spleen cells or CBA spleen cells which had been presensitized to C57BL

4
»

were injected’ into adult CBA x C57BL recipients, the same initial burst

of dono} cell gro}ifération was observed in the spleen as had been earlier
observed with CBA ;ells With C57BL cells, however, the proportion of
donor cell mitoses‘continu;d to increase rather than decline. At the:I
time of maximal sglenomegal; on the thirteenth day all mitoses were of
donor orfgin. By the-third week pﬂst GVH induction, 70% of mitoses in
the bone marrow were of C57BL doné%iorig%n.

ThfraboVe findings suggested that the extent of donor lymphoid cell

proliferation ‘in the host spleen depends upon the strength of antigenic
) : :
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stimulation presented to the donor cells by the host tissue. Strength

of stimulation, in turn, is determined by such factors as genetic dis-
parity between donor and host and by prior sensitization of the donor )
to host antigens. , In addition, i éas later found that the immunological
status of: the hosfnis also an important factor governing the extent of °
donorvcell proliferation. Prior irradiation and thyméctom§ of the host
reduces the degree of splenomegaly (102,103,i06), but leads to an in-
creased proliferation of donor cells (78,106) and an increased severity
of the GVH disease. These observations and similar resultsg obtained in
our laboratory (233) suggest that the splenomegaly observed in GVH ani- ’
mals results primarily from a proliferation of host cells which may in
turn protect the host from the lethal effects of the GVH‘reaction.

Donor lymphoid cellswere originally thought to retain their immuno- “ ‘
logic activity against host tissue antigens throughout their residence
in the host spleen. This assumption was based on early experiments in |
which GVH reactivity was serially transferred in newbérn mice (214) and ‘

. .

outbred chickens (207). These experiments were not well controlled,
however, and subsequeAt studies (78,106,208) using discriminant spleen

¢

assays showed that GVH reactivity could be serially ﬁransferred to hosts

)

of a new strain combination but not to hosts of the same F] combination
i

as the original hosts. It was concluded from this that domqr lymphoid
cells become specifically tolergnt to host tissue antigens while retain-

ing immunological reactivity against other transplantation antigens.

The frequent remission of GVH symptoms and subsequent survival




of many GVH mice has often been attributed to the acquisition by

t

"donor cells of tolerance to host antigens (78,106,208). Subsequent
studies have shown that this may not be the case. Fox and Howard

‘

(79) discovered that adult F1 miceq which survived an acute GVH syndrome
were highly resistant to a seconé inoculation of reactive lymphoid
cells from either parental strain. This acquired refractoriness

could not be transferred passively with serum or adoptively with host
spleen cells to a secondary host. A similar refractoriness was ob-
sérved in rats by Field and Gibbs (72). 1In these experiments pérental
type skin gféfts were accepted by resistant F] hosts, suggesting that
the hosts had not become immunized to the donor cells. Parabiosis

for a limited period during the active stage of the disease was
sufficient to confer resistance upon a new, prﬁviously susceptible Fy

P

host (70). Furthermore, irradiation of the blood extracorporally

-~
Pl

duri cross-circulation did not prevent the transfer of refractoriness.

From these findings it was postulated that the refractory state pro-

i
i

bably gjesulted from the production in the first host of an inhibitory
factor Jsuch as a blocking antibody. |
Aq intriguing alternate ei%lanat?on for GVH-refractoriness was
presenfed by -Ramseier and Lindenmann (185) who showed that, while F{
hybrids cannot react to parental H antigens they can form antibodies
against recognition structures which their hybrid cel}s specifically
lack. Adult F, hybrid animals from inbred strains of rats, mice and
Syrian hamsters were immunized with lymphoid cells from one of éhe

4
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parental straingt In all three species an activity appeared in the
serum of treated hybrids which speci%ically prevented éells of the immu-
nizing parent from récognizing transplantation antigens of the other
parent_present on Fy hybrid cells.

Such a theory as proposed by Ramseier and Lindenmann could explain
. the GVH refractoriness observed by Fox and Howard and by Field and
Gibﬁs.\ Some question has been raised, however, as to the ability of
parental receptor sites to generate an immune response by the F; host
sufficient to inhibit parental cell activity. -Although this may
account in part fo; the inhibition of donor cell activity, recent evi-

|
dence. suggests that much 9& this is also due to a general loss of

immunological responsiveness by animals undergoing a GVH reaction (95).

Effects of the GVH Reaction on Immunologic Responsiveness.

Studies of the response of animals experiencing GVﬁ reactions to
other antigens have resulted in reports of both depressed and enhanced
immunologic function cau;ed by the GVH reaction Although by far the
most consgstent finding has been immunosuppression, a brief description
of cases showing increased responsiveness is in drder.

Reports of increased immunologic function during a GVH disease
have centered around'the response of such animals to certain intra-

cellular pathogens. 1In 1961 Cooper and Howard (46}3reported that the

mortality rate from a bacteremic infection with Diplococcus pneumoniae

was reduced from 807 in normal adult Fi mice to nil in littermates

undergoing the early stages of GVH reactions. They attributed this
*

45:
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increased survival to phagocytic hyperactivity of the reticuloendo-

‘thelial system brought about by the early stages of the GVH reaction. d
In a similar series of experiments Blanden {(26) demonstrated an

increased resistance on the part of GVH mice to infectién by Listeria

monocytogenes and Salmonella typhimurium. He showed that this resis-

tance resglted from an activation by the GVH reaction gf macrophages in \\\_‘
the host spleen, liver and peritoneal cavity. These @acrophages ex-
hibited a greatly increased ability to inactivate Salmonella and clear
it from the blood. This effect‘ﬁay be closely related to the pre-
viously described non-specific cytotoxicity of lymphoid cells under-
going a GVH reaction (213). 1t is significant that, while the cellular
resistance of these animals to bacterial infection was increased, their
humoral response to sheep red blpod cells was completely suppressed.
Similarly, Shevelev (201) reported a marked depression of'antibody
synthesis to Salmonella in animals undergoing a GVH reaction. Under
similar experimental conditions, Howard (105) had reported an increased
sensitivity in GVH mice to purified endotoxins. These seemingly contra-
dictory findings are not as inconsistent as they might first apéear.

In addition to increased resistance to certain intracellular para-
sites, animals undergoing GVH reactions have exhibited striking increases
in the production oftfantibodies to certain hapten-carrier complexes.

Katz et al. (114,115) sensitized .CAF] mice to a complex of 2, 4 df;i-
trophenyl-keyhole limpet hemocyanin (DNP-KLH) and injected them 14 days
later witL spleen cells from normal parental A strain dénors. Follow-

ing a subsequent challenge with DNP-KLH, the mice which received allo-
' . 4

o
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geneic cells exhibited an anti-DNP antibody response which was up to

50 times greater than the response of normal mice receiving only the 2 in-
jections of DNP-KLH. This phenomenon has been termed the allogeneic
effect , and has been shown to depend upon the presence\of an ongoing
GVH feaction in the test gnimals. It has been suggested that this
phenomemon results from the production by GVH reactive cells of non-
specific T cell-secreted mediator;'with the capacity to stimulate B
cells to antibody formation following their interaction with antigen.

The degree to which this phenomenon influences antibody production is
related to three important factors: 1) prior sensitization of t& ost
2) the intensity of the GVH reaction induced, and 3) the time intZZizT\»
between allogenic cell transfer and gecondary antigenic challenge.
These factors are crucial, since a suppression of the antibody response

was observed if a strong GVH reaction was induced, or if the time inter-

val was too long before secondary challenge with DNP-KLH (174).

Immunosuppressive Effect

Suppression of both humoral and cell-mediated immune responses has
been consistently reported in anim%ls unaergoing a GVH reaction. 1In
1961 Howard and Woodruff (107) first showed that allograft rejection
;an be suppressed by the GVH reaction. They initiated a weak GVH re-
action in C57BL x CBA,F1 mice by the injection of CBA lymphoid cells
and found th;t subsequent A strain skin gtafts showed normal first- -

and second-set rejection times. When a strong GVH reaction was ‘produced

by injecting C57 lymphoid cells into C57 x CBA Fy mice, these animals



showed delayed rejection of both first- and second-set A strain skin
grafts. -

Lapp and M8ller (125) later found that when H-2 incompatible skin
grafts were given to F] mice on the same day as the injection of parental
lymphoid cells, there was no- prolongation of graft survival. TIf the
skin grafts were given at least 7 days after the parental lymphoid cells,
however, significant prolongation of graft survival was observed.
Furthermore, sensitizing the F| animals to third party skin before the
induction of the GVH reaction caused an gven greater prqolongation of the
survival of subsequent allografts from the same third pa‘;ty.

Suppression of the humoral immune response by the GVH reaction has -
been studied in greater depth than suppression of the cell-mediated
re-sponse. The effect of the GV reaction on the primary response of
both host and donor cells to SRBC has been studied both in vivo and
in vitro ?26,51564,127,159,215,2&4) and a summary of these observations
can be made for moderately strong GVH reactions. When the prospective
hosts wer;e sensitized to SRBC 2 days before the induction of the GVH re=
action, the resulting number of antibody-producing plaque forming ceils
(PFC) was no different from control values. When SRBC were injected
into the donor at thfa same time as the donor lymphoid cells there was
frequently an increase in the PFC response over control values. If
however, the host received its first injection of SRBC more than 3 days
after inductio.:vof the GVH, there was a marked depression in the PFC

response to SRBC. Maximum suppression of the humoral response to SRBC

was achieved at 7 days post GVH induction and continued thereafter.



49,

-

Suppression of the humoral response was also observed when donor cells
presensitized to SRBC were used to initiate a GVH reaction. Lawrence
and Simonsen (127) injected presensitized parental cells into irradia-
ted recipients and found that the transferred parental cells lost their
ability to produce .antibodies against SRBC after 7 to 10 days' residence
in the hybrids. Moller (159) then transferred presensitized parental
lymphoid cells into untreated F| hybrid hosts and found that the fate
of the parental antigen sensitive cells as well as antibody forming
cells depended upon thﬁe genotype of the F1 host. When the donor parental
cells were of H-2b genotype (C57BL) there was a marked decrease in_both
the number of antigen sensitive cells and PFC in the host. When the
parental cells were of H-28 (A) or H-2k (CBA) genotype, hoyever, the
PFC response frequently increased.

In addition to the numerous experiments with SRBC, GVH reactions
have also been shown to suppress the humoral ressf)or“lse to bovine serum
albumin, (119), keyhole limpet hemocyanin (26), T, bacteriophage (25),
thymus specific antigens (245), and a number of bacterial endotoxins
(159,201). Suppression has been reported to be as complete with thymic-
dependent antigens (159).

A quantitative study of normal serum immunoglobulin levels has
been made in animals experiencing GVH reactions (119). By the 1l4th.
day post-GVH induction, the levels of circulatiné \‘,IgM, IgG and IgA
were foufid to have decreased 50% or more in most mice studied. Immuni-

zation with BSA caused an increased level of all three immunoglobulins in
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control mice while the level of IgG and IgA continued to fall in GVH
mice. The IgM level in GVH mice did increase somewhat following stimu-
lation with BSA, but it never "r’eached control values.

The degree of immunosuppression brought on by a GVH reaction can
be seen to depend upon severdal factors: 1) the strength of the GVH re-
action as determined by histosompatibility differences and the dose of

dentwe

donor cells 2) the source of .the donor cells, and perhaps most important

3) the duration of the GVH reaction at the time of immunization. Fy*

recipients are fully competen\t?\ to produce antibodies and immunosuppréssion

will not occur until the parental wells have resided in the "hybrid for

!

more than three days. An unfavorable st environment could result from

a non-specific stress response on the part~f the host to l:he immuno-
logic attack upon his lymphoid system. A Fesulting higher level of cir-
culating steroids might cause a general suppressiord pf the immune response.
Farly investigations (25,26,72,107,213) suggésted‘g@ét the GVH re-
action may bring about immunosuppression by the immunologic attack of
competent donor cells on the lymphoid cells of the recipient. This
would cause a destruction of host 1ymphoin tissue leading to a de;\)\l\e‘tion

~,

or inactivation of cells capable of mounting an immune response. More\
!
recently GVH induced immunosuppression has been explained in terms of
antigenic competiti;m, but since the mechanisms causing antigenic com-
petition are equally as vague this does little to clarify the situation.

Antigenic competition, in turn, is believed to result ‘from one or a

combination of three factors (215): 1) a specific competition of two

I
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possibly cross reacting antigens for the same antigen sensitive cells,
2) a non-specific competition for 1im}ting factors such as space, nu-
trients, etc. and 3) the production of inhibitory factors by the ini-
tial immunologic reaction.

Lawreice and Simonsen (127) proposed that cells involved in the GVH
reaction competed with other antigens for pluripotent cells capable of
reacting with them. By virtue of.i;s much greater intensity the GVH re-
action was thought to take up cells and space for reactions with gther
antigens. Somewhat later, Lapp and M8ller (215) found ;hat adoptive
transfer of normal parental or Fy lymphoid cells into an Fy (GvH) ani-
mal does not restore immunocompetence. These resﬁlts suggested ;hat the
. environment in the hybrid host is responsible for immunosuppression.
Work by Lapp, et al. (126) has shown that immunocompetence can be re-
stored in GVH mice by the inJecéion of crude thymit extracts from syn-~
%?neic mice. It éppears, therefore, that at least part of the immuno-
suppression brougﬁt on by the GVH reaction results fromlthe depletion
of a factor found in limited amounts in the normal thymus (95).

fhe in vitro work of Sifdberg (¢15,216) an? the in vivo studies of
MBlier (159 éuggest that an inhibitory factor ﬁay als; be produced by
cells undergoing a GVH reactidn. Recent evidence suggests that macro-
phages may play zn important role in the ;roduction_of such a substance
(33,64,215;. This substance could cause inhibition by interfering with
normal cooperation between T cells and B cells or by suppress?ng the

proliferation and réﬁruitment of cells from the bone marrow. In addi-

tion, Elie et al. (64) have found evidence that a soluble factor pro-
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duced by T cells can restore the response of GVH spleen cells to SRBC
in culture. They have proposed a feedback type-of mechanism to explain
the causes of GVH induced immunosuppression. They have proposed that
béth T cells and°'macrophages produce soluble factors which interact to
form a complex. B cell activation would require the binding of this
complex as well as antigen, a concept %n agreement with studies show-
ing a éequirement for ndn-adherent cells in.normal primary and secondary
immune responses (29). An excessive amount of uncomplexed macrophage
factor could produce a negative feedback to turn off T cell factor 're-
lease or inhibit B cell activity. Using this model, the initial immuno*
suppressionipbserved in GVH animals could be explained by a deple&ion
of T cell factor by cells responding in the GVH reaction The long
lasting immunosuppression could result from feedback inhibition of T

: '
and B cells resulting from the increased macrophage activity known to
occur in GVH animals. Although this proposal is highly speculative, it
provides a means of bringing together many recent findings into a single

e

workable model.

- )

Significance of the GVH Reacfion as a Research Tool.

The direct c¢linical applications of the GVH redction are manifoid.
Its most obvious clinical application will be the eventual ability to
control GVH reactions and thus permit the successful grafting of
healthy immunocompetent cells into patients suffering from aplasia or

neoplasia of their own lymphoid cells. 1In addition, its control might

\
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have important ramifications in clinical transplantation where local GVH
reactions have been implicated in Qhe’rejection of transplanted organs |

(96) Since the GVH reaction might be considered as an autoimmune

»

disease,.a clearer understanding of it will lead to increased control

of autoimmune diseases' such as hemolytic anemia and rheumatoid arthri-

ttis.

The GVH reaction reprefents a unique situation in which the most
; )
complex of cell interactions and immunological principles are ald brought

A 3

together in one reaction. Tt provides a unique opportunity to study Y
these principles and interactions together within one experimental -
model. By studying the GVH reaction i# may be possible to identify

and elucidate those factors that regulate both cell-mediated and humoral
{mmunity. This in turn could lead to the ability to co?trol or ma;ipu-
late the immune response for application in specific clinical situations.

This thesis therefore presents a study of the regulation of cell-mediated

and humoral immunity in apimals experiencing a GVH reaction.

o
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CHAPTER 2: MATERIALS AND METHODS .

”»

Animals . ) ,

s

Mice of inbred strains A (H-23), CBA (11-2K); ¢57/BL6 (11-2D) were

.

used as the parental strains in these experiments. Two F| hybrids de-
. e d -

rived from these strains, ¥ e CBAX A and C57/BL6 X A, were also used.

&

For simplicity, QS7’BL6 will be referred to as B6H, €57 BLO X A will be

L]

termed B6AF,, and CBA X A will be called CAF, . «

7 LY

. A1l mice used in ithe present study were from a closed colony

which has been maintained in this 1aboratmr29for over 10 vears Svns
i ~ -
genigsity was ensured by strict brother-sister’ matings and by using ani-

ma{f which were never more than 4 generations femovdd from a comman

’ >
The syngenicity of each inbred strain was veri-

]
the "ring test" procedure described by

brother-sister mating

fied at regular intervals using

-

Bildingham and Medawar (2). .

2

14

!
inless-stated otherWisé, the domors and recipients used for the

GVH reaction ajd f{or sk{; grafting were matdre males 12-14 weeks of age.
¥ ! »

¢ , q .
Mice used ay bohe marrow and kidney donors were males 244 yeeks of age.

-

. . > ' . -

v

. . 1
Antiseptic Technique for Operating Procedures.
f

-

A ]

All operations in these experiments were performed under antiseptic

? i N 3 a \ 3

but not sterile conditions,
. ’ “ A R
fizer for 30 winutes, aml all glassware uged 1u the operations was heatedd

i

Surgigpl instruments were hoiled in a steri-

te 1509 in a dry oven for 1 hour before the aperation  Cork surgical
- y }

- L
N

-
~

. "‘
“ 'y

- % * -
A ’
b ,

>

¢
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By ' .
L 'f¥:
boards and adjacent table tlips were washed with & 707 ‘ethanol solutiod

r ¢
3,
containing 1 "Cetavlon™ Prior to operating, the hands and forearms .

/ . ' ,
' of the operator were washed thoroughly with "Hexaderm', an antibacterial ,

L3

a - ' ,

) 12
detergent containing ¥V, hexachlorophene surgical gloves were not used <
. - : o v

) N

The hands of the operatos d{d nct touch the animal during «argery, and
M &

©
all confact with the animal was made with steril¢d 1nstruments -
> »

" . °

. | c .
‘ \ : X _
Skin Grafting ‘ '

< - °

5 Full thickness «kin grafts were applied using the technioue-des-

a

cgibed by Brllingham and Medawar (?7) with modifications intraduced by

Blion,t 1) Jomer mice were billeds by cervical dfclocation, after whi¢h
thev were, shaveld and their skin washett with a 70 ethanol solution -

3 a . - .

4

] . s L. (S
. "Pinch graft<” {vere taken fror the mid-dorsal area, avoiding areas of .,
’ A 8

a ar

new halr prowth  Gratrs vere ont by rarsimg the cleaniv shaven skin .
o b

- ® , t P
5 - kd

k3
intoa come with fine forceps amd cut e, an oval piece of ofiin with

E

X fine curved suissors.,  The grafts were placed epidernal <ide Jovn on a &
1] . _)‘,, +

! tsterile falter paper soaked with phvsiological saline in a covered ,

v >
i - ¢ 'L ‘{\.. '
‘ - - I3 s 3 \‘.l‘
petri dish. To eunsure proper healing, fattv andt connective tissde W
’ 3
? ’ N
’ ~ .

removed from the wnderside j)f elch graft using cunved Jietzenbaum scissors

. . s
- >

Recipient mice were anesthetised in an ether chamber and stretched -
1 ¢ *
| . . -

outcon their sides and <ecured to a cork board by means of rubber bands )
attached to the front and back ltegs The latevdl chest waled was then

shavedy clean and washed with a 70" ethanol solution The graft bed - e

, 1
s N
@', 4 14

. )
was prepared by vemoving 4 pinch graft from this area in the sahe mammer

‘ - ) ' 1
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t

" be rejected on the following day.

w

-~

+”

joo ,

- * /
/ \\ t‘ -
which was used to prepare donor graft .‘\ﬁhen second -set gfé}ts were

~

being made, they were placed on %Pe opposite side of the chest from the ~

site of the first-set grafts. Care Jas taken to avoid damaging the

a

lateral thoraci¢ and mamﬁary blood véssels which provide a good blood
€

supply to the healing graft. The donor graft was placed in the prepared

@

graft bed and dusted: lightly with sulphadiazine powder. A 4 inch
¥ . .
strip of 3/4 inch width "Scotch Magic Transparent Tape' was then wrapped

aroind' th& thoracic cage to hold the graft in place

'

Graft .dressings were removed on the 7th ﬁost-opgrative day and

grafts were visually inspected daily.‘ The grafts were scored from O
T e ,

to 100/ based on the amount of healthy epithelium still surviving.

'

Grafts with 10 per cent or less healthy epithelium were considered to

’ » »

~

Adrenalectomy.

o]

Each mouse was anesthetized in an ether chamber and placed on his

)

-

}eft side on a cork board. A small cotton gwab was soaked with ether

and placed by his nose to maintain the proper level of anesthesia.

1]
«

Hair was shaved from a lateral area Jyst below the ribs and the s%in was

washed with a 70% solution of ethanol. A small incigfion about 5 mm

in length was made in the lateral abdominal wall just below the last rib.

© N .

