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U. S. A~~ y Coatract D~tDA l7—73—C- 3u~~J

Pro~~i~~~t ioC of Ie t t  :adv E~orming Cells in D i  Efumiion C~i~~~ ec~;

Final ~~~~~~~~~~~ t (I March 1973 — 31 ~!a~ch i ’J77)

1. Introducti.om

.~ r i- z 1 v~;i . mj ~~~ cell I :~~~~~~~~~~~~~~~~ - i r - ~ in t~~’ ~~~~~~~~~~~ re~p~~ ::e ~~~~~~~~ ~~~~~~~~~~
that pci-mit experimental manipulations of cell populations in vitro at
least at some point during the course of the immune response. G~ aarally,
this has been accomplished by performing the ezperLments entirely in vitro
(e.g. 1, 2) or by transferring cells to irradiated recipients (e.g., 3, 4).
Wnile much information has been acquired by the use of these procedures ,
each has certain disadvantages. Cells held in culture may be u.’id~ r last.
than optimal physiological conditions and may also be removed from th~ e~ —
fects of regulatory mechanisms that might be present in the animal but
sent in vitro. In transfer experiments the magnitude of the ~;~~ - im~e re
is often estimated by enumeration of antibody forming cells in the sple~ r.
of recipient animals. Since only a small portion (about 10%) of the 1:.—
jected cells “home” to the spleen of the recipient,  the response may be
assessed on a selected population which may not be representative of the
entire population of donor cells. For example, suppressor T-lymphocyte3
preferentially “home” to the spleen (5).

For several years we have used a procedure in which spleen cells f ro~ n i cu
primed with dinitrop’nenylnted keyho~Le limpet hemocyanin (DNP-KLH ) u : t d :r q e
a secondary response in Millipore di f fus ion chambers (6) . The secondary
response is then measured by enumerating the DNP—specific pla~ uc furr. Ln: ~
cells (PFC) recovered from the chambers 7 to 9 days after il l2 l a f l tat i O n  ( 7 ) .
This procedure appears ideally suited for investiqations of cell inter—
actions, for the following reasons: (a) just pr ior to implantation , cell
suspensions can be subjected to in vitro manipulat ions, such as ant  igenic
stimulation, removal of T or B lymp ho-~ytes, addition o~ normal or immune
syngeneic cells, etc.; (b) the diffusion chamber represents a closed sys-
tern , in which the implanted cells may proliferate , differentiate or die ,

- 
but cannot escape; Cc) the cells are propagated in a physiolocjical. environ-
merit, since they have access to nutrients and oth9r soluble factors of the
host; (ci) the use of a hapten—carrier conjugate as thc ir inunoJ ’ n allows
f lex ib i l i ty  of experimentation , since ant ibody—prociucin-j  B cells ~~~ hap—
ten specifici ty,  while h elper  T cells are spec i f ic  fo r  the carrier (8) .

This report deals wi th  invest igat ions of a number of b:i~~ic i m mi i n o l oj~ c
problem s that were carried out  ut i l  izing  the d i f f u s i on  chember j ’ro c em~~re .

2. t:aturation of the Immun e Res~ onse

It ha.~ been known for some t imy that the a f f i n i t y  of ~.r ~~.ih oci i t ’~ for  t h e i r
antigenic dete rminant  increases  with  tinc. a ft e r  i.n ” tti n i : :~~t ion , a:i-1 t~~r t ~ . the
ra te  of changt ~ .i~ i n f l ’i e n c e d  by th e size of the  in i t i - i 1  LlU ;e of e nt
(9) . This ph rio m~-.non , t i i :~L has been term~ ci m:~tu r~i Li on  of 1 1e in~ un~ r t - —

Ii v; b en ( xj)i airv d as an cXprC~ $; -Un of co:~i ; : • ~t t oa ~ o~ T 1 im L t

er- m usts  n ’ an t- igen on ~hc’ par t of ant  igen—bi nd ieq cell h- ei 1w; r~i I r  ~ece
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receptors specific fo r  the antiqimic de terminan t , L’tt having varyir:q af
firt ittes for it (9). Early in the immune response th ere would he suff 1—
cent antir eu to bind and stimulate cells with low affinity receptors a~
well as cel ls with high affinity receptors. The av raye a ff i n i ty of the
antibodies produced at this stage would be re lat ively  1o~i. Later , as the
antigen concentration decreases through cataboliura and complexiag with new-
ly formed antibody, the available antigen would be captured preferent ia l ly
by cells with hidh af f i n i t y  receptors. Selective stimulat ion of these
cells would lead. to production of antibodies with progre3aiv~ iy hi.jh~r
average affinity.