The abdominal wall was retracted by inserting a pair of fine forceps' and
allowing them to open. Taking care not«.to damage the renal vascular
3 ' !

supply, the right adrenal gland was located in the fatty tigsue just

w Lt 47! ¢

~
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-

above the kidney. The right adrenal gland was isolated using a pair

of fine, curved forceps, and the gland was either dteased“ free with
the forcebs or delicately cut free with. fine scissors. When surgery

is done carefully in this manner the adrenal gland can be removed with-

out any loss of blooqﬂﬂzﬁollewiﬁg*removal of the adrenal gland, the ab-

I
mggminai”ﬁggziz(;nd skin incisions were closed separately using inter-

rupted sutures with 5-0 surgical silk.. Sulfadiazine powder was
|

sprinkled lightly over the wound and the animal was then placed on
-

his right side for the removal of his left adrenal gland in a similar

manner. Following adrenalectomy the mice were allowed a choice of tap

_ water or a 0.5% solytion of NaCl ad libitum. At the conclusion of the

experiments each mouse was sacrificed, and a post mortem examindtion

was performed to confirm complete removal of the adrenal glands.

v

i
Castration.

v
Each mouse was anesthetized in an ether chamber and placéd on a
cork board in a supine position. Cel*bphane tape was placed over the

hind legs to maintain this position. The scrotal area was shaved clean
‘. / . .
and washed with a 70% solution of ethanol. A small incision.of about 10 mm

was made in the mid?%crotum. The common vaginal tunic was cut open witﬁ

a pair of fine scissors and the testes were exposed by ﬁ?é&éigg gently
—

on the abdomen. Using 3-0 surgical silk, a ligaturet was placed around

. K ~

the spermatic cord to include the testicular artery and vein. The

test is was then removed by cutting tlie spermatic cord and testicular
\ \ ‘

hl
o B
.
’ .

ol
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vessels about 1 mm distal to the ligature. ' The other testis was then
removed in the same mannefr, after which the common baginal tunic and

scrotum were closed using interrupted sutures with 5-0 surgical silk.
The wound was then dusted lightly with sulphadiazine powder.

'

Induction of GVH Reactions. -

Strdin A mice were sacrificed by cervical dislocétion; and the

lymph nodes and spleen were removed for the preparation of a lymphoid

[y

cell suspension (IC). To remove the lymph nodes and spleén the animal
was blaced on his back and the entire ventral su;face was washed with
a 70% ethanol solution. A longitudinal incision waé‘made aloég the

ventral midline from the mandible to the pubis. Transverse incisions,

we then made at each end of the longitudinal incision, leaving two

flaps of s which were drawn back to expose the inguinal, Sfachial,

\lgmph nodes. The lymph nodes were removed and
\

placed in cold Earle's baléEEed\salt solution supplemented with 107

axillary and cervica

heat inactivated calf serum (BSS). To remove the spleen, the animal
Wﬁé then placed‘on its right s%de, an incision was made through the
abdominal'muscle,‘and the spleen was removed and placed in BSS.

Lymphoid cell suspensions were prepared by gently pressing the lymph
nodes and spleen thfqugh a #50 mesh stainless steel screen into BSS.
The cells were washed three times in BSS by centrifugation at 700 G for

10 minutes. After the third washing .the cells were strained through

sterile gauze to remove any clumpépwhich had formed. The cells were

¢

g 4
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then counted u%fég the trypan blue dye exclusion technique, and resus-

s <

pended in BSS to give a concentration of 250 X 10 cells per ml. The

F1 recipients were warmed under an infra-red lamp to dilate the tail

veins, '‘and the cells were injected via the tail vein in doses of 0.3 ml
containing 75 X 100 living cells. A tuberculin syringe and a 26 guage -

/
needle were used for the injections.

Preparation of Antigens./

Bone marrow (BM) cells were obtained from B6 and CAF] femora an&
tibiae. The éice were killed by cervical dislocation. The head of each
bone was cut off and BM cells were aspirated with a’ 26 guage needle and
collected in BSS. THe cells were injectedjintravenously in dosages of
40 X 100 cells per recipient (10).

Kidney cell suspensions were prepared by mincing B6 donor kidneys Q\% )
and gently pressing them through a #50 mesh stainless steel screen. The -
cells were suspended in BSS and injected intraperitoneally ,in a volume of
1.0 m1 to give an équivalent of one-half kidney per mouse.

B6 red blood cells (B6 RBC) and CAF, £ed blood cells (Fq RBC) were
collected by cardiac puncture using an acid-citrate—dextrose solution
as an anticoagulant. The animal was first ane;thetized with ether and
placed in a supine position. After being washed with a 70% solution[of
ethanol, the skin was cut in a V-shape manner from the xipho-sternum to
each shoulder. The flap of skin thus created was then lifted, and a longi- &

tudinal cut was made through the sternum. The chest wall was retracted
/ .

. ’ j

/ /



to expose the beating heart, and blood was withdrawn using a tuberculin

4 ]

syringe and a 22 guage needle inserted into the right ventricle. The
syringe and needle contained a small amount of acid-citraté-dextrose
solutidn to prevent coagulation \

Sheep reé‘blood cells (SRBC) were prepared from a solution contain-
ing a 50:50 ratio of sheep blood and Alsever's solution obtained from
the Institut de Microbiologie et Hygiene, Laval des Rapides, Quebec.
The sheep blood solution was washed twice w;th‘ o;o;ic saligikand
centrifuged at 700 G for 10 minutes. They were then resuspended in
saiine to a concentration of approximate1§-16.7 X 108 SRBC/ml. The
staqﬁard dosg for immunization was 5 X 108 SRBC in aliquots of 0.3 ml
when injected into the tail vein,*and 7 X 108 SRBC in aliquots ofﬂo.S ml

when injacted intraperitoneally. .

Preparation of Lipopolysaccharide.

The lipopolysaccharides (LPS) used in these experiments were ob-
tained from Difco, Detroit, and were extracted from E. coli QSS:BS by

the Westphal method. The method used for preparing the LPS w essentially

the technique described by MYller (8). A solution containing 1 kg of
LPS per ml of saline was heated in a double boiler at 1009C for 1
In some instances mice were immu;ized directly &ith this solution,
but in most cases the LPS was coated to either S RBC which
had been prepared as described above. In order \to coat RBC, the LPS

ual volume of either

solution was allowed to cool and mixed with an

e incubated in the LPS solu-

-

packed SRBC or packed F; RBC. The RBC

/
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tion for 45 minutes at 37°C and were gently swirled at regular intervals

2

to keep the cells suspended. The RBC were then washed 3 times in isotonic

saline, with centrifugation at 700 G for 10 minutes.

coated with LPS (SRBC-LPS) and the CAF]

The packed SRBC

- RBC coated with LPS (F,-LPS)

were both resuspended in saline to a final concentration of approxi-

mately 16.7 X 108 RBC/ml.. In all cases the SRBC-LPS and F{-LPS were

injected intraperitoneally in doses of 7 X 108 RBC contained in 0.5 ml

- of saline.

w

Delayed Hypersensitivity Assay.
]

-

&

3

The procedure followed for the induction and measurement of delayed

hypersensitivity reactions to SRBC was a modification of the method

described by Axelrad (1). Sensitization to SRBC was achieved by means

-

of an intradermal injection of ,an emulsion of SRBC in complete Freund's

adjuvant (CFA). To prepare this emulsion, a 10% (V/V) suspension of

SRBC in saline was made in the same manner used for intravenous sensitiza-

tion to SRBC. Equal volumes of SRBC in saline and CFA were emulsified

N

88.

-

immediately before injection. Emulsification was done by placing lpml of SRBC

“and CFA in separate glass syringes. The syringes were then connected

by means of a common tube with luer-lok fittings on each end. The

contents of the 2 syringes were drawn back and forth between the 2

syringes for 15 minutes until a uniform emulsion was formed. Each recip-

ient mouse was injected Lntradermaily with 0.01 ml of this emulsion in

the right footpad using a 26 guage need

/

le.

g

.
3
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The sensitized animals were chéllenged with SRBqu9 days after
the initial sensitization with SRBC. A 10% (V/V) suspension of SRBC
in saline &as prepared as described above. Each mguse was injected
inﬁ;gde?mally\with 0.01 ml of the SRBC in saline in thé left footpad
uéing a 26 g;age needle. An interval of 20 hour% was allowed for
maximum development of a delayed hypersensitivﬁty response.
Measurements of the volume of the left foot were made immediately
;
before the challenge with SRBC and again 20 hours after challenge.

The method used for measurement of foot volume was based on the princi-

ple that an object immersed in a fluid di@places its own volume. 1If

b

the object has a lower specific gravity than that of the fluid, the .

pressure needed to achieve total immersion will be proportional to

the volumé of the object (320). A M#ttler P-1200 top-loading, single

pan balance of 1200 g capacity with an optical scale calibrated in

,

100, mg divisions was used. A 5 ml beaker was filled with mercury and
the scale was adjusted to a baséline of 0 with the beaker of mercury

on th& weighing pan. A line was drawn on the mouse's paw in the groove

immediately distal to the lateral malleolus and the foot was immersed
in the mercury with the experimenter's hand resting on a firm bridge

just above the balance. The pressure required to immerse the paw was .
J ' /
noted for 3 separate meésurements, and the average of the 3 measurements

was taken. Measurements were made on mice chosen at random and without

knowledge of the experimental group from which they were taken.

In each experiment a group of unsensitized control micetwéye



oh

challenged with SRBC and the amount of footpad swelling was'noted.
The amount pf non-specific swelling in these control mice never
exceeded 2% of the initial paw volume. The mean amount of swelling
for the unsensitized control group was determined in each experiment
and served as the basis for the measurement ¢f the delayed hyper-

+

sensitivity response. Delayed hypersensitivity (DH) was calculated

as the per cent increase in paw volume for each mouse according to

) -
1]

the following formula:

PE2 - PEq PC, - PCy
DH = X 100

PE4 PCy

-

where PE2 is the pressure required to immerse the gﬁperi-
mental foot after challenge;
: PE; is the pressure required to immerse the experi-

mental foot before challenge;

PC, is the mean pressure reduired to immerse the con-
trol feet after challenge;

PC; is the mean pressure required to immerse the con-
trol feet before challenge,

Detection of Antibody Forming Cells.

The method used for assaying the total number of direct plaque
forming cells (PFC) to SRBC was essentially the one described by
Cunningham and Szenberg (4) with slight modifications (6). The spleens
were removed from sensitiéed and control animalé in tve manner described

for the preparation of lymphoid cell suspensions for the induction of GVH

3

reactions. Each spleen cell suspension was prepared by gently pressing

the spleen through a #50 mesh stainless steel screen into BSS. The

90.
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cells were then strained thfough the mesh again, and the screen was
rinsed with BSS to obtain a; many spleen cells as possible. BSS was
added to the cell suspension to a final volume of 15 ml. Cell sus-
pensions were maintained at 4°C during preparation and up to the time
of assay.
/

Target cdells for the PFC assay were either SRBC, SRBC-LPS or

F,-LPS. The Fy RﬁC and SRBC were obtained and coated with LPS as

described in the procedure for sensitization to LPS. The SRBC,

SRBC-LPS, or Fl—LPS were washed twice in isotonic saline with centri-

«

fugation at 700 G, ,and resuspended at a final 10% concentration in saline.

Guinea pig complement (Grand Island Biological Co., Grand Island,

7.:_ANeW" York) was diluted in BSS to a 107, concentration.

The PFC assay was performed by mixing 0.05 ml of spleen cells,
0.15 ml of RBC target cells, and 0.75 51 of the complement solutioﬁ
in a test tube at 37°C. The mixture was ;ithdrawn with a Pasteur
pipette and put into chambers made by glueing two 75 X 25 mm microscope
slides together with double-sided tape. Six slide chambers were re- ¥
quired for each s;mple. If necessary, filling of the last chamber
was completed using a "blank'" solution of target RBC and complement in
the same concentrations as }or the test mixture. The slide Ehambers
were sealed with warm paraffin wax, and incubated at 37°C for 1 hour.
The identity of PFC was confirmed with microscopic examination, and

the number of PFC were then counted macroscopically. The total number

of PFC for each spleen was estimated by multiplying the total number

"of PFC counted for all chambers by 300. The factor of 300 represents



92.

- .
the proportion of spleen cells used for the assay, ie. 0.05 ml of
spleen cells for a total suspension volume of 15 ml.

The same protocol was followed for the development of indirect

plaques except that rabbit anti-mouse IgG antiserum (Pentex, Miles

{
Laboratories, Kankakee, Illinois) was added to the soldtion of BSS and
complement to give a fingl antiserum dilution of 1:200.

The dfrect PFC assay was used to detect the presence of cells
forming IgM antibody to the target RBC while the indirect assay
detected cells pr;ducing both IgM and IgG antibodies. The number of
cells forming IgG antibody can then be determined by subtracting the

direct PFC count from the indirect count.

[

»

Detection of hemagglutinating antibodies.
Determinations were made of the levels of hemagglutinating
o

antibodies to SRBC, SRBC-LPS, Fl—LPS, and B6 RBC. The target RBC for

i

the hemagglutination assay were obtained and/or labeled as described

for the sensitization procedure.
«
/

The method used to determine the amount of circulating antibody
to ;ach antigen was a modiiication (11) of that described by Kaliss (5)
usiné polyvinylpyrroliaone (PVP) as an agglutination-augmenting vehicle.
PVP K 60 (FW 160,000) was obtained as a 45% aqueous solution. The
tiration medium (PVP-BSA) was prepared by dissolving 300 mg of PVP
solution into 10 ml of 5% W/V §01ution of bovidg:éerum albumin (BSA)

: f /
in phosphate buffered saline (PBS). The PVP-BSA was dispensed in 50 ul

A
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aliquots into rowd of 6 X 50 mm glass'tubes.' Aliquots of 50 pl of anti-

sera were placedr}n the first tube of each row and serial dilutions

were-made to a final log2 aflS.‘A 3% (V/V) target RBC suspension was

dispensed in 50 jul aliquots to each tube containing diluted, antiserum
«

as well as control tubes. After gentle mixing the tubes were incubated
®

for 1 hour at 37°C followed by 2 hours at 4°C. Fellowing incubatf%h
/ PN
the contents of each tube were gently aspirated with a Pasteur pipette

and str;aked.on a glass plate. The~plate was rocked gently to dis-
perse the RBC in the streaks, and hemagglutination was scored both
macroscopically and microscopically on a scale fromwl to 5 on the basis
of increasing agglutination. §The titre end point was “taken as the las;

/ :
dilution at which the hemagglutination score ;asegreater than 1 point
above that for normal thouse serum.

/
Statistical methods.

o~

) Median survival times (MST) and their 95% confidence limits (CL)

and P values were calculated using the nomograph method of Litchfield (7).

~ Means (i) and standard errors (SE) for hemagglutinatioh end points and

4
PFC responses were calculated by the least squares method (9) on a

Hewlett-Packard calculator, model 9100A.

°

Experimental Protocol. .

The methods described above were employed during the perfqrmance

of the experiments discussed in this text. For clarity, the protocol

93.
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of each experiment is outlined in the following chapters just prior
N 1 ¢ -

to the description of experimental observations.
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CHAPTER 3: RESULTS
)

Factors Determining the Extent of Immunosuppression

, ) Effect of Strehgth and Duration

t

-The degree of Immunosuppression brought on 'by a G7H reaction
has been shoén to depend upon two primary factors. The first factor
is ther strength of the GVH reaction. Strength, in turn, is deter-
mined by histocompatibility differences between donor and host, and
by the source and dose of dongr cells. The second factor: which is
equally as imporFant, is the duration of the GVH reaction at the time
of immunizatiop”with the test antigen. The infportance of these 2
factors in determining the imhune resp;nsivene s of the host can be
illustrateé by 2 simple experiments.

<

GVH reactions were initiated in 2 F; hybrid combinations selec-

P

ted to produce reactions of different intensity. A moderate GVH was
induced by the intravenous injection of 75 x 106 A spleen and iymph

node cells into adult CBA x A F; (CAFy) mice.’. The H-28 (A strain) is
thq#éﬂz to be derived frmg recombination between H-2k and H-2d and .
therefore shares the same K‘pggfbn as H-2k (CBA) (7). 'As a resﬁyt,

GVH, reactions in this str;in combination were of a moderate intensity

.

with an 85% éhrvival rate and a median survival time of greater than

100 days (Table 1). GVH reactions of a more gevere nature were in-

duced by a similar injection of A strain lymphbid cells into adult

o
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3

C57BL/6 x A F1 (B6AF1) mice. The H-2 genotypes in these strains .

(H-2b and H-28 respectively) are of independent origin and have

a genetic disparity which caused 100% mortality and a medianséurvival .
time of 35 days (Table 1). Experimental animals and normal litter- .
mate controls for both F combinations were then separated into gfoups

and each oup was sensitized to SRBC at a different time post GVH.

Four days after\gensitization to SRBC, PFC assays‘were performed

to determine the humdxal response to SRBC.

The vériability of the conditions of sensitization to SRBC and ‘

)
assay is reflected in the wide range of PFC responses seen in normal ‘

] y ‘

animals treated on diffeérent days (Table 2). Animals treated at the

s |

same time, however, show much more consistent responses, For this

5

reason the PFC response of GVH mice is expressed as the per cent, of
that observed in normal controls sensitized and assayed at the same

time.

When sensitized to 3RBC 1 day after GVH induction, CAF; mice ex-

hibited a PFC response 4 days later which was 86.9% of that seen in

-

normal, sensitized contreols (Table 2). 1In this CAFy strain combina-

. .
tion, increases in the PFC response were observed when GVH animals -

- -
were sensitized to SRBC 2 days and 3 days after the mice received
n -

parental cells. ,Ihe PFC response rose 5.9% and 45.3% gbove normal when
GVH mice were sensitized to SRBC on days 2 dnd 3 respectively. When
sensitized on day 5 post GVH induction, however, the PFC response fell

to only 15.9% of normal, and when sensitized on day 7 the response in

.



- ) TABLE 1 , =
Survival Time? (Days) of CAFj and B6AF; Mice Receiving

75 x 106 A Lymphoid Cells Iptravenously.

| CAFq ] B6AF}

Mouse- 22 62 >»75 »75 15 15 16 19

Survival : >75 5100 >100 Y41 44 47

Time ' >100 >»100 >100 47 48 70

(Days) >100 »100 :
MST>100 MST 35 (32.1 - 38.2)

a M;dian survival times and their 957 confidence limits were determined
using the nomograph method of Litchfield (10).

e

\ . o’ -~
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o ' TABLE 2 [

PFC ﬁésponse of CAFy Mice Sensitized to SRBC

at Various Intervals After GVH Inductionm.

" Day Post GVH GVH Mice Normal Mice GVH %

When Sensitized PFC per spleen PFC per spleen of Normal
to SRBC (x 103) (x 103) Response
Day 1 44.7 70.8 50.1 85.8
87.3 116.7 96.0 135.6 86.9
X =179.9 + 15.1 X =91.9 + 17.6
ot 1
Day 2 271.8 324.2 278.4 301.2
336.0 364.8 310.2  334.2 105.9
- X =324.2 + 19.4 X = 306.0 + 11.5
Day 3 o 236.7  243.3 1§ 1191 , i
261.6 - 292.8. 196.2  284.4 ) 145.3 o
X =258.6 +12.6 X =178.0 + 40.3
Day 5 18.0 18.3 135.5 136.8 . '
i _25.8 27.6 _144.2 146.3 15.9
X =224+ 2.5 X =140.7 + 2.7 .-
/ Yo
4
Day 7 0.6 0.9 153.9 237.9
_ 1.5 2.7 240.0 302.1 0.6
X =d.4 + 0.5 X = 233.5 + 30.4 e
)“(
(Continued).......

»
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. ’ TABLE 2 /(Continued) . - - !
Day Post GVH GVH Mice Normal Mice GVH 7%
J " When Sensitized PFC per, spleen PFC per spleen : of Normal
*  to SRBC (x 103) (x 103) Response
Day 70 _ 0.0 0.0 0.0 155.7 176.1 212.1 |
_ 0.00.0 _ 213.0 344.4 0.0
X=0.0+ 0.0 X = 220.3 + 32.9
‘\-J'
Day 100 0.0 0.0 0.0 121.5 174.6
0.3 0.30.6 _ . 278.7 0.0
X=0.2+0.1 X =191.6 + 46.1
/
» : "

& Mean values + SE are given following individual responses for'
each group.

EL Y
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GVH‘mLce was no greater than that of normal mice not sensitized to SRBC,
Aithoﬁgh these animals frequently appeared to recover later from their
GVH reactions, the PFC response to SRBC remained completely suppressed
in these animals through day;IOO post GVH. This finding of an initial
increased responsiveness after GVH induction followed by complete
suppression has. also been Feported in the same s;rain combination by
Davis et al. (2).

In more severe GVH reactions the initial increase in responsiveness
is much less significant and immunosuppressisn appears much sooner than
with a moderate GVH reaction. This, can be seen from Figure 1 (8)
which represents the response to SRBC in B6AF] mice injected intra-
venously with 75 x 106 A spleen;aﬁd lymph node cells. The injection
of SﬁBC immediately following parental cells produced a PFC response
4 days lat?r that was 237% greater than that for normal controls receiving
SRBC. The onset of immunosuppression was ;uch more rapid in B6AF] mice,
and by the second day post GVH stimulation with SRBC produced a PFC
response which was 467 th;t in normal animals. The reactivity of GVH
animals fell to 167% of normal on day 4 and suppression was complete
within 7 days after GVH induction. -

‘The effect of GVH sgrength and duration on immune responsiveness
is summarized iﬂ Figure 1. The increased responsiveness observed at
day 3 in CAF; GVH mice closely reseﬂbles the allogeneic effect describ-

ed by Katz (5,6,11) with the exception Ehat in the present experiment

the mice were not sensitized to SRBC prior to receiving parental cells,
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FIGURE 1: PFC Response of CAFy and BGAF] Mice
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Following GVH induction.
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It is doubtful that he increased responsiveness in CAF] mice results

merely from the iﬁcre sed number of immunocompetent cells in the Fq
host, since this ieffe t was not observed until 3 days after GVH induction.
The 3 day time 1ag suggests that proliferation of the donor cells /
following stimulation by Fl/ alloantigens is necessary for the a‘ﬁ\ﬁearance
of increased responsiveness. Furthermore, this ,effect appeared to be
non-specific since stimulation by alloantigens resulted in a heightened
response to an unrelated antigen. Both these findir}gs are consistent
with the Katz proposal that the allogeneic effect results from the
production by GVH reactive cells of non-specific T s:ell secreted media-
tors with the capacity to stimulate B cells to antibody formation
following their interaction with antigen. The subsequent decrease of
immunologic responsiveness which was observed as the GVH reaction ptjo-
gressed has also been reported for the allogeneic effect (11), and
might ‘e:asily result from increased utilization and depletion of such
thymic mediators by the progressing GVH reaction. This possibility
will be dealt with in more detail later.

In' the course of the GVH reaction in B6AF1 mice, a more ra;id
onset of immunosuppression appeared. An increased response was ob-
served when mice were sensitized to SRBC immediately after receiving
parental cells, but it was difficult to determine whether this increase
resulted from an allogeneic effect. The immediate nature of the effect,

however, suggested that the effect resulted from the larger number of ..

immunocompetent cells in the B6AF; host. Since GVH reactions are
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very strong in this strain combination, it seemed likely that the
rapid onset of immunosuppression arose from a stronger jmmunologic
attack by parental cells on the F; host. This could result in a rapid
destruction of host lymphoid cells, or in a rapid depletion of thymic
mediators by cells engaged in the vigorous GVH reaction. Both of
these results could contribute to immunosuppression.

It is well establi'shed in a wide variety of an;mals that the
degree of immunosuppression increases with the strength of the GVH
redaction. The strong immunologic attack upon an animal Jndergoing
a GVH reaction, however, represents a profound physiological insult
and results in considerable stress to the host, X Since stress also
increases with the intensity of the GVH reaction, it is possible
that GVH induced immunosuppression results from a general stress
résponse rather than from a definite immunological consequence of the
GVH reaction. The next series of experiments was performed to deter-

mine whether stress was responsible for the immunosuppression ob-

served in animals undergoing GVH reactions.

Effect of Adrenalectomy on the Response of GVH Mice to SRBC.

Numerous reports (1,3,9) have shown that hormones associated with
the adrenal glands can suppress immunological activity. Hydrocortisone,
for example, has been shown to suppress proliferative and antibody form-

ing résponses of spleen cells in vivo (9), while the ability to initiate
' /

a GVH reaction remains intact (1). It was considered possible that a
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host response to the stress produced by a GVH reaction could cause
the release of sufficient hormones from the adrenal glands to bring
about a generalized suppression of the host's immune system. The
| following éxperiment was therefore carried out to determine if GVH
i immunosuppression could be explained in terms of a general stress
| response or whether it was a direct immundlogical consequence of
donor and host cell interactions during the GVH reaction.

Bilateral adrenalectomies were per formed on adult CAF; male mice
while a group of littermates received sham operations. Four days
after adrenalectomy, GVH reactions were induced in one half of these
mice in the manner previously described (Figure 2). All mice were
sensitized to SRBC 10 days later and the number of splenic PFC to éRBC

was determined 4 days after sensitization. Using the same protocol,

- mice with intact adrenal glands were given GVH reactions, sensitized

e s
T

l;to'QBBCmand tested for PFC. Throughout the experiment all animals
‘nwére ;1lowed a choice of tap water or a 0.5% solution of NaCl ad
1ibitum.

Four days after being sensitized to SRBC, normal animals with
intact adrenal glands showed a mean direct PFC response of 158.2 x 103
- (Table 3 and‘Figure 3 represent data pooled from 3 experiments).
There was no significant differencé between the PFC response in non-
treated (non-adrenalectomized) animals ané that of littermates re-
ceiving sham operations. 1In contrast, adrenalectomized littermates

exhibited a mean direct PFC response of 251.8 x 103, representing a

S 607, increase over the response in normal animals. These findings
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-FIGURE 2: Design of Experiment to Determine the’ -
Effect of Adrenalectomy on the Response
of GVH Mice to SRBC.
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TABLE 3~
- Direct PFC Response, to SRBC in Normal and Adrenalectomized

Mice Undergoing GVH Reactions®:P.

/

Experimental Normal GVH . g
Group PFC per/spleen x 103 ' PFC per .spleen x,.lO3 '
- F ] s 7 '
' Adrenals S9.7 117.9 139.8 149.1 . 0.0 0.0 0.0 0.0 0.0
Intact 150.3 156.0 166.2 172.5 0.0 0.0 0.0 0.0 0.0
183.3 193.2 “196.5 213.9 0.3 0.3 0.3 0.3 1.2 i
. _ 1.2 1.2 3.6 4.2 4.8 )
X = 158.2 + 11.8 X =0.9+ 023
a . ' )
Shams ., 67.2 /5.9 107.4 110.7 0.0 0.0 0.0 0.0- ’
115.5 121.8 125.4 138.9 0.0 0.3 0.3 0.6
. 167.1 171.3° 175.5 177.3 0.6 0.6 2.1 25.2
= _ 217.8 251.4 _
‘ X = 146.7 + 13.2 . X =2.5+2.1
- o ‘-‘"—-w P
- ’ -
Adrenalectomized 146.7 166.2 170.7 180.6 3 0.0 0.0 0.0 0.3
- 204.9 207.6 220.2- 231.6 0.3 0.3 0.3 0.6
234.9 237.3 259.8 281.1 0.6 1.2 1.8 5.7
i 300.6 305.1 313.8 320.7 . 8.1 8.1 15.6
o 322°5. 326.4 353.7 ) _
- v X = 251.8 + 14.5 °° X=2.9+1.2

2 pata represents data pooled from 3 experiments.

801

b Mean values + SE are given following individual responses for each” group.
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would suggest that hormones from the adrenal glands play a suppressive

)

role in normal animals and control the extent to wlfich the animal can

]

respond to certain antigens. Animals with all glahds intact but ex-

[
-~

periencing GVH reactions showed no PFC response to SRBC.
A very slight PFC response was seen in groupé &f GVH animals

]
which had been adrenalectomized, 'but this value was- almost identical

LY

to that for the corresponding groups of 'GVH mice receiving sham opera-
o . .

s

tions.,
—_— . ' —

! It has been well established that sympathétic stimulation of fﬁ;
adrenal glands during stress causes them to release hormones which
éfay an important role in the animal's response to the stxess. "A GVH
reaction undoubtedly represents a considerable stress to the host,
and this was evident from the incideﬁc; of mortality which was higher in

adrenalectomized:GVH mice than in mice with either adrenalectomy alone
. A ;
or GVH alone (Table 4 and Figure 3)." Of 28 mice in each experimental

group, adrenalectomized Eice undergoing GVH reactions had a mortality
rate of 28.67%, while those receiving only adrenalectomies had a rate
of 3.67% and those given sham operations and GVH reactions had a mortality

rate of 5.2%. The grougfof intact mice gxperieﬁcing,GVH reactions showed

no deaths. Chi square analysis of mortdlity rates showed a significant

difference (P<0.01) betwéén GVH mice which had .been adrenalectomized

»

and GVH mice receiving sham operations. From these experiments it is

difficult to pinpoint the precise cause of thqkincreased mortality ob-
= r
served in GVH mice which had been previously adrenalectomized. The in-

-
N Y o

110.



TABLE 4

e

Mortality Rate of Adrenalectomized Animals

Undergoing GVH Reactions?.

“« _
3 Individual Total Per Cent’
Mortaliiy Mortality Mortality
. Normal ' 0/8 0/8 0/28 0
076 0/6 / .
Adrenalectomy 0/8 0/8 1/28 3.6
,0/6 0/6
Sham 0/5 0/5 0/19 . 0 °
0/5 0/4 :
- 4 ,
- | Adkenals Intact 0/8 0/8 0/28 : >0
& G 0/6" 0/6 . Y-
- Adrgnalectomy 4/8 0/8 8/28 28.6
.~ ~& QVH 1/6 3/6
/
Sham , ¥0/5. 0/5 . 1/19 5.2
& GVH ., Y 0/% /4

a‘?at%’indicates number of deaths over number of experimental animals
in four separate experiments.

.
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creased death may result from a decreasea capacity of these animals to
adapt to generalized stress. Previous data, however, (Table 3) has
suggested that the adrenal glands may help control the extent of normal

immune responses. It is also possible therefore, that adrenal hormones
¢ .

may influence the intensity of GVH reactions, and that adrenalectomy may

remove some of this control, leading to more intense GVH activity and

-

increased mortality.
Although the mortality rate data (Table 4) suggest that adrenal
hormones may. lessen the overall intensity of the GVH reaction, it
would appear that they do not play.a signiflcant role in the immuno-
suppressive effect of the GVH reaction. The fact that iﬁmunosuppression
was ag complete in GVH animals 13ckiﬁé adrenals as it was in those with
intact glandsustrongly-suggests that this suppression’'is not brought
,aboué sigéﬁy bylhormones released from the adrenals in response to stress.
Rather, it suggeéts that GVH induced immunosuppresgion results from
some other immunological consequence of the GVH reaction. T
\ -
It is interesting to note that Graff et al. (4) have shown that -
st;roidsﬁfrom the gbnads as %ell as those from the adrenals may have
a moderaiing influence on immune responses. Castration or adrenalectomy
of male mice caused an accelerated rejection of aubsequent skin grafts
"
differing at a minor H locus. Combined adrenalectomy and castration
caused an even faster rejection of such skin grafts, although the

difference between the combined removal and either castration or adrena-

lectomy alone was not statistically significant. 1In the present series !
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v
of experiments, an experiment was performed in which one group of mice

was both castrated and adrenalectomized, after wh;ch one half were sub-
jected to a GVH reaction. The data from this experiment appear in

Table 5. Following sensitization with SRBC, mice receiving adrenalectomy °
and castration but no GVH exhibited a mean response of 312.0 x 103 prc

per spleen. This resporse cqmpared to mean values of 227.0 x 103 PFC

in adrenalectomized mice and 162.6 x 103 PFC in normal animals. These
results are similar to those reported by Graff et al. and suggest that
steroids from the gonads as well as from the adremal-glands may exert

a moderating effect on ghe immune responsiveness of normal micel The v
removal of botﬁ the adrenal glands and the testes, however, failed to
restore the responses of GVH mice to SRBC, and no PFC could be detected

in these mice. This finding lends further support .to tﬁe contention tﬁat
GVH induced  immunosuppression is produced by definite immunological

causes rather than by the release of steroid hormones in response to

stress.

e
7



TABLE 5

Effect of Ad}enalectomy and Castration on the

PFC Response to SRBC in Normal and GVH Miced.

—
=

Experimental“
Group

Adrenals
Intact

Shaﬁ\’"

4

4
i

Aarenalectomized

Adrenalectomized
and Castrated

8 Mean values + SE are given following individ

group.

\
Normal x
PFC per spleen x 19
117.9 156.0
_ 183.3 193.2
"X =162.6 + 16.9
107.4 115.5
_ 171.3 177.3
X = 142.9 + 18.3
166.2 207.6 220.2
_ 259.8 "281.1
X =227.0 +,20.2
224.1 224 .4 253.2
324.9 390.0 455.1
X =312.0 + 39.0

GVH
PFC per spleen x 103

0.0 0.0 0.0
0.0 0.3 1.2
X=0.3+0.2
0.0 0.0
_ 0.3 0.3
X=0.2+0.2
/
0.0 0.0
_ 0.3 0.3
X=0.2+0.1
0.0 0.0 0.3
B 0.3 0.6
X =0.2+0.1

responses for each
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CHAPTER 4: RESULTS

Effect of Multiple Antigenic Challenges on Cell-Mediated
and Humoral Immune'ﬁesponses.

Introduction
The previous experiments established that the immunosuppression

. observed during a GVH reaction apparently results from immunologic
. causes. In all studies thus far dealing with GVH induced immuno-
ﬁsuppression, howev7k, the aniyals have been challﬁnged only once
following the induction of the GVH reaction. 1In addition, no attempts
have been made to determine the effects of the GVH reaction on the
humoral versus the cell-mediated immune response under conditions of ¢
multiple antigenic stimulation. Elucidation of these effects could
provide further insight into the underlying causes of immunosuppression.
The folloWng studies were therefore carried out to determine the
effect of multiple antigenic cﬁallenges on both humorai and cell-mediated
immune responses in animals experiencing GVH reactions (11,12).

s <

The Effect of Antigenic Stimulation on Skin Allograft Survival Time.

To test the effect of antigenic stimulation on skin allograft
e survival time, GVH reactions were initiated in adult CAF; male mice by
the intravenous injection of 75 x 106 A strain spleen and lymph node

cells (Figure 4). Thirteen days later the animals were divided into four
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~ DAY 0 " DAY 13* DAY 20 DAY 80
CAF ' :
1

s

DAY 84
*

. . a)+B6 BM\\\\
///’—\\EX , |b)+CAF, B = —+»+B6 'Skin —»+SRBC — PFC

c)+B6 K
» +A LC d) NT

\

%) Following antigenic challenge, L mice from each experlmental
group were sensitized to SRBC on day 13 and assayed for

splenic PFC oA day 17. L

'y

-

A LC - A Strain Lymphoid Cells; BM - Bone Marrow;
KC - Kidney Cells; NT - No Treatment;

¢

FIGURE &: Design of Experiment to Determine the Effect of Antlgenic
on Skin Allograft Survival Time in GVH Mice.

Stimulation
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groups, each receiving one of the following treatments: 40 x 106 B6 BM
cells, B6 kidney cells, 40 x 106 CAFy BM cells, or no further tre;tment.
On day 20 post-GVH the remaining mice were grafted with skin allografts
. from B6 mice. Two such experiments were carried out and the results

of each were pooled.

“ph
First.set responses to B6 skin grafts made 20 days after initiation

of the GVH reaction were variable, depending on the treatment which the )
dnimals received pr%or to skin grafting (Table 6). The MST of B6 skin
on CAF, GVH mice was 21.5 days, contrasting to a MST of 7.9 days for
normal ahimals in this strain combination. B6 skin grafts had a MST

of only 8.1 days in th? group which received a GVH plus B6 BM, while
those thét received B6 kidney cells had a longer allograft MST b6f 11.0
days. The longest allograft survival time was 26.0 days, seen in the
group of GVH mice receiving F1 BM. The difference between the MST for
GVH mice receiving F; BM and the MST for the group which received a GVH ‘
alone was not statistically significant (P>0.05).

When second-set B6 skin .grafts were applied following first-set
rejection, the survival time of the second-set grafts was shorter than
that for the first-set in all groups except the recipients of B6 kidney
cells (Table 6). 1In the group receiving only a GVH the MST decreased from
21.5 days to 8.2 days; and in the group receiving %1 BM 1t décreased from

-

26.0 to 13.0 days. Although the survival time of second-set grafts in
ot

the animals réeéiving B6 kidney cells appeared slightly longer than that
u?

As
for the first-det, the difference between the two values was not signi-

.



Treatment

TABLE 6
Survival Times of First and Second-Set B6 Skin Allografts
On CAF, GVH Mice Stimulated with B6 BM

B6 Kidney Cells, or F; BM.

First-Set Graft Survival?®

Normal F;

GVH Aloneb

GVH + B6 BM

GVH + B6 ' )
Kidney Cellsb

-7 7 8 .
: 8 8 9
MST = 7.9 (7.7 - 8.1)

15 16 17 18 18 :
21 21 22 24 25
28 28 30 49 92

MST = 21.5 (18.2 - 25.4)

7 7 7 7 7

8 8 8 9 10
10 10 11 15 15

MST = 8.1 (7.1 - 9.2)

..
\ .\fra__
-

10 10 10 11
11 11 11 14

14 28 30
MST = 11.0 (9.1 - 13.9)

(Continued).....

Second-Set Graft Survival®

6 6 6 7
7 7 8
MST = 6.9 (6.7 - 7.1)
6 7 8
9 10 12 ¥
MST = 8.2 (6.8 - 9.9)
6 6 6
7 9 20
MST = 6.5 (5.0 - 8.4)
9 10 13 15
20 40
MST = 13.0 (9.6 - 17.5)

&

4 {1»' RPN
.
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TABLE 6 Continued.

' Treatment First-Set Graft

GVH+F, BM® 11 17 22
25 25 36
56

Survival?

23
43
72

MST = 26.0 (17.7 - 38.0)

8median survival time (MST) and 95% confidence limits (CL) were determined .by -the method of Litchfield (7).
bthe MST of grafts on GVH Mice was not significantly different from the MST of grafts on GVH mice treated
with F; BM (P> 0.05). Likewise the difference between the second-set MST for these two groups was also

not significant (P>0.05). )

Cthe MST for second-set grafts in this group was not significantly different from the first-set MST

(P>0.05).

Ha

Second-Set Graft Survival?®

7 8 13
20 29

MST = 13.0 (7.9 - 21.4)




ficant (P> 0.05).

It is important to know the extent to which the animals were

e

immunosuppressed at the time of stimulation with allogeneie—c@lls.

Lawrence and Simonsen (6) have shown a correlation betw%en thé
strength of a GVH reaction and its ability to suppress the PFC res-
pon;es to SRBC. To test for immunosuppression by the GVH reaction,
four mice from each exp&rihental group outlined above were selected
at random and se;sitized\to SRBC on day 1§'post GVH, 4 hr after the
injection of BM or kidney cells. The number of splenic PFC in these
mice was determiné& 4 days later (Table 7). Animals which received
a GVH alone as well as GVH mjce which received BM or kidney cells -
had mean values of less than 0.3 x 103 PFC per spleen. This was in
contrast to normal animals which had a mean PFC response to SRBC of
. . ‘
121.0 x 103 PFC per sfleen. “

At the termination of the experiment, 80 days post GVH all ani-

mals which had rejected B6 skin grafts were sensitized to SRBC, and” the
number of PFC was determined 4 days later. Table 7 indicates that the
PFC responTe to SRBC was almost completef§‘§uppressed in each experi-

mental gro&p. The highest mean fFC count was 0;9 x 103 PFC per spleéﬁ

in the group which received F; BM. The valués in each group were com-

paralPle to background levels seen in unsensitized animals and were,

negligible when compared to the mean value of 213.9 x 103 PFC per spleen

in sensitized littermate controls not experiencing a GVH reaction.
I

These results demoﬁétrate that both the cell-mediated and humoral

immune responées are su%pressed during an ongoing GVH reaction. Further-

'
o
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Treatment

GVH

GVH + B6 BM

" GVH + B6

Kidney Cells

v

I3

GVH + F; BM

Q

.

¥
* »
TABLE 7 *_ : : .
Direct PFC to SRBC in GVH Mice After Stimulation with Allogeneic .
Cells and Rejection? of Allogeneic:Skin Grafts. )
. . & |
Day 13b - : Day 80° - o
PFC per spleen X 103 PFC per spleen X }03 ;
0.0 0.0 0.0 0.0 0,0 0.0 0.0 ’
A 0.0 0.0 0.0 0.0 0.0 0.0 0.0
_ / 0.0 0.3 0.6 1.8 -
- X = 0.0 { X=0.2+0.1
- 0.0 0.0 0.0 0.0 R 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 -~ 0.0 0.0 _0.0 0.3 0.3 0.6
o _ 0.9 1.2 3.6° 5.1
) X =0.0 . X =0.8+ 0.4
. T i i %
0.0 0.0 0.0 0.0 . .0.0 -0.0 0.0 0.0 0.3 .
0.0 0.0 0.0 0.0 _ 0.6 0.6 0.6 0.9
X =0.0 X=0.3+0.1.
0.0 0.Q 0.0 0.0 0.0.0.0 0.0 0.3 0.6.
. 0.0 0.0 0.0 0.0 _ 1.2 1.2 2,1 2.4
X =0.0 X=0.9+0.3 BN
(ContinuedY..... co £ S ’ < N
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TABLE.7 Continued. . &
) Day 13b Day 80¢
Treatment PFC per spleen X 10 PFC per spleen X 103
Normal 43.8 59.1, 67.5 78.6 ' 155.7 176.1 193.5 204.9 208.2
134.7 175.5 289.5 _ 212.1 213.0 221.7 344.4
. X =121.0 + 33.0 : X =213.9 + 18.0

- — = -

B — s ——

8nean values + SE are given following individual responses for each group.
brandomly selected animals from each experimental group were injected with SRBC on day 13,
4 hr after the injection of allogeneic cell puspensions. Loy
Cexperimental mice described in Table 1 were sensitized to SRBq,following skin graft rejection at- -
day 80 and analyzed for splenic -PFC 4 days later. ™

. .
| 5 ' \\\\ )
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immine reaction to transplantation antigens in GVH animals while the

' 125.

more, the results .show that the cell-meViated response can be stimu-
lated in GVH mice by ;eped%ed sensitization with allotransplantation
antigens. The resuits also show that the humoral immune respomse to
SRBC cannot be stimulated by similar repeated challenges with SRBC.
This would suggest thét GVH-induced immunosuppression has a greater
effect on the humoral immune response than on the cell-mediated response.

From the-data presented here, howevqr, a basic uncetrtainty remains.

The' previous results show that it is possible to stimulate a cell-mediated

same animals fail fo produce a detectable direct PFC respoﬂse to SRBC.