We sought to put this hypothesis to a direct test. Swiss mice were immun-
ized by intraperitoneal inj ection of 100 pg of DNP—KLH adsorbed on banton-
ite. Two to five weeks later the mice were killed and their spleens w~ rc
dispersed into single cell suspensions. The spleen cells from individual
mice were divided into equal portions and each portion was stimulated in
vitro with a different  dose of fluid DMP— }~L}I. Each portion was cul tur ed
separately in a diffusion chamber implanted into the peritoneal cavity of
an irradiated recipient mouse. Seven days later , the cells were recovered
from the diffusion chamber and tested for numbers of anti—DNP PFC (6). At
the same time , plaque inhibition experiments (7) were carried out by incor-
porating varying concentrations of DNP—BSA into the agar layer of replicate
plates. The avidity of the anti—DNP antibodies released by the PFC is in-
versely related to the concentration of DNP required for plaque inhibition
(7). By plotting the percentage of •the total PFC that was inhibited by
each incremen t of DNP concentra tion , we obtained a frequency distribution
profile that reflected the heterogeneity of avidity of PFC as well as their
relative fr equency in each avidity class.

It was found (10) that stimulation of primed cells with an optimal dose of
DNP—KLH (50 ng) gave rise to large numbers of PFC which, in som e of the
mice , were divided into two distinct subpopulations , one of high and the
other of low avidity. The same subpopulations of PFC were present a f t er
stimulation of the seine cells with a suboptimal dose of DNP—KLH (50 pg),
but the number of PFC was about one-tenth that obtained with the optimal
dose. This last finding clearly indicates that there was not enough anti-
gen to stimulate all of the m csnory cells present among the primed cells.
These results question the validity of the model of maturation of the irn-
rnune response (9) which postulates tha t, in the presence of limiting quan-
tities of antigen , only cells bearing h igh a f f i n ity receptors should be
capable of capturing the antigen and of being stimulated by it to produce
high avidity antibody .

In the work reported above it was found that approximately one half of the
random bred mice whose spleen cells were undergoing a secondary response
to DNP in diffusion chambers exhibited a bimodal frequency distribution
with respect to the avid i ty  of their PFC. The other half of the mice hu~l
a unimodal frequency distribution. Ue therefore decided to examine a
ber of inbred mouse strains for both m a gn i t u d e  of the second ary PFC re-
sponse and avidi ty of PFC. It wn -  thought  tha t. this study would give an
indicat ion of the dependence of various parameters of ~hr immune res:xin~ e
on genetic factors.

____  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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We found (11) that the eight inbred strains and three F1 hybr id mice could
be divided into three groups whose responses were significan tly different
from each oth~ r in teri:~s of magnitude.  There was  no correlation between
magnitude of the immune response and ;I-2 genotype or gaff ~ma G2a allotyces.
The marked d i f fe rences  in magnitude of the immune response among d i ff e r e nt
mouse s t ra ins  suggest g~ netic control of this characteristic. Moreover ,
high responsiveness ampeared to be inheri ted as a dominant trait, since all
three F1 hybrids tested responded like their high—responder parent and not
1 L~ e t L r  !o~, — or i~ t m~ dLita- re~ po~id~ r parent. Tii~ strair~~ ar r 1  Fj  ybr i~~a
examined could also be divided into three groups according to the average
avidities of the antibody produced. There was no correlation between aver-
age avidity and magnitude of the immune response, H—2 genotypes or gai~ma
G2a allotypes. Similarly, no correlation was found between average avidity
of the parent strains and that of the F1 hybrids. Thus, it appears that
the avidity of anti-DNP antibodies is, at least in part, under genetic con-
trol , but it was not possible to distinguish clearly be tween genetic and
environmental factors that contribute to the determination of antibody
avidity. The antibodies of individual mice of a given strain were highly
heterogeneous in terms of frequency distribution of avidities. The intra-
strain variation was as marked as the interstrain variation. No conclusion
as to the possible genetic control of this parameter could be made from the
experiments.

3. Termination of Immunologic Tolerance with Antigen-Antibody Complexes

We have reported previously that immunologic tolerance in mice can be ter-
minated by stimulation of spleen cells with antigen cornplexed to rabbit
origin an tibody, but not with antigen alone (12,13). These results imply
tha t the spleen of tolerant animals contains cells capable of respond ing
to the tolerated antigen, provided it is presented in an appropriate immuno—
genie form. A similar conclusion was reached by Chiller et al. (14) who
found that , under certain circumstances , B—cells from mice tolerant to human
IgG were capable of resporiding to that antigen , whereas T—cells were not.
Accordingly, it was possible that our success in breaking tolerance with
antigen-antibody complexes (12,13) was due to stimulation by the rabbit

- origin antibody in the complex of T-cells specific for rabbit immunoglobu-
u n  in mice which had carrier—tolerant T—cellS , but hapten—rcsponsive B—
cells. We therefore attempted to terminate immunologic tolerance with
antigen complexed with antibody elicited in mice syngeneic with the toler-
ant host.