Two important questions remain. Since the direct PFC assay measyres

-

only the production of IgM antibody, it is impossible to state whether
these animals are capable of mounting an IgG response to SRBC. SgEondly,

one might ask whlether it was possible to detect any humoral response to

[

the same H antigens which stimulated graft rejection.

i 3

. . . /

Antibody Activity in GVH.Immunosuppressed Mice Stimulated with

w4

Transplantation Antigen.;

’

A possibility exists that H antigens may provide a stronger anti-

genic stimulus than SRBC, and with appropriate stimulation may be capa--
ble of eliciting a humoral immune respomnse in GVH immunosuppressed ani-
mals, The°following study was therefore undertaken to determine if a
humoral immyne response to H antigens could be detected in GVH

immunosuppressed mice in which cell-mediated reactions had been stimu-

v



lated to the same H antige;s (13).
GVH regctibns were induced by the intravenous injection of

75 x 106 living A strain spleen and lymph node cells into adult
CAF, male mice (Figure 5). Thirteen.days post GVH the animals w;re
given intraperitoneal injections of B6 kidney suspensions, followed

day 20 with sk{n allografts from B6 mice, and agother injection of
B6 kidney on day 30. _Seven days after each exposure to B6 antigen,
mice were randomly selected from each experimental group, bled
through the retro—orbitai sinus and their sera collected and stored
at -30°C. The amount of circulatiﬁg antibody in their sera to B6
#loantigens was determined by the agglutination_?QvB6 red blood cells
using polyvinylpyrrolidone EPVP) as an agglutination augmenting ve-
hicle. To test éor the\humoral response to SRBC,randomly selected
mice from each experimentél group received intravenous injections'of
5 x 108 SRBC on day 13 post GVH, and 4 days later the number of PFC

Q
in their spleens was determined. Similarly, 14 days after their last

exposure to B6 antigen, all mice were sensitized to SRBC and the number

of splenic PFC determined 4 days later.

B6 skin grafts made on CAFy; mice 20 days after the initiation of

a GVH reaction had an MST of 20.0 days (Table 8). This contrasted to

an MST of 8.0 days in normal @ice of the same strain combination. Sensi-
’ {
tization of GVH mice with B6 kidney cells 7 days prior to skin grafting
\
reduced the MST to 11.5 days, céﬁtrasting to an MST of less than 7 days
\

for normal CAF, mice which had béen previotsly sensigized with B6 kidney
cells. The differences in MST between each experimental group are

\
L ’
L
\
! kv‘:\

(5]

o ol b b bt
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DAY O Y 13 DAY 17 DAY 20 DAY 30 DAY L4 DAY 48
v -~ v —v v—

CAF .
! a)+86 KC —————— +B6 Skin —b+B6 KC —»'+SRBC ——>» PFC-Bleea

FIG

///——\\}\ ———»; BINT T + +B6 Skin » +SREC —» PFC~-Bleed
¢)+SRB ——— PFC ’
+A LC

-} A1l mice were bled prigr to their first exposure and 6 - 7 days -after each

challenge with B6 tissu

A LC - A Strain’Lymphoid Cells; KC - Kidney Celis; NT - Ne Treatment:

E 5 Design of Experiment to Determine the Effect of Antigenic Stimulation
on the Humoral Immune Response to Transplantation Antigens in GVH Mice.

3

‘Izt




TABLE 8

Survival Time of B6 Skin Allografts on

CAFy GVH Mice Treated with B6 Kidney Cells.

Treatment

Normal

-~

Normal + B6
Kidney Cells

L ]
GVH Alone

GVH + B6
r~Kidney Cells

Graft Survival Time (Days)

10
16
21
25

0 0~

11
17
21
28

7

11
12
16

\O 00 00 ~J
O W~
O O~
NIVl I

14 15 15 16
17 '18 18 20
22 22 24 24
28 30 51 92

9 10 10 10
11 11 11 11
13 13 14 14
17 28 * >30

by the method of Litchfield (7).

X

MsT?

8.0

<7

20.0

11.5

" 128.
95% CcL2
7.3 - 8.8
/
17.2 - 23.2 |
9.8 - 13.5
/’

8nedian survival time (MST) and 95% confidence limits (CL) were determined
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statistically significant (P<0.05) and are comparable to the values
previously reported in the same strain combinations.

Both mormal and GVH mice had no dégectable hemagglutinating anti-
bodies EO\B6RPC prior to being sensitized with B6 Fisgue (Iable 9.,
Six days after receiving injections of B6 kidney suspension, normal CAF,
mice showed a mean 10g2 hemagglutinating titre to B6RBC of 7.50 while
GVH recipients of B6 kidney had no detectable B6 hemagglutinating anti-
bodies. 1In the same mice 7 days after a subsequent B6 skin graft, the
normal group had a mean log, hemagglutinin titre to B6RBC of 5.20 while
the GVH group still showed no detectable humoral response to B6 antigen.
Six days following the second injection of B6 kidney the mean logs
hemagglutinating titre for normal mice had risen to 9.17 while there
remained no detectable response in GVH mice receiving the same treatment.

These results once again showed that repeated sensitization of
GVH mice with B6 allotransplantation antigen stimulated a cell-mediated
response which resulted in a rapid rejection of B6 skin grafts. At no

5
time, however,was there any detectable humoLal response in these mice
to the same B6 antigens.

It hdas been reﬁorted by Stimpfling (10) that red blood cellg from
C57BL mice tend to exhibit weaker agglutination reactions with specific
antisera than do red cells of many other strains. The use of PVP, how-
ever, as a developing agent in mouse hemagglutination tests has been
shown to provide ; sensitive test for low levels of specific hemagglu-
tinating antibodies (3,10). In the experiments represented in Table 9

normal mice developed a significant level of antibody against B6 antigens
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TABLE 9 130.

Hemagglutinating Antibody Titre (log,) to B6
Alloantigens in CAF] Normal and GVH Mice Treated

with B6 Kidney Cells and Skin Grafts (+ SE)2.

Treatment Days After First Normal GVH
B6 Challenge Antibody Titresb Antibody Titres
No Treatment 0O 00 0 O 0 0 0.0 O
0 00 0O 0 0 0 0 O
X=0+0 X=0+0
B6 Kidney 6 7 7 7 0 0 0
. _ 7 8 9 _ 0 0 0
| X =17.50 + 0.34 X=0+0
| "
| I
| /
B6 Kidney 14 0 6 0 5 5 0 0 0 0 O
+ B6 Skin 6 6 10 10 10 0 0 0 0 O
X =5,20 + 1.30 X=0+0
B6 Kidney .
+ B6 Skin > 23 =« 7 8 10 0 00 0 O
+ B6 Kidney s - 10 10 10 0 0 0 0 O
X =9.17 + 0.54 X=0+0

%mean values + SE are given following individual responses for each group.
Pa11 animals were bled 6 to 7 days after challenge with B6 kidney cells and/
or B6 skin grafts.
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within 6 days after their first exposure to B6 antigens. The slight

decrease in the level of circulating antibody following grafting with
B6 skin might be accounted for by the absorption of antibody to the
graft. After 3 exposures to B6 antigens, normal CAF, mic‘e exhibited

a 1og2 hemagglutinin titre of 9.25, a level compa’rable to that reporf:ed

by Stimpfling for the same H-2 specificities.

Response of GVH Mice to SRBC Before and After Exposure to B6 Antigen.

A PFC assay was per}ﬁormed on randomly selected miceato test the
ability of normal and GVH mice to mount a} humora} response to SRBC both
before and after challenge with B6 antigen. GVH animals which were
sensitized to SRBC on day 13 post GVH showed no direct PFC response fo
SRBC when assayed 4 days later (Table 10). Normal animals injected at
the same time witp SRBC had a mean value of 441.2 x 103 PFC per spleen.
Similarly, when sensitized to SRBC after 3 exposures to B6 tissue, GVH
mice showed no direct PFC response to SRBC 4 days later. Normal mice
receiving the same treatment with B6 antigen followed by SRBC had a meat;
count of 237.6 x 103 PFC per spleen. The PFC response in these mice was
almost identical to that observed in normal mice receiving only one

exposure to B6 antigen. v
The absence of any detectable level of anti-Bé antibody in GVH mice
receiving_ 3 challenges with B6 tissue strongly suggests that the humoral
response to B6 antigens remains completely suppressed in these animals.
The absence of any PFC response to SRBC in these GVH mice iends further

support to the contention that the overall humoral response remains com-

]

131.



132.°

() 1 . ' TABLE 10

Direct PFC to SRBC in GVH Mice Prior to and
’ Following Stimulation with B6 Kidney Cells

and Rejection of B6 Skin Grafts®,

PFC/Spleen X 10° + SE

. at days 13 and 44 pogt-GVH
]
Treatment . Day 13 ) / Day 44
Normal 374.7 421.5 460.5 163.5 167.4 168.9 169.2
466.2 483.3 189.0 200.1 225.0 240.6
_ 241.5 267.3 323.1 406.8
X = 441.2 + 19.5 X =230.2 + 21.3
Normal .
+ B6 Kidney 2X ND€ 71.1 187.2 188.1 193.8'
©.223.2 237.9 253.2 306.0
. . _ 332.4 383.4
X =237.6 + 27.9
GVH 0.0 0.0 0.0 0.0 0.0 0.0 0.0
) » 0.0 0.3 0.3 0.0 0.0 0.0 0.0
_ _ 0.3 0.3 0.3
X =0.1+0.1 X-=0.1+0.1
. .
GVH
+ B6 Kidney 2X ND¢ 0.0 0.0 0.0
' 0.0 0.0 0.0
_ 0.0 0.0 0.3
X=0+0

S.

»

,2a11 animals were grafted with B6 skin on day 20 post GVH induction.

* bge kidney cells were administered IP on days 13 and 30 post GVH.
CNot done. * v &

L
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.

pletely suppressed. This lack of responsiveness to SRBC cannot result
from antigenic compet{tion between B6 and SRBC antigens since normal
mice which had been challenged 3 times with B6 antigens showed the same

PFC response to SRBC as normal mice which had received only 1 exposure

to B6 antigen 23 days earlier.

t

PFC Responge and Hemagglutinating Antibody Titre of GVH Mice Following

Multiple Injections with SRBC.

The previous experiments show that GVH mice which had rejected B6
- \
skin grafts and were then injected with SRBC failed to produce\ any de-

tectable antibodies to either B6 antigens or to SRBC.. It seems logical,
however, that skin grafting and two injections with B6 kidney cells would
54

present a stronger Immunogenic stimulus than a single injection with SRBC.

3

In view of the large number of antigens believed to be present on SRBc;
one might question whether several injections with SRBC might be more
likely t’o stimula}:e a t;umoral immune respopse in Gﬁ mice. An attempt
+ was therefore I;lade to detect the presence of circulating antibodies in

GVH mice folfowing repeated injections with SRBC (13). GVH mice and a

group of hormal controls were given intraperitoneal injections of 7 x 108
! » 4
SRBC on days 13, 20 and 24 after the induction of the GVH reaction.
Four days after each injection with SFBC several mice from each group were

bled and sacrificed. The number of both direct and indirect PFC in

a

their spleens was detexmined. Sera were stored at -30°C and within a

week the levels of hemagglutinating antibody to’ SRBC were deter/mined



using the sensitive PVP method.

Four days after the first injection with SRBC normal micé

¥

had a mean value of 196.9 x 103 diré;t PFC and 201.5 x 103 indirect

PFC ﬁer spleen (Table 11). In these animals the mean log, '
hemagglutinating end point to SRBC was 8.56. GVH mice receiving one
injection of SRBC produced no PFC of either antibody type and had no
detectable hemagglutinating antibody t;*;RBC. After a seéond injection
with SRBC the mean log, hemagglutinating end point in normal gice
increased to 9.78, while GVH mice showed an insignificant responseéof
0.44. PFC responses were not determined in these animals. Follow-
ing the third injection with SRBC normal mice had a mean direct PFC
response of 15.8 x 103 and an indirect response of 157.4 x 103 PFC ’
per spleen. The response in GVH mice was negligible: i.? x 103 direct
and 1.5 x 103 indirect PFCZ Similarly, normal mice had a mean
hemagglutinating ené point of éreater than 10 while GVH mice had no
detectable hemagglutinating antibodies to SRBC.

The use of multiple;injections with SRBC provides a strong,
immunogenic stimulus which was shown by both PFC and hemagglutination
assaysyto elicit a strong humoral immune response in normal mice
(Table 11)., It was impossible, however, to detect any significant
direct or indirect plaque forming cells in GVH mice after one injection
or 3 injectié;s with SRBC. 1In the present experiment, the use of PVP

to augment hemagglutination provides a much more sensitive means of

detecting very low levels of circulating antibody which may not be

~ 4
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TABLE 11 .

Hemagglutinating Antibody Titre (logy) and PFC Response to SRBC

' of Normal and GVH Mice Treated with Multiple Injections of SRBC? .
@® h -
) NORMAL GVH
PFC/spleen X 103 Hemagglutinating PFC 'spleen X 103 Hemagglutinsting
Treatment Direct Indirect TitreP Direct Indirect Titreb
4 SRBC 1X 164.4 166.8 167.4 166.5 168.9 172.8 6 6 7 9 9 0 0 00 O 0 0 0 0 O 0 0 0 0 O
178.8 184.2 204.6 183.3 190.8 209.4 10 10 10 10 0o 0 0 O 0 0 0 O 0 0 0 O ~
.'$.220.2 236.1 249.6  222.3 240.3. 259.2  _ _ _ - _
X = 196.9 + 10.7 X = 201.5 + 11.1 X=8.56+058 X=0+0 X=0+0 X=0+0
LY .3
+ SRBC 2X : 8 10 10 10 10 : 00000
~ ND® ND 10 10-10 10 ND ND 970 0 4.0
X=9.78 +0.22 ¥'= 0,44 + 0.44
2
+ SRBC 3X 3.6 6.6 6.6 61.7 69.5 71.6 »10 >10 > 10 0 0 0O 0 0 0 O 0 0 0 O ;
15.0 15.0 15.3 124.1 132 8 169 7 >10 >10 >10 0.3 1.2 1.8 0.6 0.6 1.2 0 0 0
15.6 26.1 38.7 170.3 262.4 354.2 >10 >10 >10 2.4 4.8 6.3 1.5 4.5 6.6 _ 9 00
X=1.68+0.71 X=15+071 X=0+0

X = 15.8 + 3.6 X = 157.4 + 32.5 X = 310

%pean values + SE are given following individual ‘responses for each group.
bvalues repreuenc reciproccl 1032 hemagglutinating titres.
CND - not done
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detected with a PFC assay. Using this tgchnique it was not possible
'] a
to detect any such hemagglutinating antibodies in GVH mice even after

©

3 injgetions with SRBC. '

[

Attempts to Stimulate Delayed Hypersensitivity to SRBC in GVH Mice.

Multiple’challenges with B6 antigens were effective in eliciting

a cell-mediated rejection of B6 skin grafts in GVH mice but failed to

0

stimulate the production of any significant antibody to the same
»

transplantation antigens. Multiple challenges with SRBC also failed

to stimulate any detectable humoral immune response in GVH mice.

»

* Studies were then carfied out to determine if a cell-mediated immune
/ ?esponse to SRBC could'be stimulated }n‘GVH mice which had been unable
to mount a humoral response to SREC. Followiné the basic protocol
described by Axelrad (1), attempts were made to induce delayed-type

1

hypersensitivity to SRBC in normal and GVH mice.

2

As shown in Figure 6,CVH reactions were initiated in &4 gFoups of
> adult CAF; mice by the intravenoqs injection of 75 x 106 A strain lym-
phoid cells. On day 12 post GVH induction experime;tal groups of )
normal and GVH mice were given an intradermal injection of a SRBC
emulsion in Freund's complete adjuvant (SRBC-CFA) in the left footﬁad."
One group of GVH and normal control animals recei;ed intradermal in-
jections of 50% SRBC in saliAe and a second group of GVH and normal

animals received dﬁ injection of Freund's adjuvant (CFA) in the left

footpad. The third control group received no further treatment. Nine
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FIGURE 6: Design of Experiment to Stitm.ll’ate Delayed Hypersensitivity
in GVH Mice. ’
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*were challenged with intradermal injections of 0.1 ml of a 10% solution

\ ] N 138.

days after sensitizatien all groups of éxperimental-gnd control animals

of SRBC in saline in the right footpad., Using the technique described

by Axelbrad (1) and outlined in Chapter 2, measy{;;ents of the foqtpad

.

.volume were made immediately before and again 21 hours after challenge

with SRBC. Follawing the final footpad measurement all mice were given

~

an intravenous injectioQ’of 5 x 108 SRBC, and 4 days later they were

bled and PFC assays performed on tﬁeir spleens, .

Table 12 shows the extent of delayed hypersensitivity in normal

4

and GVH mice 21 hours after challenging with SRBC. The index of de-

layed hypersensitivity is given as the percentage increase in paw volume
At

of treated animals minus the percentage increase[for unsensitized controls.,

i

In the group of mice sensitized to SRBC in Freund's adjuvant, normal
mice showed a mean iﬁ:}ease of 22.9% while GVH mice had a mean increase
of 18.77%. Significant but considgrably smaller amsunts of swelling
were observed in normal and GVH mice which had been sensitized to SRBC
in saline. For some reason, a significant footpad swelling of 9¢3% was

observed in normal mice sensitized to Freund's adjuvant and challehgeﬂ )
X - !
with SRBC: the swelling for GVH animals in this group was somewhat lower

but still above the control value. In-contrel mice receiving no sensi-

tizing treatment before challenge with SRBC, a swelling of 2% was observed.

!

These values were subtracted from those observed in the experimental

—_

groups to give the index of delayed hypersensitivity for each grouéj\\\\‘\\N\\\\\\;\

Althaugh GVH mice showed a delayed hypersensitivity to SRBC

which was comparable to that observed in notmal mice, no significant o



j .
\" ver TABLE 12

]

Delayed H&persensitivity to SRBC in GVH Mice 9 Days,

After Sensitization with SRBC in Complete

2

Freund's Adjuvant (CFA)&sb.1

Experimental Sensitizing
Group . Antigen
Normal, SRBC-CFA
GVH "

Normal SRBC Alone
GVH "

Normal CFA Alone
GV'H "

Normal Not Sensitized
GVH Not Sensitized

.

-~

{

No. of Mice

12 -
12

o 00 S0 0o

)

’
L

@ . 139, 1
\\ 4
Mean' D.H. .
4
22.9 £\3.2
18.7 +
12.4 ¥ 1.
3.9 ¥ 2.6
9.3 % 2.5 \
4.1%2.3
control€ -
‘control€ :h'
. - :
V)

8mice were sensitized with SRBC-CFA 12 days post GVH induction, and®were
challenged with SRBC algne 9 days later and footpad swelling measured at

21 hours/.

bdelayed hypersensitivity
pad volume of t¥xeated amimals minus per cent increase for
controls.

L

1§3):3) is indicated as per cent in

»

é‘ﬁise in foot--
unsensitized -

Cboth normal and GVH mice which were not previously sensitized to SRBélex-
"hibited footfad swelling of Between 1 and 2%.
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N

humoral response to SRBC could be detected in GVH Qice. Table, f3

shows th;t normal mice sensitized to SRBC in Freund's adjuvant .
followed by intradermal and intravenous challenges with SRBC pro-

duced a me%E PFC response of 42.6 x 103 direct and 136.3 x 103

indirect PFC per spleen.\ The corresponding level (logy) of circu-

lating antibody to SRBC in these mice was greater than 10. GVH ' ’

mice receiving Ehe same treatment produced a negligible number of -
direct and indirect PFC and had no detectable amount of circulat{ng
antibody to SRBC. Norm;I mice which received only one intradermal .
and an intravenous challengé with SRBC produced a large number‘?f
both’ direct (206.4 x 103) and indirect (298.3 x 163) PFC, and had a
log, hemagglutinin titre of greater than 10. GVH mice receiving -

r
the same 2 challenges with SRBC showed no significant humoral response

to SRBC. The PFC response; and antibody titre were all less than
1% of the vaiues obtained with normal mice.

Hypersensitivity reactions of the delayed type have been shown
t; be céll—meq}ateq in nature and capable of being transferred with
cells from a sensitized animal (2,5). The abi%ity to elicit delayed
hypersensitivity'in GVH ,aniamls sensitized with SRBC in Freund's

ad juvant suggests that GVH-immunosuppressed animals may be capable

of mounting cell-mediatéd responses to a wide range of xenogenic .. ——————=
antigens as well as to gllgggnie~traﬁgﬁfgﬁtation antigens. This pro-
e

!1dgs/£nrfﬁ€§ﬂgapport for our earlier findings sJégesting that the

,GVH reaction exerts a stronger immunosuppressive effect on humoral

’
)



Experimental
Group

- Normal

GVH

SRBC Alone

TABLE 13

PFC Response and Hemagglutinin Titre to SRBC in

VH Mice Showing Delayed Hypersensitivity to SRBC2.

Direct PFC Indirect PFC Antibody Titre

(x 103 + SE) (X 103 + SE) ¢ (logy)
4.2 11.1 11.7 14.4 15.3 44,1 83.1 85.8 >10 >10 >10
33,3 35.4 44.1 46.2 105.6 109.2 112.5 114.0 >10 >10 >10
50.4 52.2 66.9 141.3  208.5 219.3 235.5 302.1 -
X = 42.6 + 10.6- X = 136.3 + 24.7 X = >10
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 ' 0.0 0 0
0.0 0.0 0.6 2.1 _0.0 0.0 0.0 0.3 _ '
X =0.2+0.2 X = 0.0 + 0.0 , X=0+0

»
22.5 24.9 27.0 35.4 102.0 106.2 111.3 137.7 >10 >10
38.4 41.1 53.1 74.7 147.0 149.1 230.7 258.9 _ >10 >10
X = 39.6 + 6.1 X = 155.4 + 20.7 X = >10
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 6 o
0.0 0.0 0.6 0.6 _0.3 0.6 0.9 0.9 _ 1 3
X =0.2+0.1 X = 0.4+ 0.1 X = 1.0 + 0.7
> (Continued)..... . “
M e

TRl




'TABLE 13 Continued.

Experimental
Group

Normal

GVH

Normal

GVH

Sensitizing
Antigen

CFA Alone

Not previously

sensitized
T

-

Diregt PFC Indirect PFC
(X 10° + SE), (x 103 + SE)
161.4 168.9 188.7 196.5 186.6 202.5 216.9 229.2
216.9 265.5 267.0 278.4 234.0 239.4 257.4 336.0
X = 217.9 + 16.5 X = 237.8 + 16.0
0.0 0.0 0.0 0.0 0.0 0.3
_ 0.0 0.0 0.0 _ 0.3 0.6 0.6
X = 0.0 + 0.0 X=0.3+0.1
129.3 131.7 145.8 168.9 144.9 154.2 182.4 213.3
184.8 201.6 216.3 239.7 252.0 274.5 293.4 327.6
241.8 264.9 269.4 282.0 366.0 386.4 468.0 516.9
X = 206.4 + 15.7 X = 298.3 + 34.5
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.3 0.6 0.0 0.0 0.0 0.0
_ 0.9 1.2 4.2 _ 0.3 0.9 0.9 -
X =0.7+0.4 X=20.2+0.1

!
/

Antibody Titre

(1082)

" >10 >10
>10 >10

>10

>
i

=<1
il
o
+
o

>10>10 >10
>10>10 >10

>10 -~

=i
it

=<1
i
-
o
+
o
o

8 ice were sensitized with SRBC-CFA 12 days post GVH induction and were challenged with SRBC alone 9 days later.
Two days after challenge they received 5 X 108 SRBC IV, and hemagglutination and PFC assays were performed 4 days

later.

3
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immuné responses than on cell-mediated responses to the same antigens.

An interesting trend can be observed from the data presented for
/

normal mice in Tables 12 and 13. Normal animals sensitized with SRBC
in complete Freund's adjuvant produced a delayed‘hypersensitivity
response of 22.97%, a value comparable to that reported by Axelrad (1)
for?nice receiving the same treatment. When the;e mice were subse-
quently challenged with an intravenous injection of SRBC they exhibited
only a moderate PFC response to SRBC. The direct PFC response in ani-
mals experiencing delayed hypersensitivity was only 217 of the direct
response observed in normal controls receiving only intravenous SRBC.
The corresponding indirect PFC response in hypersensitive mice was
approximately 45% that in the controls.

These obseryations would suggest that an inverse relationship
exists between delayed hypersensitivity to SRBC and the PFC response
to SRBC. The stimulation of a delayed hyper;;nsitivity response to
SRBC appears to reduce the extent of a subsequent humoral response to
SﬁBC. ?Although this particular effect has not been reported, several
investigators (L4,8) haye‘described the convers; situation. The intra-
venous injection of SRBC prior to primary senaitization with SRBC in adju-
vant produced a significant PFé,response buéicaused a marked suppression
of delayed hypersensitivity. ?urthermofe, suppregsion of delayed
hypersensitivity was also brought about by the injection of "7S" anti-

SRBC ‘antibody prior to primary gensitization with SRBC in adjuvant,

Axelrad (1) initially interpreted this phenomenon as suggesting that the/

rd 4,
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developmeﬁt of delayed hypersensigivity and direct hemolytic PF; to
SRBC tnay be dependent upon a common immunocompetent precursor cell,
and that immunization with SRBC in the absence of ad juvant results
in the commitmén; of such a precursor cell to a pathway leading to
humoral immunelre;ponses. MoreArecently (4,8) the suppression of
delayed hyPeréensitivity By humoral activity to the same antigen
Vet et

has been explained in terms of anhéﬁt{gen—antibody interaction
which blocks the activated T cells which mediate delayed hyper-
sensitivity withoutlbloéking the helper cells.

Parish (9) has described a‘similar inverse relationship between
cell-mediated and humoral reactions to a number of antigens. His

work suggests that the type of reaction which develops is determined

by the form in which the antigen is presented to the antigen reactive
L4

.cells. The injection of SRBC normally stimulates a strong humoral

response. Chemical modification of SRBC by either periodate oxida-

tion or acetoacetylation resulted in preparations which stimulaged

lower antibody responses than did normal SRBC, but induced much higher

levels of delayed hypersen;itivity in the absence of Freund's adjuvant.
The present results suggest that in fiormal animals a delayed

hypersensitivity reaction to SRBC reduces the subsequent humoral response

to SRBC. 1In addition, GVH mice developed a significant delayed hyper-

sensivity response to SRBC but shawed no detectable humoral response to

SRBC. Thest findings could be easily explained if a common SRBC-sensitive

precursor cell were being diverted from a humoral type differentiation to



9
~

one for delayed hyﬁersensitivity. The Axelrad proposal therefore
remains an attractive hypothesis which may have bearing on the
differences in the extent of GVH induced immunosuppression in cell-

'

mediated and humoral immune responses.

“
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CHAPTER 5: RESULTS

Effect of the GVH Reaction on the Humoral Response

to a Thymic-Independent Antigen.

Introduction

Thus far, selectiye ssimﬁlation of cell-mediated 1mmune responses
in GVH immunosuppressed mice has been demonstrated using 2 éifferent
types of cell-mediated responses to 2 different antigens. It has been
shown that appropriate stimulation of GVH mice with specific H antigens
will cause a rapid rejection of subsequent skin allografts of the same
H specificity. Simildrly, appropriate st;mulation of GVH mice with SRBC
in Freund's adjuvant élicited a delayed hypersensitivity response to
SRBC. In both cases, however, it was not possible to detect any humoral
response to the same antigens which'stimulated the cell-mediated reac-
Fions in these mice. Both test systems, ho;ever, employed thymic-
‘ependent antigens which require T and B cell interaction in order to
stimulate a humoral immune response'(4). Although GVH mice could not be
s% mulated to mount a humoral response to these thymic-dependent antigens,
it was not known whether similar stimulation with thymic-independent .
antigens could elicit humoral responses which do not fequire T cell
cooperation.
. Several studies have shown that the GVH reaction suppresses the

response to thymib-indepgndenq as well as thymic-dependent antigens.

MBller (7) has shown that mice sensitized to E. coli endotoxin 7 days’ I

)
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after the initiation of a GVH reaction were unable t; mount a humoral
immune response to the endotoxin lipopolysaccharide (LPS). Following

a single injection with-LPS, GVH mice exhibited a PFC response to SRBC‘
coated with LPS which was only 1-57 that.seen in normal animals inject-
ed with LPS. TIn a similar study using the thymic-independent type 3
pneumococcal polysgccharide (S I11), Byfield et al. (3) reported that
GVH mice were totally unrespogsive to S I1I when it was administered

in a single dose 6 days after the parental cells.

In both of the previous studies antibody production was assaykd

in GVH mice soon after a single exposure td the thymic-independent

- “t

antigen. Since multiple exposures to H antigens were effective in
stimulating cell-mediated reactions in GVH immunosuppressed mice, it
appeared logical to ask whetber multiple challen%es with a thymic-
independent antigen could elicit a humoral response in such mice.
Experiments were therefore undertaken to determine if there were any
differences in the immunosuppressive effect exerted by the GVH reaction
on'antibody formation to thymic-dependent versus thymic-independent

antigens. . .

Effect of Multiple Challenges with LPS on Humoral Irmmune Response.

<

GVH reactions were induced in 3 groups of adult CAFy male mice
)
< g- .
by the intravétidhs injection of 75 x 106 A'stra}n lymphoid cells. One
group. of GVH mice and one group of normal mice %eceived intraperitoneal

injections of 7 x 108 SRBC on days 13, 20 and 27 post GVH induction.
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The second group of GVH mice and normal controls received similar

injections of SRBC coated with LPS (SRBC-LPS) and the third group

. received syngeneic CAF; RBC coated with LPS (F1-LPS) on hays 13, 20

|
and 27. Four days after each challenge with antigen, mice selected

’

at random from each group were bled by cardiac puncture and their

.spleens assayed for PFC to both SRBC and SRBC-LPS. Sera were stored

at ~-300 and within one week were assayed' for hemaéglutinating anti-

<
-

bodies to SRBC and SRBC-LPS. The experimental procedure is shown in o8
Figure 7. ' /

Table 14 illustrates the specificity of the anti-LPS response in
normal mice following sensitization with endotoxin. Mice sensitized

v

with syngeneic RBC coated with LPS produced a significant number of
PFC to LPS when assayed 4 days later. The FFC reqéonse to LPS in these
animals was virtually the same whether the target cells were F1-LPS or
SRBC -LPS Specificity of this response for LPS is shown by the fact
that no significant PFC were observed when the target was SRBC alone.
Sensitization with an intraperitoneal injection of 1 mg LPS in 0.5 ml
saline produced more than tw#ce as many PFC against SRBC-LPS as did
sensitization with Fl-LPS. The PFC response tgxgncoated SRBC in mice
sensitized with LPS alone was only 2% of the PFC response 'to SRBC-LPS.
This slight cross re;ctivity may résplt from a non-specifis mitogenic
effect by LPS at such high immunizing doses. Complete specificity can

be assured however, by sensitizing animals with LPS coated to syngeneic

cells. No naturally occurring antibodies to LPS could be detected in

0

E

4
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FIGURE 7: Design of Experimént to Determine the Effect on GVH Mice of ‘
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: TABLE 14

a

Specificity of the PFC Response in Normal

< Mice Sensitized with LPS2,

- - —
.72

Direct PFC per Spleen x 103

‘Sensitizing .
Antigen F}-LPS Targetb ' SRBC-LPS Target® SRBC Target .
&
Fq-LPSP 46.8 48.3 58.8 42.6  50.4 636 0.3 0.3 0.3
74.4 120.3 186.0 102.6 104.4 193.8 _ 0.6 0.6
T X =89.1 + 22.3 X =92.9 + 22.8 ) X=0.4+.0.1
< )
LPS g . 173.4 199.2 217.5 2.7 3.9 4.2
.. _Not Dene 245.4 249.6 319.2 4.5 4.8 5.7
- X = 234.0 + 20.6 X=4,34+0.4
SRBC . 0.0 0.0 243.0 257.7 267.0 58.5 489.0
T 0.0 0.0 269.1 357.3 414.9 619.2 717.0
-~ X=0.0+0.0 X = 301.5 + 28.0 X = 470.9 + 145
: - A ;
No . 0.0 0.0 . ‘6.0 0.0 0.3 0.6 0.0 04 0.0. Q.
Treatment ' 4o _ 0.0 0.0 1.2 1.2 1.5 2.1 0.0 0.0 0.0 3.
X =0.0+ 0.0 ‘ X=0.9+0.3 X=0.4+ 0.4
' P A 4
2 mean values -+ SE are-given igllowing individual values for each group:,
b CAF; RBC coated with LPS. PR
C SRBC coated with LPS. N
. . ) Co -
Q - -
N - - :

“ZS1

(&3



. unsensitized mice either by PFC assay or by‘:hemagglutination.
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i

The data represented in Table 15 and Figﬁre 8 11lustrate ihat the
direct PFC responses to both SRBC ‘and to LPS were almost compleéely
suppressed in GVH mice which were Sensitized only once with these antigens.
While n;rmal mice injected with SRBC produced a very large number of

PFC to SRBC, GVH animals receiving SRBC pfoduced Iess than 17 of the PFC
seén in the normal animals?‘:Suppression of the humoral response Fo LPS

was also evident in GVH animals. Normal mice receiviné one injection of
Fl-ﬁPS ;roduced a significant number of direct PF& to SRBC-LPS while
v

GVH mice treated in the same manner had a direct PFC response which was
less than 8% of the value seen in normal animals. The PFC response to
F1-LPS.was again confirmed to Be specific for LPS, s}nce Qormal and GVH
mice sensitized with Fy-LPS produced no PFC directed against SRBC .

These findings indiecate that immunosuppression in GVH animals ex-
tends to thymic-independent antigens and that a single challenge with
LPS cannot stimulate a hﬁmoral igmune response in such mice. These re-

sults are in”agreement with those reported by MBller (7) for GVH mice

v

receiving single injections of LPS. When GVH mice were challenged 3

times with LPS, however, a significant humoral response to LPS could be

‘getecéed. Table 16 shows that normal mice receiving 3 injectidns of

B 1
F31~LPS produced mean values of 47.7 x 103 direct and 54.7 x, 103 indirect

PFC to SRBC-LPS. The difference between the direct and indirect res-

W

ponses is not statispically significant. , Three treatments of GVH mice

t

with F{-LPS stimulated a significant direct response to SRBC-LPS of

{ - 7



Treatment

Normal

~

-

8 pean values + SE are
b SRBC coated with LPS.

TABLE 15

*

Direct PFC Response to SRBC and LPS in'Mice

Sensitized Once with the Antigen Indicated®.
¥

D}rect PFC per Spleen x 103

Sensitizfﬁg
Antigen - SRBC-LPS Targetb SRBC Target
SRBC .'“"nhh_ - S7411.9 449.1 252.3 318.6* 327.9
- 462.6 485.4 _ 332.7 351.6
TX.= 432.8 + 22.8 X = 316.6 + 17.0
"o 0.9 0.9 1.5 0.0 0.0 0.0
_ 1.5 6.9 _ 0.3 0.3
X=23+1.2 . ‘ X=0.1+0.1
F,-LPS® 36.3  39.0 39.9 0.0 0% 0.0
. 4 ) _ 57.6 60.9 _ 0.0 0.0
e " X=46.7+5.2 X=0.0+0.0
" 0.6 0.9 0.0 0.0
_ 3.0 9.9 _ 0.0 0.0
X=3.6+2.2 X =0.0 + 0.0

given following individual values for each group.

Ty

C CAF; RBC coated with LPS.

-~ -

"He1
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I " Il virect pkc

V] Indirect PFC ?

~

Percent of Normal Response

gAY
SRBC F-LPS SRBC ﬁ-LPS
1 Challenge 3 Challenges

Sensitizing Treatment

~

FIGURE 8: PFC Response to SRBC-LPS? Target in GVH
Mice Sensitized with SRBC or Fy-LPSP.
(Expressed as Per Cemt of Normal Response)€

49RBC coated with LPS.

DCAF| RBC coated with LPS. °
€% = Mean PFC for GVH X 100 w/
Mean PFC for Normals . &
2ty
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Treatment Sensitizing
Antigen
Normal “  SRBC
¢
le'l "
Normal Fp-LPS®
J
GVH "

up

) TABLE 16

PFC Response to SRBC and LPS in Mice Sensitized 3 Times

with the Antigens Indicated®.

b

SRBC_ - LPS" Target

Direct PFC X 103

3.3 10.2 12.3

12.9 2173 31.5
X =15.3 4 4.0
0.0 0.0 0.0 0.0
1.5 3.6 8.1
X=1.9 + 1.2
26.4 40.2 43.5
_ 49.2 79.2
X =47.7 + 8.7
N
3
8.7 10.5 10.8
17.4 21.6
X = 13.8 + 2.5

Indirect PFC X 103

-t
~ §7.0 103.1 117.0°
166.4 200.1 253.2

X

154.5 + 26.2

o O
w o

>
"
w
o
I+
1t
o«

18.0 19.5 24.3

_ 27.0 32.4

X=24.2+2.6
(Continued)

~

Direct PFC X 103

3.6 6.6 6.6 15.0 15.0
15s.3 15.6 26.1 38.7

X = 15.8 + 3.6

SRBC Alone Target
1

Indirect PFC X 103

49.5 62.4 68.7
132.6 147.0 160.5.

169.5 261.9 364.5
X = 157.4 + 34.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3
0.3 1.2 1.8 24 0.6 1.8 5.1 9.0
_ 4.8 6.3 _ 9.3 10.2
X=174% 0.7 X=3.6 + 1.4
0.3 0.3 1.2 0.3 0.3 1.2
_ 2.4 4.5 - 2.4 5.4
X=1.7+0.8 X=1.9+ 1.0
Not Done Not Done

.....

‘961
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TABLE 16 Continued.

Treatment Sensitizing
Antigen
Normal SRBC -LPSP
GVH "
GVH FI-LPS
+ srecd

Direct PFC X 103

27.6 40.5 50.1

Q‘)

SRBC - LPSP Target

54.9 60.0
_ 60.9 81.3
X = 53.6 + 6.4
0.0 0.6 0.6 2.1

4.8 7.2 9.9
_ 23.1 24.0
X = 8.0+ 3.1

5.4 6.0

_ 1.2 9.6
X=17.14+1.0

Indirect PFC X 103

111.6 61.0 213.0
225.9 266.1 340.5

- 455.7
X = 253.4 + 43.6
0.6 1.5 3.0 3.0
14.7 22.8 24.6
_  29.1 39.3
X =15.4 + 4.7
6.9 13.5
_ l6.2 18.0
X=13.7+2.4

%nean values + SE are given following individual values

bSRBC coated with LPS.
C€CAF; RBC coated with LPS.

dB, LPS injected separately from SRBC.

—

for each group.

Direct PFC X 103

SRBC Alone Target

Indirect PFC X 103

4.5 6.0 7.2 8.7 66.6 87.6 122.1
9.0 126 21.0 169.5 195.3

_ _230.1 429.6

X=9.9+2.1 X = 185.8 + 46.2

0.0 03 0.3 0.6 0.3 0.3 0.6 1.2
4.8 9.3 117 9.3 14.4 16.2

_ 12,3 12.6 — 17.4 17.7

X=58+1.9 X=86+2,7 °

1.2 3.6 4.8 6.3
_ 4.5 8.1 - 6.3 14.7
X=4.4+1.4 X=8.0+2.3

"LST
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. 13.8l x 103 and an indirect response of 24.2 x 103 PFC per spleen. The
specificity of this response was again shown by the fact that animals
= sensitizgd 3 times with F;-LPS produced no signi%icant PFC to SRBC.
Multiple challenge’s of GVH mice with SRBC-LPS also stimulated a PFC
response, although to a lesser degree. From these.data it is clear that
the humoral response to LPS is not completely suppressed in GVH mice.
Three challenges of GVH mice with Fy-LPS stimulated an indirect PFC
response which was 447 of that seen in normal mice receiving the same
.treatment (Figure 8). Multiple stimulation of GVH mice with“fRBC, howeveg,
produced only negligible indirect responses,to SRBC and SRBC-LPS which
were less than 27 of the responses in normal animals.

The Cunningham plaque assay permits the identification of specific
antiﬁody forming cells which provide an accurate indicatfon ‘of the ex-
tent of the humoral response to a given antigen. 1In cases of low res-
ponse, however, it is sometimes d&fficult to distingﬁish between a high
”backgrouhd" count in unsensitized animals and a low but éignificang
response in experimental‘animals. In such instances we have found the
Pvp hemagglutination assay to be antigen specific and to detect very
low levels of circulating antibody. When the plaque asgaynis used in
conjunction with the hemagglutiﬁation assay, the twd”provide a sensitive
and accurate assessment Sf the humoral response to a given antigen.

Tables 17, 18 and 19 illustrate the hemagglutinin titres to SRBC

and LPS in normal and GVH mice following each challenge with antigen.

The data are summarized in Figures 9 and 10. These data reinforce those
. \
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TABLE 17 ' .
§Hemagglutinat:ing Antibody Titre to SRBC and LPS in

Mice Sensitized Once with the Antigens Indicated?®.

0 B ~
Treatment Sensitizing Hemagglutinating Antibody Titre (1082)
Antigen SRBC-LPS Target " SRBC Target
Normal SRBC 0 4 6 7 7 6 6 7 9 9
. 8 8 8 8 9 10 10 11 11
X = 6.5+ 0.8 X = 8.78 + 0.7
GVH s " 0 00 00 0 00 0O
¢ _ 00 11 00 0 0
X =0.2+0.1 . X=0+0
Normal F;-LpsP 7 8 8 . 0 00
. ¥ _ 8 9 - 0 0
Q ’ X =8.0+0.3 X=0+ 0"
GVH " . 0 01 0 0 0
- _ 1 2 _ 00
X=0.8+0% X=0+0
| : ‘
Normal SRBC -LPS® 7 8 8 9 10 6 7 7 8 8
10 10 10 11 8 9 9 10
X =9.2 + 0.4 X = 8.0:+ 0.4
) - A b
GVH " 000 00 0 00 00
! 01 2 3 4 0 00 00
X =1.0+ 0.5 X =0+.0
L3 : A
GVH - F-Lpsd” 00 2 3 &4 0 00 0O
+ SRBC X =18 +0.8 X=0+0

4
‘:\

8mean values + SE are given following indiv"mual values for each group.

bcAF; RBC coated with LPS. ‘ -

CSRBC coated with LPS, N
dF1-LPS injected separately from SRBC.
L

&

4
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' HemagglutinatingﬂAntibody Titre to SRBC and LPS in:

Mice Sensitized Twice with the Antigens Indicated®.

< Treatment

Normal

Normal

GVH

~ Normal

GVH

Sensitizing
Antigen

SRBC

SRBC-LPS®

Hemagglutinating Antibody Titre (1082)

SRBC -LPS Target

7 9 10 10 10
11 11 12 12
=10.2 + 0.5

X=0+0

10 10 10
_ 10 11
X =10.2 + 0.2

6 7 .7
_ 8 .9
X=7.44+0.5

10 11 11 11
(12 12 137 13
=11.6 + 0.4

G

SRBC Target

8§ 10 10 11 11
1L, 12 13 13

=11.0 + 0.5
00 0 0 0
_ 0 0 0 0
X=04+0

0 0 o
_ 1 3
X=0.8+0.6
6o o 0.
o 0 0
X=04+0 _
’....
9 10 10 10
1111 ‘12
X=10.4+ 0.4
00 0 O &4,
_ 4 6 8 /
X=3.1+1.1 ‘
. ¢ /

00 000 0
X=0+0

-

2mean values + SE are given following ind:’.vidual values for each group.
‘ bCAF; RBC coated with LPS.

CSRBC cBated with LPS.

dF,-1PS injected separately from SRBC.
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‘Hemagglutin’ating Antibody Titre to SRBC and LPS in

Mice Sensitized 3 Times with the Antigens Indicated?.

Treatment Sensitizing
Antigen
Normal . SREC
« GVH N v oa [}}
N I
‘Normal . Fq-LpsP
1
GVH 1"
~
’ 5
¢ a
[ ‘
Nornial SRBC-LPS©
bl
GVl:I "
- ! »
\ ) ( ’
\ 1 ped
GVH -LPS

* 8nearr values + SE are given following individual values for each group.

bCAF) “RBC'coated with LPS.
CSRBC coated with LPS.