Balb/C ni ce were made tolerant to chicken egg white lysozyw e or to pr icum o—
coccel capsular polyr;acchar. icle type III (S—ill). The mice were splenecto—
mized and their spleens made into single cell suspensions. Spleen cells
from the tolerant i iice  were incubated in vitro wi th  the tolerated ant i ’jc ’n
mixed with v ary i nj  concentrat ions  of imm une serum or normal serum f rom
Balb/C mice , and inje c~~rd int r ape ri toneall y into t h e  tolerant  mice.  One
and two wce~:s later the mice were bled and their serum was cx u.~ined for
the presence of a n tib n d ic s .

The percentage of ii icc which r n m u n t e d  an luau: reej ’aase w s i q n i t  icari  L ly
greater  a;nonq mice whose s~,l cen ccli:; wer e e> :no~ ; ‘ - ~i to  an t  i q ’n — a n t  ibody

— - ~~~~~~~~~~~~~ - - -~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -
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complexes than among m ice whose np1~~en cells were exposed to ~iritiyen n h-:--
ed with normal serum . Thus , tolurasce was t e r r L r i a t e d  by Lreat-inent of
spleen cells w it h  ant igen  compiexed w i t h  syrgeneic  aet ibody,  under condi-
tions in whish specific interactio u botwe~~n T—cells  and ti~e antibody j~oe—
tion of the complex was precluded. In addit ion , tolerance to S—I l l  was
also terminated by ant igen—antibody complexes. Since S--Ill is recjard~ d
as a thvmuo—independent antigen in mice , tolerance l imited to T—cells
cannot be invoked in this case (15) .

Further support for the view that the ability of antigen-antibody complexes
to terminate tolerance was not due to interactions of rabbit origin anti-
body with T-cells specific for the heberologous im.raunoglohulin was obtain-
ed by analysis of the cells responsible for tolerance to lyzozyme. Baib/C
recipient mice were lethally irradiated (900 r) and injected intravenously
with mix tures of bone marrow cells and thymocytes from normal or lysozyme—
tolerant syngeneic mice. At the same time , the recipient mice received
lysozym e intraperitoneally . One week later the mice were again challenged
with lysozyme. The mice were then assayed for anti—lysozyin e antibodies.
Recipients of both boric marrow and thymus cells obtained from normal donors
mounted an anti—lysozyrn e response, while no response was found when either
bone marrow cells or thymocytes or both cells were obtained from tolerant
donors. Ther efore , tolerance in the donors was not confined to T-cells,
but was a property of both T—cells and B-cells (15).

4. Decline of Humoral Immune Response in Aged Mice

It has long been known that the activity of the immune system declines in
an age—related fashion , after reaching a peak in young-adult animals (16) .
We investigated the secondary response of mice to DN?-KLH in terms of num-
bers of DNP-specific PFC produced in d i f fus ion  chambers.

We found (17) that the shapes of the dose response curves obtained with
young and old cells were very similar . F i f ty  nanograrn s of DNP-KLhi provid—
ed the greatest antigenic stimulation for both young and old cells, with
greater and lesser doses resulting in progressively lower responses. Since

- 
selection of memory cells for proliferat ion and antibod y production is
thought to depend on the avidity of their receptors for the antigen and on
the concentration of the antigene (9) , the results sugg est that the average
avidity and d istribution of aviclities of receptors were similar in cells
of both age groups. The kinetics of the secondary PFC response revealed
no diff erence between young end old cells in the tim e of initial and peek
response. We concluded that there was no age—related difference in the
time required for ant igen—induced cell differentiation and for cell dupli-
cation.  However , the peak response of old cells was much smaller than that
of young cells.

There was a negat ive corre lat ion between the number of nucleated cell o/
spleen and the loq of the number of PEC in old mice .  This suggested that
an excess of cells capable  of supprussthg the i m m u r e  response nay he pres-
ent in the spleen of old , immunodeficient mice. This h yp o th e s i s  was con-
firmed in c-xpar in ~ r i t s  in which y o a n j  and old :;econj ar ily st imu la ted  spleen
cells ware ; co—cul tured  in d i f f u s i o n  cho~thers  ( IS)  . In a l l  e x o c r h ; -~n ts
few er PFC ~~~~ found in chaubers conta inthc ;  mi> :t u r es  01 old an~l YOU~ eI
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spleen calls than in ch~~;bers corita:in irvj y~ suj cells ~ t o e. P r eLr ~-~1 ~ m~at
of old cells with ant i— O serum and cosLp ieLm±rtt abet ish~~ the ab ili ty  el t l:~
cells to suj eress the response of yaa:vJ cells. Thus, the €-f ~~ecL w g : ;
buted to an excess of suppressor T cells in the spleen ol old ire:ar~ud -iici—
cot m ice.