TABLE 19 161.
Hemagglutinating Antibody Titre (1082)
SRBE -LPS Target SRBC’ Target
10 10 11 11 11 11 11 11 12 12
_ 11 12 12 13 12 12 13 13 -
X =11.2 + 0.3 X=11.9 + 0.3
o 0 0 0 .0 0 0 o0
_ 3 4 5 . 0 00
X =17 +0.8 X =0.0 + 0.0
10 11 11 0 0 0
_ 11 12 12 _ 0 0
X = 11.2 + 0.3 X=0+0
7 8§ 10 0 0 0
10 11 _ 0 o
=9.2 +0.7 X=0+0 -
160 10 11 12 9 3 10 10
_ .12 713 13 _ 11 12 12
X = 11.6 + 0.5 X =10.4 + 0.5
8 8 8 9 9 0 0 0 01
9 10 11 11 1 3 4 6
=9.2 + 0.4 X =1.67 + 0.7
-~ 9 10 10 1V 0 0 0 O
X =,10.0 + 0.4 ° X=0+0

'

1

.
L

F1-LPS inject:ed separately from SRBC

»

—ie
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® , |
obtained using tﬁe PFC assay and brovide a more sensitive assessment
of the humoral response to both SRBC and LPS. Normal mice had high
gtitres of hemagglutinins to SRBC and SRBC-LPS after a single injection
with SRBC. Tgese titres’ increased following the second injectﬂon with

i SRBC, and after the third injection the hemagglutinin titre to SRBC

k was 11.9 while the titre to SRBC-LPS was 11.2.' A single injection with
‘SRBC-LPS producea a hemagglutinin titre to SRBC-LPS which was larger
than the titre produced by a single injection with SREC. Following
the second and third injections with SRBC-LPS éhe hemagglutinin titres ‘

- to SRBC-LPS were virtually_.thé same as in ngrmal animals sensitized
to SRBC. Sensitization of normal mice with F1-LPS produced an anti-
body titre against LPS of 8.0 following thexfirst injection. Follow-
ing the second and third injections with F;-LPS the anti-LPS titres
rose to 10.2 and 11.2 respective}y. The specificity of this antibody
was shown by the fact that serum froq mice sengitized with Fy-LPS did
" not agglutinate SRBC.

. GVH mice sensitized with SRBC prodaced no significant a;ount of
angibody‘capablé:bf ggglutinattng either SRBC or SRBC-LPS. After 3
challenges with SRBC éhe levels of hemagglutinating antibodies were -
}gss than 0.5% of the levels préduced in normal animals’receiving the

! same treatmeht. GVH mice rece?ving a single injection of'%l—;PS pro-

\ duced no significant amount of antibody to LPS. Two in}éétions with

Flaﬁbs, however, stimulated the broduction of an anti-LPS titre of 9.2.

Although GVH mice sensgitized with SRBC produced no significant amount

«

' . \ N
’ i
[N . ! * -
-
) .
¥



cf:allenges of GVH mice with LPS, however, stimulated a signifvt

165.

-y

of antibody capable of agglutinating SRBC-LPS, those mice challenged -

with SRBC-LPé had agglutination tftres to SRBC-LPS comparable to those

— ) &

for GVH animals receiving F{-LPS. , ’

The data obtaimed from hemagglutination and plaque assays complement

[

each other and point to several conclusions which may be drawn regarding:

v

the reaction of GVH mice to multiple stimulation with the thymic-

ind'ependent antigen, LPS. The present findings support those,of MBller

(7) indicating that CAF) GVH mice are unable to mount a humoral immune'

response to LPS after a single injectiom with the endgto;g_in.’Multiple

P

PFC response and thf production of a large amount of antibody directed

2

against LPS. -

K

The fact that no significant humoral response to LPS could be de-

" tected in GVH mice following a single injection with endotoxin suggests

that some general impairment of B cel! function exists in animals ex-
-*‘-; N
periencirfg GVH reactions. Unlike the humoral response to SRBC, this im-

L]
pairment could be overcome by a second injection of endotoxin, resulting

z

in the producti:bn of specific antibody against LPS. ° Although the present

ﬂ study does not show clearly how the humoral response to LBES is stimulated,

several suggestions may be made . -

In addition to acting as a thymus-independent antigen, LPS has been

P

shown to have mitogenic properties capable of activating B cells\ directly

-

into increased DNA synthesis (1). Some authors have suggested that the
thymus-itdependent character of LPS derives from its ability to act as a .

B cell mitogen, but there is a fundamental differenc’elbetween these 2 pro-

2
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perties ‘exhibited by LPS The ability to stimulate antibody production,

without cooperation from T cells is seen bdth in vivo and in Xiégg_when\sﬁd

low concentrations 6f LPS arq used (2,5,6). The action is highly \“ e
spe;ific prbduciné antibqu only to LPS. On the other hand, the mito-

geneic property has Been observed in iiggg when large amounts of LPS

are added to the culture. This action is non-specific and stimulates

clones of cells prdducing antibodies to a wide range:of antigens. ) »

In the present experiments, multiple challenges of GVH mice with

’

&

LPS resulted in the production of antibody‘specific for LPS. Sera “ s
», B . .

‘ from stimulated animals haj high agglutinin titres to SRBC-LPS but failed
R | .
“» to agglutinate SRBC. In view-'of the specificity of antibody production,

it wou}d appear that stimu%ation of a humoral response to LPS in GVH
mice was achieved because of jts thymic-independent natire rather than
its mitogenic pétential. On the other hand, &ultiple stimulation witﬂ

thymus-dependent antigens failed to elicit humoral immune responses in
GVH mice. These facts wohld imply that suppression of the humoral °

s

response to thymus-dependent antigens in GVH animals is at least in part

caused by an impairment of the tooperation necessary between T and B

b *

cells'for‘antibody production. Further speculation as to the cause of

this suppression will be reserved for a general discussion tater.

1

In one ex%eriment (TaQLe iO),Lan interesting effect was observed in

A

. GVH animals receiving two-<imjections of SRBC-LPS. !hé four animals in
- ) ! i o

‘ this grouﬁzproduced‘hn antibody titre of 6.3 + 0 6 against SRBC-LPS. ¢

In addition, thdse animals alse produced a titre of 5.5 + 1.0 against

! .

A . Ky ‘ -
’ ( - \ . h

' ”c\ﬂj



. ~ - TABLE 20 , | ‘

Hemagglutinating Antibody Titre to SRBC in'One

Experiment in which GVH Mice,Were Sensitized Twice with %RBC—LPSab.
4+ ¢ )

Iy

Treatnient Sensitizing Hemagglutinating Antibody Titre (l082)
Antigen SRBC-LPS Target SRBC. Target
Normal SRBC 7 9 10 10 8 10 10 11
> X =9.0 + 0.7 . X =9.8+0.6
\
GVH' L 0,0, 0 0 0 0 0 O 2
' TN X=0+0 - X=0+0 /
I : ’ ° L‘

© Normal SRBC -LPSC 11 12 12 13
X = 12.0 + 0.4

1
;]
(9]
+
o
o

°%

GVH . Fq-Lpgd
+ SRBC .

- : . ' L .
- . \ ~ / .

w

fmean values + SE are given following indiyidual values for each group.
ubdat& is from one of two experiments reprgsented in Table 18.

[
CSRBC coafed with LPS. - -
T dCAF1 RBC coated with LPS and injected ‘separately from SRBC.
v, &
~ A - ' R
c ‘ A ] b
. c o,
S B * oo, .
3 ""v ‘
- s b ©
S, <,
® ! % —
Y -~ ! ™~ ot '
q . ° ' N . ' \
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SRBC, altﬁopgh no such antibody could be detected in GVH mice receiving
SRBC alone. If valid. these results would suggest that LPS coated to
SRBC has the ability in GVH pice to stimulatg a humoral immune response
to the thymic—dependent antigens on SRBC. A somewhat related efchgri

of LPS was reported by MBller eé al. (8) in mice which had begn thymecto-
mized, irradiated and repopulated with syngeneic bone marrow. Such

mice could not mount a PFC response to SRBC when injected wikh SRBC, but

. produced an” anti-SRBC response that was almost normal when they were in-
!

\

jected with SRBC-LPS. 1t was postuapted that this effect was caused by >

~ 3

LPS substituting for T cells in the antibody response to SRBC by virtue

of its mitogenic effect on B cells MBller et al found that LPS

. ¥

must be bound to the SRBC to cause this effect, since injecting LPS and

)
SRBC separately failed to restore the response to SRBC ~Likewise, in

-

the present experiment, no anti-SRBC antibody could be detected—in GVH

»

mice given separate injections of SRBC and LPS.

N

Unfortunately, LPS stimulated a humoral response by GVH mice to
SRBC in only one experiment. Several attempts to reproduce this effect

were unsuccessful. It is possible, however, that the interval at which

~

the SRBC-LPS is injected into GVH mice may be critical for restoration of .

the humoral response to SRBC. Britton and MBller (2) have observed a .
\ '

/cyclical pattern in both the PFC response and antibody titre to LPS in

normal mice sensitized once to the endotoxin. Their findings sﬁggested .
; ' &

that this pattern resulted from a neutralization of LPS by newly formed

v -

antibody. As antibody was formed against LPS} it was believed to bind to



>

antigenic sites on the LPS. As more and more of the circulating LPS

became bound, its immunogenicity was lost and the humoral response to

hd '

it declined. Since it was shown that LPS was not readily metabglized

a

while the antibody had a limited half life, Britton and MBllef proposed’

'
Y

that the coatigg_antibody was eventually lost and the antigenic deter-

minants on LPS were once again exposed. This resultr in a reappearance 3

-}
of the humoral response to LPS and the cyclical pattern of antibody

o

formation. , -
1

If antibody formation against LPS occurs by a mechanism such as
thatyproposed by Britton and MBller, the timing of a second injection

] A )

with LPS would be a critical factor #h the subs?quent response to LPS.

‘,’—’TTf\Epc'second injection were given at a time when.the anti-LPS antibody

v

were“high, the newly injected LPS would. be rapidly, neutralized.and no

subsequent humoral response would be detected. A sinilar mechanism

might explain why it is sometimes possible to stimulate aqtibody formation
to SRBC in GVH mice given multiple injections with SRBC-LPS. If

SRBC-LPS are injected when the anti-LPS titre is 10w;7enough mitogenic
sites on the LPS may remain exposed to assi;f in a B ;ell response to
SRBC. On the other hand, if SRBC-LPS are injected wgen there is%a tigh -
titre of antibody against LPS, these mitog®;nic siggé may become tovered
and unable to assist in the production of antibody against SRBC.

* - ”?v\.

. .\\‘ {
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-y CHAPTER 6: DISCUSSION

i o I

Introduction
The results reported here demonstrate that the GVH reaction
sugpresges botE cell-mediatd&d and huméral immune responses. The ex-
tent of immunosuppression was shown to depend upon the strength of the

ongoing GVH reaction and its duration 4t the time of sensitization’
.o . ’ ! N {
. Adrenalectomy and €9é@ration prior to induction of the GVH reaction . -~
AN . J .
did not alter the immunological dnresponsiveness of the F; host,
+ , o . ,
suggesting that immunosuppression results from immunological factors
? A}

rather than from a general stress response.

Appropriate stimulation of GVH mice was capable of eliciting two

v ¢

Mifferent types of cell-mediated immune reactions to two different

4 ' types of antigen. The humoral immune response to the same antigens

N
remained suPpressed however, suggesging thgt'GVH induced suppression
of the hPmoral imﬁune response:is mbr§ intense ;haq the suppression of
| . . \thg éell-mediated ;esponsé‘ 'Multiplg chaile;ges of CAF; GVH mice with 0"
T ’ . B6 allotramsplantation antigens caused a rapid rejecdtion:of subsequ;nﬂ L g

)
B6 skin grafts but failed to stimulate tﬂe production of any detectable

i

. antibodies to B6 tissue. }Sensitization of GVH mice with SRBC in Freund's
1 adjuvant stimulated a delayed hypersensitiq&fy ;eéponse to SRBC al-
though no humorad response to SRBC could be detected, even after 3

o challenges with SRBC. A

.

% It was demonstrated that the humoral response to the thymic-_

.3

. s
independent antigen, LPS, was also suppressed. It was pohsible,/ﬁbﬁever, .

[ . T

o kY a
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to activate a humor:¥ response to LPS using multipie’challenges Qith«\

@

the antigen, a finding similar "to that observed for cell-mediated re-

actions to thymic-dependent antigens.

A}

v ' Interpretation of individual observations has already been made

following each section of observations. Collectively, these results
¥

_can be used to further our understanding of the mechanism of GVH in-

Sy

duced immunosuppression asjwell as the normal regulation of cell-

®
3

medjated and humoral immunity. Baged on other experiments per formed
fn this laboratory, a model will first be presented to explain the

( immunosuppressive effect of the GVH reaction on humoral immune responses.

]
An analysis of the present findingswill be made in terms of the pro-
) ’ .

posed model for humoral iﬁmunosuppregkiﬁn. YA néw model will then be .
1
propoged as a possible mechanism for the regulation of both humoral

- and cell-mediated immune responses in normal animals, and an attempt

will be made to explain the immunosuppressive effects‘if the GVH regcﬁion’

using this model. Finall&, a clinical application will be suggested

(//”t for the present experiments. . f ' .
A » N 3 ¢

4 * # ’ . - . ’
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¥ Proposed mechanism for GVH,induced immunosuppréssion. v :

Early investigations (8,9,32,47,80) suggested that the GVH reaction -
L] * 4 . L.
may bring about immunosuppression by an immunotogi'cal attack of coﬁ%gtent

(3

o

donor cells on the lymphoid cells of the recipient. This would cause

r

)

>

a destruction of host lymp‘oid tissue leading to a depletion er.in-

.

aétivation of cellg,capaﬁip'of mounting an immune!response. Lawrence
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and Simonsen (59) then accounted for GVH induced immunosuppression by
proposing that immunologically competent cells were pluripotent and
that all cells became activated to host ant{gens during a GVH reaction,
leaving no cells to react to other antigens-when they were introduced.

This viéw was discredited somewhat later when Lapp and M8ller (56) »

found that.adoptive transfer of normal parental or F] lymphoid cells

N
<,

into an F,; GVHyanimal did not srestore immunocompetence. Their results
J .

suggested that] the environment in the hybrid hdst is responsible fq}

immunosuppression, but they did not indicate whether suppression re-

sulted from the production of an inhibitory factor or from competition

for a 1{mited amount of some factor which is essential for immune

responsiveness. M .

&> -
More recently the in vitro work of SﬁBberg (81,82) and the in vivo

o

! .
stuJ?es of MHller (63) suggést that an inhibifory factor may be produced
* Y .
by cells undergoing'a GVH réaction. Wheh spleen cells from 7 day GVH

mice were ctultured with SRBC or LPS, the pri&ary antiquy responses

against both SRBC and LPS were markedly suppréssed. Furthermore,

’ 7 a

when §Blpen cells fron;GVH mice were added to cultures of normal s en

i o

cell's the PFC response of the normal cells to SRBC was markedly inhibited. ;

The inhibitory effect of the GVH cells on normal cells was not serjsitive

r -

to treatment with anti-theta serum and complement, but was completely

abglished when adherent, cells were removed from the GVH spleens with ‘ -\\\u;

_iron pgwder. This would suggest 'that macrophages are digectly res-

ponsible for suppression. Macrophages are known to be activated during -

‘ 4
, , o
. o - . o ' / )
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a GVH reaction (9) and T cells have been shown to proviéé the major

stimulation for macyophage activation (30,31,61:92). It is possible,
theérefore, that T cells stimulated by the foreigniH antigens during a 4
: . N
) . ¥ /
GVH reaction activate macrophages which in turn are responsible for the

inhibitory effect of the GVH reaction on the immune response.

Evidence obtained in this laboratory suggests that GVH induced

immunosuppression may be caused bo{h by the-.production of substances

which may have an inhibitory effect,. and by competition for limited

amounts of essential factors. This evidence ipdicates that immuno-

suppression resultq[ﬁ;t least in part, from some defect in the activity
of the thymus dsrf@gd cgll population (42,55,58). The administration

» By ~
of thymic tissue or cell free-extrad to GVH immunosuppressed mice was

;ble to restore immunocompetence to 557% of the contrsl value (55,58).

Suppression was not Mused by a lack of T cells per se, since &reat-
N | ! -
. . &
ment of GVH spleen, thymus, and lymph node cells with an Fnti—theta

'serum revealed very little change in T cell number. ®Since immuno-
) '
competence could be partiglly restored using a cell-free thymic extract,
» ‘ - 9
it appeéred that the GVH reaction functionally depletes both host and

i
] -

N ’
-
donor T cekis of a thymic humoral mediator that 1is essential’for immuno-~

.

competence.

The hy%o%&ssis just described has also beemy supported by numerous
in vitro restor#ﬁioﬁ experimepts performed in this laboratory (26,57,73).
T T .

Spleen cells were cultured in a modified Marbrook culture vessel con- .
' )

>
sisting of two culture chambers, a reacting chamber and a.restoring
~ ’ ~ .

¥

. \ , i
/ -, L 4
S |
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n normal spleen

gbamber, separated by a cell-impermeable membrane.
: cells were cultured with SRBC in the reacting chamber a si

. response to SRBC develpped within 4 days.. When spleen cells from GVH
animals werge cultured with SRBC in the same manner, there was no PFC
" t

response to SRBC. The PFC response of GVH spleen cells could be sig-
nificantly restored, however, by adding normal thymus, spleen pr lymph

node cells to the restoring chamber. Restoration was equally ‘as effective

e when the'thymus, spleen and lymph node cells were from F] mice or from
either parental strain. A comparable restgLation was also obtaiped when
.supernatants from cultures of Fy thymus and lymph, node cells were
added to the inner chamber. Restoratign was even obtained when thymus

and lymph node cells from GVH animals were added to the inner chamber.
. s
In all cases, treatment of the 'restoring' cells with anti-theta serum

) abrgﬁatgd'their ability to restore the PFC respé¢nse of GVH‘séleen cells.
- 'l’; N ‘ . . \
. These resUlts«suggest'{hat GVH induced immunosuppression is caused by
<Y .
! LY f -
a deficiency of a non-specific T cell fagtor which is mOft likely .
- gssentiai for some critical ewent im the activdtion of B cells.
’ p 3 ’ !
The findings of a T Lell defitiéncy during GVH jmmunosuppression are
\A - \/ "y, ) '
not inconsistent with othe(\reports (65,81,82) of inhihitor¥ substanchks, , °
LY - * . -

operating during GVH reactions. As mentioned earliet, reports of in- —~———
‘ hibitory substanc;s eenter around the aBilfty of macrbpﬁages from GVH

splgens to inhibit the PFC response of/normalaspleen celis. It has been .‘.

demonstrated recgnBty by us‘?hat theqproauckioépof,an essential T cellw |

mediator is regulated. by macrophages and that suppression &f the humotal

v ' o '
immune response in GVH animals appears to be %aused by the feedback of

, - B r ’ 14

o .
. . s * i e v .
. ) . l } f
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a macrophage factor on the T cells (28,57). The :in vitro PFC response
7

of GVH spleen cells to SRBC was restored when thymus or lymph node cells

from GVH mice were cultured in the restoring chamber of the modified

Marbrook vessel and separated from the reacting cells by a cell-

impermeable membrane. Restoration was not obtained when spleen cells

from GVH mice were added to the restoring chamber. The removal of adherent
o

cells f{om the GVH spleen cells iw the restoring chamber, however, resulted

in almost complete restoration of the PFC response of the GVH spleen

s o

cells in the reacting chambef. Furthermore, if the nonadherent GVH
spleen cells used to restore the PFC response'ﬁere treated with anti-
theta serum before being pLaceq in. the inner chamber, the restorative
effect was completely lost. It was concluded, therefore, that

suppression of the humoral immune response in GVH animals results from

v

the lack of a‘soluble factor produced by T cells, ahAd that the release

Y

of this factdr appears to be controlled by macrophages. ‘ ’ . N

Care must be taken to avold equatiqg adherent cells with macro-

phages. ' Identification of adherent cells as mac;ophages can be con-

’
-~

firmed by examinatio ological and-~ phagocytlc Qharaceevistics
The ability of ad‘grent cells to phag8cytose iron particles correlates
well with the ébility to adhere to glass’an& plastic (28,57), suggesting F

that the large Wﬁjority of adherent cells-are macrophages. Nevertheless,

-—

recent evidence suggests that B lymphocytes and even some T lymphocytes

m§§ also have adherent characteristics (33). Althpugh it is most likely °

that .effects produced by purified adhereht cells result from macrophage

8
- . , ?
activity, one cannot rule out the possibility that %ugh effects results

» . . -7 -, r 4
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"from the presence of small numbers of B or even T cells. .

\

1t has been demonstrated that the proportion bf macrophages in the

spleens of mice experiencing<€ GVH reaction gradually increases as the

GVﬁ reaction progresses (27,28). The proportion of macrophages in the
spleens of B6AF, mice increased within 2 gays after receiving A strain
lymphoid cells, and by day‘10 post GVH induction the number of macro-
phages was 8 to 10 times greater than normal. 1In the present experiments
the gradual onset of immunosuppression in GVH"mice correlates with the
gradual increase in the splenic macrophage population and lends support

to the belief that GVH induced immunosuppression results in part from

r
Y )

an increase in macrophage activit& during the GVH reaction.
s - ,
Recent studées by Elie-and Lapp (27,28) have shown that the role

of adherent cells in humoral immune responses is not limited to in-
hibition, but rather is one of general regulatigé. The Femoval of id-
herent cells from normal spleen cells resulted in t?eir inability to de-
vélop a‘pri;ar %FC response to SRBC in vitro. The&PFC response could

‘be restored, however, by the additidn of an appropriate numbgr of ad-
herent cells from\the spleens of GVH mice. 1If an excessive number of
o ,

either GVH adherent cells or normal adherent cells were added té the non-
(o)

* adherent ‘cells -from normal spleens, the PFC response was suppressed.

)

!

These results strongly suggest that suppression is caused by either an
Fd

’

active suppression of T cells by adherent cells or by an inactivation of
a T cell produgt by large numbers of adhergnt cells.

The present experiments demonstrate that B cells are also suppressed

o

during a GVH reaction, since GVH mice were unable to mount a humoral re-
t \ - “ A}
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sponse to a single injection of LPS. The suppression of B cells is
13
s % Al l}
not as intense, however, as the suppression of T cells since multiple
challenges of GVH mice with LPS overcame the B cell defect and stimu-

o

/ .
lated a humoral response to LPS while similar multiple challenges with

SRBC could not stimulate a humoral responselto SRBC.
\ ¥

¥
\ N

From the results presentéd here, a model has been proposed to
explain narmal control of the humoral immune résponge as well as GVH-

v induced immunosuppression (26). Tt is generally agreed that 3 types
O » —
of cells (T cells: B cells,_and adherent or A cells) are involved in
’ : Fad * '-RJ ’
the fiormal immune response. It is believed that a B cell requires at

!1éast’§wo signals for activation.into an expanded pool of antibody

forming cells. One signal 'is provided by adntigen which triggers anti-

body producaéon, and the second is a mitogenic signal which triggers

B cgll proliferation. T cell faqtors probably fungtion alone or in

’

concert with othetr non-gpecific Eactorg'td trigger mitogenesis. Recent
$

evidence suggests that an A cell product as well as a T cell factor
) e ¢ \ B

3

which has been proeessed by A cells may be*required‘fér activation of
y : 9 ‘

B cells (46,75,91). The model for humqral_immune/}esponses proposes

K

X . .
therefore that T cell: factor (TF) interacts with A cell factor (AF) t¢& .

»

“a L4

N form a complex (T-A). The T cell factor is then-able to bind to B cells

° N ’

via the AF portion of the T-A cgmplex. Binding of the T-A complex to
a mitogenic site on_the.B cell, as well as the binding of the épecific

. . ) , 1
antigen, is necessary for B cell activation. If the uncomplexed AF
- N ST j !

were) pregent in excess it could have a dual suppge§éive effect by feed-

<&

. kdg back to turn off T cells as well as by paralyzing B cells. }

.
, z R v
- .
LY 3 1
. .
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" to the B cell and block its'mitogenic site. The high concentration of

.'_ da

- * .
: -
bl
hd

Q .
From the above model it is proposed that the early immunosuppression

observed in/ GVH animals results from the.depletion of T cell factor by .

the intense reaction of cells reéponding to the GVH reaction. As the

GVH reaction procedes and the A cell population increases, an increase

-

in the amount of A cell factor would cause the uncomplexed AF to bind

3

¢ 1
AF would also complex with any TF as soon as it was released, but bind-

! o

mitogenic djte. This would lead to the long=lasting immunosuppréégion

. \ . ‘ 5 G
observed during GVH reactioms. This model would account.for the findings

2 .

-

that the addition of T cell factor restores the PFC response of GVH

animals~and\the removal-of adherent cells from GVH spleens blocks the

. ) .
immunosuppressive effect of the GVH spleen cells on normal spleen cells.

'The response of GVH mice to multiple injections with LPS can be
N . - .
explained in terms of the proposed model for immunosuppression. sWhereas
3 @& N [4
thymic-dependent antigens appear to bind to B cells only at specific

3 ’ -~
angigenic sites, LPS is believed to bind both at specific antigenic
N A \ / "
sites and at non-specific mitogenic sites (22,23). The binding of LPS
K v .

and stimalation at the mjtogqnic site is believed to account for its ) 4
-

)
thymic-independegg_nature as'%ell as its mitggenic effecg§. A single in-

r

jgction of Fy-LPS would present the GVH host with a small amouné,of

antigen . which would be expected to bind to antigenic sifes on spegific

L]

B cells. At %hese~1ow i;ﬁcentrations, LPS would be uflable to bind to

'ﬁitbgenic sites since thése sites would be already bound with the ex-

v 2 N

»
. b -
.
f

v v
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cess adherent cell factor produced during the GVH reaction. As a
result of this competitive inhibition, a humoral response would not be
/ RN . 4
mounted against LPS. Since LPS has been shown tg malntain its immuno-

genicity jin vivo for unusuqlly long periods of time (12,13), subsequent

P .
injections of LPS would result in the atcumulation of a high concen- \\\\\\\\\\\

b

tration of LPS. At these higher concentrations, LPS would effectively .

-

rot . goﬁbepe wiqé A cell factor and displace it from the mitogenic sites,
A Y
thus stimulating antibody formation. A sbecific anti-1PS iresponse would

»

be produced, since the concentration\bf’LPS wolldestill remain considerably
below the levels n?kesséry for the non-specifie mitogénip effect (23).
- Although repeated stimulation with LPS elicited a humoral respoﬂse

to LPS§ multiple challenges with SRBC failed éo stimulate a humonalkre- -
- 1]

oy

sponse to the thymic—dependeﬁt SRBC. This suggests that, in addition -
to the B cell defect, there is a functional defect in T cell activity‘

-

A v «
which we believe is caused by A cell factor tugning off the release pf; -
T cell factor. The possibility that the loss of T cell factor results

from over utilization l;y the cells engaged in the GVH reaction would also fit..

within the proposéd model.

. b))
The model which has been presented to account for GVH induc;?
ned

.

immunosuppression’ is supported by several lines of evidence obta
‘in other laboratories. Evidence for macrophage-T cell interaction in , .

the regulation oﬁ'immung responses during a GVH reaction has been ob-

-

tained by Scott (78). GVH reactions were initiated in CBA x C57 mice
L]

by the injectién of €57 lymphoid cells. " The spleené-fnnm these GVH ani-

mals were examined 8 days later and found to be completely unresponsive /

@ - * -
. - / o
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F? phytohemagglutinin (PHA). Removal of glass 5Qherenq ?ells from the ‘

GVH spleens resulted in the recovery of sign%ficah‘\PHA r;sponsiveness. 3B
The addition of 8 day’GVH spleen cells to normal F1‘sPleen cells caused
an 86% inhibition of C14—thymidine inco;pora;ion by the normal 1ymph$—r
cytes following stimulation with PHA. These findings would suéggst that
GVH—a;tivated\macroph&ges may contribute to.immunosuppression by a
direct inhibition of normal T cell activities. r '
Studies using the mixed lymphocyte reaction (149) in vitro graft
reactions , and the in vitro response to SRBC (45,46) have also
demonstrated a b{pha§It\eﬁfecL exerted by macrophages upon the immune
reéponse. Although glass adhe?ent cefls are necessary for these,reactions,
they have been shown to be inhibitory when ﬁresent in excess. For

example, restoring macrophages to glass absorbed spleen cells iﬁ a

«

ratio of 1 macropha@e for every 50 spleen cells producdd a maximum PFC .

" response when these cells were cultured with SRBC. Increasing the

ratio to 1 macrophage for very 5 spleen cells caused a marked suppression
of the subsequent PFC response to SRBC (45). Subsequent studies (46)

showed that this effect could be obtained by using high and low con-

s 1

centrations of a soluble factor produced by peritoneal exudate cells
which are mostly macrophages. 1If a factor produced by ‘'activated macro-
phages does have such a biphasic effect on the immune response, it
would explain the seemingly contradictory findings of increased immune
responsiveness and immunosuppression observed during GVH‘and MLC re-

actions. s o

)
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Interpretation of the present experiments in terms of the proposed

model for GVH induced suppression of the humoral immune response. - .

The model which has been presented to explain GVH induced’

immunosuppression is based primarlly on in vivo and in vitro ex-

v s

periments restoring the PFC response of GVH spleen cells to SRBQ. The‘
PFC response is a humoral immune response requiring a helper function
which is tho:ght to be brought about by soluble factors produced by
specific T cells. It is not known, however, whether a thymic media-
tor’also g}éys a helper role in cell-mediated immggﬁ responses.
Care must _therefore be taggn when applying this model to the suppression - ‘L
of cell-mediated responses. The fact that cell-mediated reactions
can be/selectively stimulated in GVH animals illustrates a basic
difference between the two types of immune responses, The present
experiments, therefore, serve to provide additional information re-
garding the factors causing GVH induced suppression of ce11~mediat€d

. \
immune responses. Homograft rejection and hypersensitivity reactions
of the delayed type have been shown to be cell—mediated'in n;ture and
closely related to one another (7,11,17,54 90). If one considers the
normal immune reflex aré, there are several points at which cell-~
mediatled reactions could be blocked auring a GVH reaction. The afferent
limb requires a functional antigen reactive ceil to specifically re-
cognize antigen. T cells have been shown to be essential in cell-
mediated immune responses and most é;idence indicates that the antigenl

reactive cell is a T cell in both allograft rejection (4,51) and de-

layed hypersensitivity reactions (20,21). The macrqﬁ%age also appears -

\
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tQ play a key role in these reactions by processing antigep and pyesenting
it in a stimulatory form to T cells (7,77,90). In fact, the induction
of delayed hypersensitivity or antibody preduction to a given antig;;‘
appears to be at 1éast partly determined by the size of the antigen
molecule (48,74,84). The effector cell has been shown to be thymus de-
pendent- (34) although it has not been established whether it is thymus
derived. Studies by LohmanA-Matthes and Fischer (61) and by Golstein
et,al. (41) suggest that T cells are capable of recognizing foreign
tissue antigens and killing the cells bearing these antigens without
cooperation from other cell populations. Other studies (30,31,%1,67,
90) suggest that, following the contact of specific T cells with antigen,
v .
substances are released which confer upon macrophages the ability to
destroy specific target cells. Still éfher studies (34,43) shggestﬂ
that B cells may serve as effector félls in cell-mediated reactions.
During a GVH reection, it is highly likely that the attack upon

~

the host's immune system results:in some functional damage at each point
in the immune reflex. However, the fact that B6~BM and k}dney cells
stimulated rapid allograft rejection when administered to animals under-
going a GVH reaction indicates that antigen-reactive cells (most likely
T cells)upersist in the immunosuppressed aniqgl (86,87,88): Macro-
phages are aiso known to be -present. Similarly, the stimulation of a
specific humgral response with multiple challenges 0f the thymic-inde-

pendent LPS indicates that significant numbers of B cells survive as well.

It thus would appear that GVH animals possess significant numbers of the



»

basic cell types necessary to mount both cell-mediated and humoral
immune responses. Although it cannot be definitely stated whether
these cells are of parental or F, origin‘%:ost evidence would suggest

that they are host cells. 1In the later sMages of GVH reactions of

»

moderate strength, such as i? the present study, donor cells have

been shown to account for only about 1% of the proliferating cells

in the host spleen (35,36,93). It would therefore appear that some

I3

form of active suppression is operating for both cell-mediated and
humoral immunity, and this effect appears to be mediated by a

suppression of T cell function.

Y
¢

It islsignificant that stimulation with the third party B6 antigen

-

after the induction of the GVH reaction was able to activate enough
cells to effect a rapid rejection of subsequent B6 skin grafts. 1In
experiments by Lapp and MUller (56) F, mice were sensitized to a

$ t

third-party skin 30 days before induc{né a GVH reaction with parental
/

strain lymphoid cells. When these GVH animals were then grafted with
skin allografts from the same third-party strain, the grafts survived

sfgnifiééhtly longer: than identical grafts placed on nonsensitized

.

5

GVH animals. Tﬁe difference between the results of Lapp and M8ller (56)

and the pfesent~findings might possibly be attributable to the involve-

¥

ment of physiologicdlly different cell types in -sensitized and non-

sensitized- animals tlfat react to an antigenic challenge. Exposure of

a normal animal”to foreign histocompatibility antigens results in the
pro%uction of memory cells which differentiate from the cell line which
) : j

T
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reacted to the antigen. These memory cells may well be more'suscepgible'
- a '
to the immunosuppressive effects of the GVH reaction than antigen-

reactive cells from a non-sensitized animal. 1In the present experiments

the GVH reaction was initiated without prior sensitization to histo- - e

combatibility antigens. If the non-primed antigen reactive-cells are

in fact less vulnerable to the suppressive veffects of the GVH reaction

than sensitized memory cells, then these virgin cells would be able to

b

react to the high concentration of histocompatibility antigens when

B6 BM or kidney cells were administered 13- days later.

* 4

timulation of CAFy GVH mice with B6 BM resulted in a more rapid
1

o

rejection of subsequent B6 skin grafts than did stimulation with B6

N
kidney cells. Part -of the explanation may lie in the fact that the .
sensitizing BM cells were administered inf?hvenauq%z\while the kidney"

cells were injected intraperitoneally. It is also possible that: the B6
BM may serve as a source of innocent pystander cells which are activated
by T cells to become killer cells. This is unlikely, however, since

the injection of F, BM did not significantly alter the degreé of GVﬁ

-

induced immunosuppression as measured by skin graft survival time. The

S
- Al S

<
MST of skin grafts on the group that received F, BM was longer than for.. - )

t\rol

the groufrzhat receiyed a GVH alone, but this difference was not statis-

.
-

tically significant /(Table .6).
Although the increased MST for B6 skin grafts made on ‘CAF; GVH . ,
mice receiv}ng F; BM is not statistically significant, the work of

i . ’
Streilein (83) would suggest that such a trend is nonetheless, likely. .

7
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Streilein notéd that the FVH reaction itself subsides following the

early period of rapid cell proliferation. He attributed this to a
/!
depletion of F1 lymphoi#d cells which were ai;ifg as target cells for

7

the GVH reaction. He ‘postulated that the iﬁjection of F, BM into such

an.animal would replenish the target cells and.restore the GVH reaction.

If such is the cas?ﬂ one might expect that “the resiored GVH reaction
would cause a furfherploss of cells or humoral factors necessary to
mediate an immuné r'esponse, and lead to increased allograft survival
times for reciyients of F; BM.

Studies ];erfoméd in this laboratory (42,85) suggest that the GVH

reaction itself becomes suppressed soon after its onset, and that this

self—suppréssion may be responsible for the receovery of animals from

186.

the wasting disease. Grushka and Lapp (42) e réported that transplants

of syngeneic bone marrow protected GVH mice from) the lethal effects of
the GVH reaction while thymus transplants increased the intensity of an
existing GVH reaction. The different effects reported by Grushka and

Lapp and by Streilein (83) can be explained in terms of the proposed
!

wiodel foy GVH induced immunosuppression. The two effects may simply re-*

present {different stages of .dmmunosuppression. If syngeneic BM cells are

injected before the thymic factor is completely depleted, the BM could
act as new targets for GVH reacpivity, resulfing f; a further depletion
of thymic factor. Skin allografts made on these animals Qould have a
longer s&rvival time than grafts made on GVH animals noé receiving

syngeneic BM.- If, on the other hand, the F, BM is. transplanted after

the thymic factor has been significantly depleted, no further GVH ac-

¥ . N

7.
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tivity may result, Insteaa,‘thgxsyngeneic BM would provide the F; host

é

with essential hematopoietic cgll} and reduce the lethal effects of the
GVH reaction.
\
In view of the fact that stimulation of-GVH mice with B6 tissue
H

caused a rapid rejection of subsequent B6 skin grafts, attempts were

"made to detect the presgnce of specific antibddies fol}owing each

step in the sensitizatjon process. The use of PVP to augment hemagglu-

'

’

tinatign provided an acdurate indication of the presence of low levels .
of circulating antingies. Since the PVP assay can detect the presence

- . of both hemagglutinating and complement-fixing antibodies, it 1s more
sensitive th;n hemglypic or cytotoxic assays. Using this assay it was
p?ssible to defonstrate the presence of significant "levels of anti‘B6

'an}ibody in.normal mice following each exposure to B6 antigen. It was .

not possible, however, to detect any such humoral respons%ﬂin GVH mice
receiving tﬁe same treatment. Similar findings were obtajned in the
case of animals developing'delayed hypersensitivity reséonses t; SRBC.
In this case it was impossible to detect a humorél response in GVH mice

, -,

using both PFC and hemagglutination assays. * L

In the present experiment no attempt was made to detect macrophage-
»

associated cytophilic antibodies in GVH animals which had-réjected skin
. / ‘
allografts or developed delayed hypersensitivity responses. The re-

quirement for macrophages in cell-mediated reactions has already been

LY

established (7,77,90). Antigen specificity has not been demonstrated in

[

. pure macé%phage populations and many épuaies (10,60,67,92,94) suggest that
A )

/0.
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stimulation and specificity may be conéerréd upon macrophages Ry means

of cytophilic antibodies or cytotoxic, factors. If cytophilic antibodies
are necessary for cell-mediated reactions, the ability -to stimulate these
reactions in GVH mice would indicate thatlcytophilic antibodies are \
préduced by a different mechanism and/or cell population than those
responsible for classical antibodies. This in turn would 1ea5t@ne go

suspect that cytophilic antibodies may represent another form of macro-

phage cytotoxic factors which are produced by sensitized T cells.

Although cell-mediated and humoral immune responses may differ
substantially in their mechanisms of action, they nonetheless have many

features in common. For example, antigen recognition by sensitized T
cells:-the interaction of macrophages, gnd the stimulation of eéfector
cells by the T celis appgar to be essential in both types of immune
re;ctions. The fact that it is possible to selectively stimulate a
cell-mediated immune response in GVH animals while’the humoral response
to the same antigens remains suppressed suggests that two distinct
mechanisms of T cell actiﬁfty are/involvedyin the {mmune respghse. It
is not knownfwhether soluble factors produced by T cells pléy a helper
role in cell-mediated reactions as they do in humoral responses. It

is possible that effector cells in cell-mediated reactions may become
stimulated bX direct contact with sensitiz?d T cells without the need
for soluble mediators. 1In terms of the proposed model for GVH induced '

immunosuppression, such a mechanism might partially circumvent, the suppres-

sive effect of the GVH reaction. In this case the inhibition of T celf

N
[ 4
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factor release by A cell factor would not totally impair cell-mediated

responses. It is also possible that T cell actiyity~may be megiated

’

by soluble factors in both humoral and cell-mediated immune responses,

and that the T cell or T cell factor responsible for humoral responses

is more susceptiblé to the suppreésive effects of the GVH reaction. 1In
1

either case, the ability’to selectively stimulate cell-mediated immune

N )

reactions in GVH mice while the humoral immune response remains complete- /
- .

ly suppressed suggests that the T cell activities in cell-mediated amd

humoral immune responses are performed b&,Fells which ‘are functionally

-~ —

' [
different (89). It is not clear, however, whether these cells develop

from the same T.cell population or represent two distinct cell lines.

Recent evide;ce suggests that two different types of T cells may
be responsible for cell-mediated immunity and helper cell activity in
antiboéy formation. étudies performed by Parish (70,71,72) have demonstrat-
ed that humoral and cellular responses are often mutugily antagonistic,
but théSg studies failed to delineate the origin bf the two types of f v
ce}ls involved. Chemical modification of SRBC by either periodate oxida-
tion or acetoacetylation resulted in preparations which stimulated lower -
antibody responses than did normaI,SRBC, but induced.much'higher lévels /
of delayed hypetsensitivity in the absénce of Freund's adjuvant. It
appeared therefore that two T cell populations with different binding
characteristics may be involved in‘the two types of reactions.

Several studies suggest that the two %‘cell functions may be per-

. .

formed byé; cells in different st?ges of maturation. Thel;ork of Axelrad (5)

1
¥
.

.
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suggested that the development of delayed hypersensitivity and direct

PFC to SRBC were dependernt upon a common immunocompetent precursor cell.

More recently, Elliot et al. (29) have shown that thymus derived

rosette forming cells (TRFC) to SREC do not function as helper cells.

in the direct PFC response to SRBC. Thymus deriveé\rogette forming . .

cells have been implicated, however, in a number of cell-mediated reac- .
) é‘(;.

"tions. Marchalonis et al. (64) have observed increased numbers of

N
A L

TRFC in mice immunized with poly-(A:U) which acts as an adjuvant to en-
‘hance delayed hypersensitivity reactions. In.%ﬁdition, Haskill (44)

has found ¢jincreased numbers of TRFC against allogeneic (DBA/2) ery-
throcytes in the peripheral blood of CBA mice which were rejecting :
DBA/2 skin grafts.

The work of Elliot et al. (29), Marchalonis et al. (64) and Haski{l_
- \

(44) has' shown that helper function in humoral immune responses is a

property of non-rosette forying T cells while activity in cell-mediéted’ -

-

. ) responses may be a property\of TRFC. This would imply a different mcde

of activity for these 2 cell types. If such is the case, it could ex-

!

piain why it is possible to stimulate cell-mediated responses but not

L4

humoral responses in GVH mice. It is quite possible that T cells of
the non-rosette forming type are more vulnmerable to the destructive

and/or suppressive effects of the GVH reaction while rosette forming T

’
cells may be more resistant. This could arise if differentiation brings

about surface membrane changes in which histocompatibility antigeng/ be- ‘

. 1
A

/
come masked by the appearance of the antigenic receptors necessaryl| for - -~

>

N
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rosette formation. Repeated challenge of GVH mice with a given antigen
. <
could stimulate the proliferation of a clone of the more resistant T ceils
which would be capable of effecting a cell-mediated response. If such
were the casel one would expect th; resistant TRFC to represent a cell

line separate from the non-resistant helper cell. Elliot et al. (29) ‘

have suggested that the TRFC may merely represent a more mature stage

7

of the non-rosette forming helper cell. 1If the non—résistant helper cells
representsd an earlier 3tage of the same celi line, a rapid maturation
to the resigtant stage would be necessary in order to produce enough T
cells for a cell-mediated response. This is also péssible however, since
slowly maturing cells wowld presumably be destroyed, resulting in the
loss qf helper function and continued suppression of the humoral immune
response.