We then atLump~ed to analyze the func t ion  of suopra scor T cells, helper T
celi.; aa~ e 1 1 e ~~ ‘ o~d riLe ~ ( [ q ) .  Salem;  c- : l ~ s. cm. ; -;rd  uP -a  e r : :~~
with DNP — KL1L were treated with anti—0 serum and complement in order to re-
move suppressor T cells. Since this treatment would he expected to depl t e
spleen cell suspension of helper T cells as well , spleen cells f rom young
mice immunized with the carrier, KLH , were added to the treated old cells.
The cells were then boosted with DNP — KLH , cultured in d i f f u s i o n  ch~scb~-~r :;
and assayed for DNP-specific ~FC. Control cultures included old ceUs
treated with normal serum and complement to which young KL~t-pri~eed ce is
had been added , and old cells treated with either anti-0 serum or normal
serum and complement which were cultured alone , without the addi tion of
young KLH—primed cells. From the numbers of PFC obtained in the v~ r~ u ;e~
experimental groups we were able to make inferences as to the function of
the various lymphocyte types in aged mice. ‘~-~e concluded that an excesa Lye
production of suppressor T cells is the first immunolog ic lesion of ag im~.
This occurs at a time when both B cell and helper T cell functions were
often intact. The increased suppressor activity was followed by a decreas-
ed helper activity and finally by loss of B cell func tion.

We also investigated the susceptibility to tolerance induction in young
and old mice (20) . In order to distinguish between tolerance Induct ion
in T cells and B cells, we used two d i f fe ren t  tolerogerms: cleaggregated
human gamma globulin ( D F I G G )  for carrier—specific T cell tolerance (21) and
dinitrophenylated syngeneic mouse gamm a globalin (DNP-:~GG) for hapten-
specific B cell tolerance ( 2 2 ) .  The tolerogens were injected over a wide
range of concentrations. One week after  tolerance induction the mice were
challenged with an immunogenic dose of DNP-FLGG adsorbed on bentoni te .  One
week later the response of the mice was assessed in terms of DN?-spec ific
?FC.

~~o major findings emerged from this work. First , ten times more D~:P-N~ G
was required to induce hapten—specific tolerance in old mice than in young
mice. In contrast, there was no difference in the dose of DHGG required
to induce carrier—specific tol erance in young and in old mice. The 10-
fold greater minimal tolerizing dose of DNP-MGG war ; a t t ribu ted  to an age-
related decrease in average affinity of B cell receptors for the li ge;-d
DNP. Although it is not clear by what processes such a dccrea:;o in re-
ceptor a f f i n i t y  might take place , the phenomenon i tsell  has been rcperted
(23) .

The second noteworthy f ind ings  concerns the  pattern of c~;r r ;er - s p e r’f ic  T
cell tolerance induct ion in young mice. Tolerance occurL-cd in l eo  d i n —
tinct zones of tolerogen dosage , separated by a zone in w h i c h  t h e ” w i :
no demonstrable tolerance. While h igh and 1cm.-; -roe tol~~r~~nsc’ have ~~~~
described at the level of the intact animal (?~~) , this is it ; f r et  m y ;  a r t
of the existence of two zones of tolerance a ; a ~r :~ ‘m~ y o~ T ee l Is. Ii
was found later (:tclntosh and S’’cjre, unj ui~ is~~ -c1 ) U; i L  e-~’r ; - . : ; r T c- e~t ~s
are induced in h icj h so:;;; , hut not i n  lo;-; ::onc , to
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S. Conclusions

We have ut i l i z e d  the culture of immuno l ogically cca:c tent cells ii ~ il1 i-
pore d i ffu s i o n  chambers to investigate a number o~ pI encmer ;a of immuno-
log ical relevance. This procedure , coupled with the enumeraLior i of plaque
forming cells, has permitted the study of the mechanism s rc; a;e ible for
the matura tion of the immune response, the genetic control of the magn i—
tu~le and •the heterogeneity of the hunoral response to a hapten , the anal y—
ole of the t-1-~~~;ieyza ; ;nCtIOs ~ :;gisg , the rota o~ a ;tita~~’ .1;;
regulation of immunolog ic tolerance. The diffusion chamber technique
allows in vitro experimental manipulations of lymphoid cell population
while maintaining the advantages of a physiologic in vivo environment for
the cells under study.
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