The proposed model for GVH induced immunosuppression'prqvides an

N

explanation for the suppressive effects of the GVH reaction on humoral

.immune responses. The mechanisms for cell-mediated reactions are less

precisely defined than those for humoral éeactions, and it is clear that‘
there are several.basic differences between the two mechanisms.  Never-
theless, the present experiments have been shown to.be in agreement with
the proposed mobel. At present tée difference in the suppressive effecg
of the GVH reaction on the two types of immune responsesappears to re-
sult in part from .the aétivity of two functionally different T cells.

Although much evidence suggests that these T cells represent separaté

populations, it cannot be definitely stated whether these popudations



»

develop frgm the same T cell 1¥ne or from separate lines. As the

cell interactions in cell-mediated responses begcome more clearly de-
- { -
fined, it will permit a more precise determination of the factors

“

leading to the selective stimulation of céll-mediated immune responses

: . )} .
in GVH immunosuppressed animals,

f

\ -
Application of GVH induced immunosuppression to the normal i.umune

. ' R /

responses.

The GVH reaction represents a unique situation in which the most
complex immunological principles and cell interactions are brought .to-

gether into one reaction. Although GVH reactions are experimental in

v
v

nature, the underlying principles apply equally to normal immune res- ~
L)
ponses. Characteristics of GVH reactions such as those presented ip‘

the present experiments can therefore provide much insight into the ¢

normal regulation of cell-mediated and humoral immunity. , For instance,

-

*
adherent cells appear to play a regulatory role in GVH .induced immuno-

u

suppression, and recent evidence suggests that adherent cells may play

a regulatory role in normal immune responses as well (14,50,71,7%,78,94).

-
-

The parallels between cell interactions in GVH mice énélinteractions

>

in the ﬁo?mal immune response can be illustrated by the inverse relatidn-
L
ship which appears to exist between cell-médiated and humoral immune

responses. The present experfments demonstrated that stimulation of -
~N
delayed hypersensitivity reactions to.SRBC in normal mice led to a con-

2 4

comitant decrease in the humoral re§ponse of these animals to SRBC. Other
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studieX (5,53,63) have shown that the stimulation of a humoral ngsbonse
' LS o~

to SRBC causes a/significant décreade in the 'ability of the animhi to
develop a delayed‘hypersensitfgqty response to SRBC. Conversely,

Lagrange (52) has sfound that the removal of antibody from the serum of

. o

mice receiving intradeymal injections of SRBC in Freund's adjuvant led

s

i x . .
to delayed hypersensitivity responses which were up-to 4 times as great
<

as those produced in normal mice receiving SRBC in Freund's adjuvanf.

A similarity can be drawn between these fepoq}s and the selective -

-
stimulation of cell-mediated immune responses observed in GVH immuno-

-

suppressed mice. Following the injection of SRBC in.%reund's ad juvant
in the present experiments, GVH mice produced,;p detectable 1evgls of
antibody to SRBC but develobed an almost mormal delayed hypersensitiv{ty
respdnse to SRBC. Although the .delayed hypersensitivity response in
GVH mice was not as great as that obser&ed by‘iagrange (52) following
the removal of serum antibodies, the smaller hypersensitiyity response

in GVH mice might result from a competition for cells and factors being

simuftaneously utilized or destroyed by the stronger cell-mediated GVH

reaction. - .

The consispentfobservétion of an inverse relationship between ctell-
mediated and humoral immune react;ons suggests that a common regulatory
mechanism may controi these two types of immune responses. A basic
feature of this mechanism may .depend upon the processing of’antigeﬁ.

Numerous studies (48,74,84) have shown that the type of immune respons%

which is pr?duced,may depend in part upon the form in which antigen is
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+ *
presented to antigen reactive T cells. Parish (70,71,72) has demonstrated

that chemical modification of SRBC by either periodate oxidation or
acetbacetylation.resulted in preparations which stimulgted lower anti-
body responses than did mormal SRBC, but induced much higher levels

of delayed hyﬁersensitivity in the absence of Freund's adjuvant. , The

work of Stupp et al. (84) has shown that as the molecular size of synthetic
antigen; is increased they stimulate weaker delayed hypersensitivity re-
dctions but strongér antibody formatign. Evidence obtained from the

present experiments would suggest ‘that stimulation of a particular immune

! [
response by modified antigen may result from the presence of two T cell

4

.

populations, each with d?ffgrent binding characteristics.
Recent reports (48,50,71,74) suggest that macrophages y virtue of
their ability to process aﬁtigeq, may play a key role in the regulation
of cell-@ediated and humoral immune responses. For exampld,. Pearson
and Raffel (74) have found that SRBC which have been digested by macro-
phages become poor immunoéens for antibody production but&gain the
ability to evocke délayed hypersensitivity. It is interesting that. some
studies (19,24,25) hav; shown that macrophages treated with mycobacteria

are more actively phagocytic and are m@re active enzymatically than

. o
normal m#erophages.: Consequently, it gas begn proposed'that adjuvant ‘

. 4 .
may stimulate delayed hypersensitivity by promoting macrophage activity

and the reduction of the sensit}zing antigen to a small moiety which

is more favorable for cell-mediated reactions. - In view of this suggest-
\ ; . -

™on, one might wonder whether thie increased activity of macrophages
S ‘ 0

-
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during GVH reac@ions mighfkfavor ¢ell-mediated responses and partly
account for the greater ability to stimulaté ceil-ﬁediateg versus
humoral responses in such animals. It would be quite possible for ac S‘ |
ivatell macrophages to engage in antigen processing which would favor
ll-mediated reactions while simultaneously exerting a suppressive #
effect on humoral reactions. |
Macrophages have also(b;en shown to be capable of exerting a '

regulatory role over other=e®¥Y¥s by virtue of soluble factors released
by the macrophage upon stimulation with antigen (38,39,40,46). Low ' .
concentrations of soluble factors produced by peritoneal exudate cells
which are mostly macrophaées,have been ﬁpunddto stimulate the primary ‘ .
PFC response of spleen cells to SRBC:.in vitro (46). High concegtrations of
these soluble factors are inhibitory. 1In ;ther studies (37,38,39,40)! i
cultured adherent mouse spleen cell populations, which consist mostly

of macrophages, have been found to release effective supernataﬁtq which
stimulate cell proliferation and potentiéte mouse f cell responses to
’phytohemagglutinin (PHA). Stimulation of the adhdrent cells with LPS
.dncreased the effectiveness of the supernatants but did not cause a

mitotic fésponse on the part of the adherent cells. The active factor

in these supernatants has been termed lymphocyte activating factor (LAF)-
(39). tThe stimulatory effect of LAF would appear to be at variance with
other reports of inhibitopy effects exerted on T cell activity by m;cro—

phages (33,66,78). In such experiments it is'important to consider

w
dose-response relationships, since substances which are Stimulatory -at

° 3

L'
.



,control mechanisms whfsy'might regulate cell-mediated and humoral immune

N\

™~

low concentrations are?frequently inhibitory at higher concentrations.
°

The significance of this point is illustrated by the fact that reports
of T'celllactivation (38,40) are based on observations using culture
s;pernatants wh}ch would contain low concentrations of soluble factors.
Reports of T cell inhibition by macrophages, on the other hand, come
from experiments (33,73,78) requiring cell contact Qhere high local
concentrations of machphage factors would be expected to develop.

By using a'biphasic effect of macrophage aét}vi?y as previousl§
described, one can construct a hypothetical model to explain possible

responses in both normal and GVH animals (Figure 11). This model pre-

sents cell-mediated and humoral immune responses as separate mechanisms

v
-

sharing a central adherent cell which controls the development of each
type of response. 1 propose that the central adherent cell controls
immune responsiveness by Fhe elaboration of a single soluble factor,

and that the concentration of this factor determines whether‘g cell-

mediated or humoral response will develop. Although adherent cell popu-

lations have ‘been shown to consist primarily of macrophages, other cells

may also be present. Because of this fact, tﬁe term adherent‘ceLls
will be used even though these cells are most likely macrophages.
In this model, the initial recognition of antigen is made by the

1

adherent cell. Although immunoglobulin receptors for serologically

> defined antigens have not been identified on adherent'cellg, it is

-

possible that products of the Ir region are expressed on the surfaces

of these cells (6). The Ir region has been shown to control re-

196.
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\ activity to a number of synthetic proteins and viruses, and products of

i

the Ir region may render adherent cells capable'of recogniziné lympho-~

cyte defined (LD) antigens. The initial recognition of antigen by an

3

adherent cell would stimulate the A cell to process the antigen and

»
/

releasenA cell factor. The extent of antigen processing and the apount
of factor released would be determined by the LD components on the
antigen and the @adrophage activity a? the time of stimulation. Adhérent
cells stimulatgd‘byCStrong LD antigens, adjuvant, or a GVH reaction |
would process antigen to small units and in so doing release large o
amounts of A cell factor. Both of these-activities would favor the
development of a cell-mediated response ﬁ?\the antigen. On the other
hand, a lesser stimulus would reéﬁlt in ahless complete processing of
aAtigen, with tge release of:iess A cell factor and the consequent de-
velopment of a huméral response. The A cell factor may merely represent
a part of the lysoscmal contents such as one of the many enzymes
known to be.released from macrophages during antigen degradation.

In view of the present experiments, two functionally‘different T
cell populations appear to operate in cell-mediated versus humoral %immune
responses. 1 propose tpatVEhe helper T cell in antibody formation is
stimylated by low concentrations of A cell factor but becomes suppressed \
at higher concentrations of the factor. Conversely, the T cell responsi-
ble for cell-mediated reactions is stimulated only by high concentrations

-

of A cell factor. The stimulation of a cell-mediated immune nespbnse by
s

& high concentration of A cell factor would consequently lead to a

Al
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suppression of the humoral response by suppressing the chell neéqfsary

for a humoral response,as well as by binding to the B effector cell as®

previously described. On the f&her hand, the low concentration of A

.

* cell factor which would stimulate a hﬁqora] response €;ﬂ; given anti-

~

gen would be insufficient to stimulate a cell-mediated response to that

antigen. This would account for the inverse relationship observed ¢

-

between the cell-mediated and humoral responses to a given antigen.
’

In order for asgiven antigen-reactive T cell to be activated by A
cell factor, the T cell would réquire a signal from a specific antigen
as well as from the A cell factor. Although the initial antigeric st{ﬁu—
lation would be a property of adherent cells, antigen specificity to . .
serologically defined antigens would bé\détermined by T cells. T )
cells involved in humoral immune responses would be preferentially i
stimulated by larger antigenic detemminants while T cells involved iaL ~
cell-mediated reactions would be stimulated by smaller antigenic aeter—
minants. Once a given T cell received these two signals,.it would in
turn stimulate an effector cell, either by direct contact or by 'the M
release of a soluble mediator. In-the case of a humoral resﬁbnse the
effector cell would ‘be an antibody forming B cell}which would require
binding o% the T-A coa;lex as pFeviously described. 1In the case of
cell-mediated reactiong the effector cell could be the same T‘cell,ﬂ
another T cell, a macrophage, or even a B cell.

Alth%ugh the GVH reaction is an unnatural situation arising from .

‘ /

exper imental manipulation, it is nevertheless controlled by the same

principles that govern normal immunological responses. The immuno-
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supprassive effedt of thé GVH rpaction can therefore be explained in

terms of the model which has just been proposed for the regulation of
cell-mediated and humoral immune responses. This model provides a

-

-— N .
unified explanation for the presedt observations that cell-mediated
v

200.

responses can be selectively stimulated in GVH immunosuppressed ani- 1

mals while the humoral responses to the same antigens remain completely

N

suppressed.
N /

Althoggh,antibodies directed against‘"host tissues have been iden-
tified in animals undergoing GVH reactions (68,76) these reactions have
been showh to be primarily cell-mediated immune responses (3,79). The
dVH:reaction is most likely initiated by the interaction of donor T
cells with host lymphocytes (3,15,16). 1In agddition, donor macrophages

may also contribute to the GVH reagtion (2). I propose that, following

oy

their interaction with host tissue, the donor T cells release factors
such as MIF and MCF which recruit and activate both host and donor

adherent cells. Donor A cells may also contribute directly to the stimu-

N

lation of a GVH reaction by responding to lymphocyte defined antigens on

host' lymphoid cells as described above. The increased activity of

-

macréphages during the GVH reaction would lead to a more complete pro-
‘v

cessing of ar{tigeri which would tend to favor cell-mediated reactions.

» T , Once activated by the GVH reaction, donor and host A cells release

o

. large amounts of A cell factot which' further stimulate\ﬁhe cell-mediated

°

GVH reaction. The high concentrations of A cell factor ;){ould cause

[}
suppression of the humoral immune response by inhibiting ttﬁelease of
’ 4

-
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T"cell factor by helper cells and by binding

e

to mitogenic sites on the .
h B‘cell. Under normal cohditions, high concentrations of A cell factor
would be expected tfo stimulate the anti“gen reactive T cell in the cell-
! [

" mediated response. During a GVH reaction, however, excessively llarge

amounts of A cell factor would be releasedlby thk adherent cells and bind ’ .

to the T cells. Although the high concentratign of A cell factor bound
to the T cells would not actively ir;hibit T cells in the cell-mediated
respgnse, it would cause a steric hindrance which would block the bind-
ing of antigen to the T celi. The T cell would thus receive a signcal

o ‘ ,
- from the A cell factor but would not receive the antigenic signal which ~

is yplso necessary for T cell activation. Consequently, the animal would

.

be unable to mount a cell-mediated response to a single antigenic
>

challenge. Repeated challenges with a given antigen would increase th&\— \

concentration of processed antigen to a level at which the- antigen could

J

overcome the steric hindr nce- of A cell factor on the T,cell. The re-

“ .
sultant interaction of antigen with the T cell would provide the second :

signal necessary for T cell activation and/or proliferation. Once a

~

clone of T cellghbecame activated they would in turn stimulate effector T
8ells whi'ch would bring about the developmemt of a cell-mediated immune

.. response. ‘The humoral response would remain suppressed, however, by

L

the active 'su}gpression of helper T célls by A cell factor, as well as
by the competitive binding of this factor to the antibody forming B cell.

The above. model represents one interpretation of the present ex-
x -~

perimental observations in ¢fie light of our current understanding of

-
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normal immune respdnses. It is an attempt to explain the effects of

the GVH reaction in teérms of normalsimmune control mechanisms. This - ’
- e 7/

model is mot intended as the only mechanism for regulation of the

1

immune systém-, and it is understood that many processes other than those

presentgd here operate in immune resporfses. No attempt has been made to

At
. '
provide a detailed disdissiom of this model in terms of the vast amount

of literature on the subject of immune regulation< Although many re-

-

A -
ports may.seem at variance with this model, it is believed that the

t

model presents the basic concepts of immune regulati‘n and relates

ttllem in a form which is in agreement with the majority of information
available. Clearly, much research must still be done to further delineate
the regulatory mechanisms controlling normal immune responses as well

as those leading to GVH induced immunosuppression.
e 3

Application of the principles of selective stimulation of cell-mediated

°

o

immune responses.

]

/ b

The ability to s;alectively stimulate a cell-mediated immune response

in GVH mice can provide valuable information leading to the selective stimula-
tion of cell-mediated responses in normal animals. Such control of immune
responses may have important applications in the treatment of neqplastic
growths where it has been suggested that antibody against. tumor specific
antigens may protect tumor cells frorr} immunological rejection. Experiments
performed by us have shown that the selective stimulation of cell-mediated

responses in GVH mic¢e can, in fact, protect these mice from tumor growth (57).



\
The injeetion of live Sarcoma I cells into normal and GVH mice re-
sulted in a rapid growth oflthe tumor. Sensitization of GVH mice
with dead, lyophilized éarcoma cells 7 days prior to the injection of
- 1ive tumor ¢ s caused a marked decrease in the rate 6f tuﬁor growth.
A similar sensitization of normal mice with lyophilized tumor cells
did not significantly alter the rate of tumor growth. The results
of the present experiments’ would suggest that a cell-mediated immune
response was selectively stimulated by the injection of deatharcoma-
cells and that this cell-mediated response had an inhibitory, if not
cytotoxic, effect following the injection of live tumor cells.

Further studies are necessary to delineate tHE—anphanisms regu-
lating the interaction of cell-mediated and humoral immune responses
in both normal and GVH animals. A clearer understanding of these
mechanisms could have a wide range of clinicallapplications such as
~t}}e selective stimulation of a cell-mediated response to cause tumor
rejection or the selective suppression of a humoral respodse to pre-
vent allergic reactions. Although the applications of experiments such
as the present study are not always immediately evident, their value
lies in presenting a clearer understanding of basic immunological

{
principles which can ‘then be applied to clinical situations.

"
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3

e Multiple challenges of CAF.

) " SUMMARY

Suppression .0f the humoral immune response to SRBC in CAF; and
B6AF, mice was shown to deﬁend~upon the strength of the GVH re-
action and its duration at the time of sensitization to SRBC.

Whereas immunosuppression was preceded by an increased respon-
. d N °

siveness in CAF; GVH mice, suppression of the humoral immune

nesponse to SRBC in.B6AF] mice dgclined’steadily from the first

day after induction of the GVH reaction. In both strain com-

/
binations the animals were totglly unresponsive to SRBC by 7

days post GVH induction and remained unresponsive through day

100. e

Adrenalectomy and castration of CAF1 mice.prior to the induction

of a GVH reaction did not reduce the immunosuppressive effect of

[

the GQH reaction. This suggésts thatvimmunosuppression results

from immunological factors rather than from a general stress re-

I . :

sponse. ' -

-

o

* - * a
.
kY

2

1 GVH mice with B6 allotransplantation

.4
‘antigen cauded a rapid rejection. of subsequent B6 skin grafts,

but failed to ssimuiate the production of any ?etectable anti-

bodies to B6 antigens.

215.
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4, Sensitization of éVH m}ce with SRBC in Freund's cpmplete ad-
juvant stimulated a delayed hypersensitivity response to SRBC
/ although no humoral response to SRBC could be detected, even
after three challenges with SRBC.
| .
5. Appropriate stimulation of GVH mice was therefore capable of
eliciting cell*ﬁediated reactions to two differ;ht types of
/

antigens while the humoral immune responses to the same antigens’

remained completely suppressed.

6. Although a single challenge with the thymus-independent anti- .,
R T
gen 5@5 did not eliéit a humoral response in GVH mice, a second -

~

7

and third challenge with LPS resulted in the production of a
. N y '
significant numbér of LPS-specific PFC and a high titre of anti-

o

Iéﬁigemaggluttnating antibodies.
7.. The experimental results are &iscussed in terms of a proposed i._~, .
model for the regulation of normal immume responses.

Note: The above summary outlines the original work contained in
this thesis.

. &
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DEFINITIONS

-

Adjuvant: A substance which when mixed with an antigen enhances
its gntigenicity.
Alloantigen (isoantigen): An antigen which incites the formation

/ n

of antibodies in genetically dissimilar members of the same species.

-

Allogeneic: Pertaining to genetically dissimilar individuals of
the same species,

-Allograft (homograft): A graft derived from an allogeneic donor.

Autograft: A graft derived from the same animal to which it is

transplanted.

.

/
Céll-mediated Immune Response: An immune response such as graft

-

rejection or delayed hypersensitivity. These reactions are charac-®
/

»

terized by direct cytotoxic activity of" immunocompetent cells and can
only be transferred to another animal with cells from a sensitized
animal.
Clone: A population of cells derived from a single cell by asex-
ual division. All cells within the population are therefote of tie
w/' ’
same genetic constitution. :

Delayed sensitivity: A specific sensitive stare characterized by A

a delay of many hours in onset time and course of reaction. It is
transferable with cells but not with serum. ,

Freund's adjuvant: (a) Complete =Freund's water-in-oil emulsion of

mineral‘oil, plant waxes, and killed tubercle bacilli used to incor-

porate with antigen to stimulate antibody production; (b) incompletes .

Freund's mixture without tubercle bacilli. . ..

\ " . ‘
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»

Graft vs host reaction (GVH): An immune response produced whet

immunocompetent cells are.grafted to an incompatible host and react

, against the host tissue.

. .

Hemagglutinin: An antibody which reflacts wipﬂ a surface antigen-

determinant(s) on red cells to cause agglutinétion of the red cells. .
—

Histocompatibility antigens(transplantation antigens): Antigens

¢oded for by 'histocompatibility genesj which determine the compati-
bilit& of grafted tissues and organs.

; Humoral immune respon&e:,An imimune response resulting in the

formation of a soluble antibody which is released into the body fluids
where it is capable of reacting with a specific antigen. Reactions of
T this type can be transferred to an unsensitized animal with serum from

4
a sensitized animal .

Second-set graft rejection: Accelerated rejection of a second

-

graft due to immunity developed to a primary graft.
Syngeneic: Pertaining to genetically identical or near-identical
animals such as identical twins or highly inbred animals.

Xenogeneic (heterologous): Pertaiﬁing to individuals of different

species. - .o

Reference: Weiser et al., #240, Chapter 1.
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A | |
Abbreviations used in Text

o

N ~

AF : A cell factor
©OB6 4 ‘ , C57BL/6 ' ~ )
B6AF, / -7 CS{BL/6 X A Fy -
BM ’ Bone Martow *
BSS . Balanééd Salt Solution )
CAFy : | CBA X A Fy - v
CFA , ,Complete Freundis Adjuvant *
DH : ' Delayed Hypersensitivity
F,-LPS ‘ ) }1 RBC coa-ted with LPS 3
. GVH g Graft-versus-host reaction ‘
x H ‘ Histocomgitibility '
KC - , ‘ Kidney cells s.u $
LPS Lipopolysacchar&de -
‘ ’ MST Median survival time )
. PBS ‘ . Phosphate buffered saline )
. PFC - , Plaque forming cells , ° )
o PVP ' + Polyvinylpyrrolidone
SE | . Standard error
° N
.SRBC Sﬁégb red blood cells
SRBC-LPS SRBc\cbafed with LPS ’
T-A ' TF-AF complex
TF T cell factor ~°
r\/ \\\\
. , N



