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42 : Leonore A. Herzenberg and Leonard A. Herzenberg

shown that the suppression is due to exposure to maternal antiallotype antibody
since progeny from normal mothers injected with the antibody also become
suppressed (Mage and Dray, 1965).
Most of the rabbits suppressed by perinatal exposure to antiallotype anti-
body eventually do produce some immunoglobulins of the suppressed allotype;
however, decreased production of the allotype is generally evident well into
adulthood if not throughout the life of the animal. To compensate for the
decrease in total immune globulins, which is considerable in the rabbit since the
suppressed allotypes occur on the Fd portion of the immunoglobulin molecule
and hence in several different immunoglobulin classes, suppressed rabbits either
produce more immunoglobuling carrying the nonsuppressed allelic allotype
(Mage, 1967) or, in the case of suppressed homozygotes, more of other classes of
immunoglobulins (Dubiski, 1967; David and Todd, 1969) nomnn for by genes of
other loci (Appella et al., 1968; Kim and Dray, 1973). .
To date, it has been difficult to make progress elucidating the mechanism(s)
of allotype suppression in the rabbit, perhaps due to the logistics of rabbit work,
_or perhaps due to the problems of studying cellular interactions with noninbred
animals. Nonetheless, it has been established (among other things) that decrease
in circulating allotype reflects a decrease in the number of plasma cells pro-
ducing that aliotype (Lummus er al, 1967) and that suppression decreases the
amount of allotype in the antibody produced in response to a particular antigen
as well as the amount of allotype in the general immunoglobulins in circulation

- (Mage, 1967). Rose Mage and co-workers have recently shown that suppressed

- rabbits also lack antibody-forming-precursor-type cells bearing the suppressed
allotype on the cell membrane (Harrison et al., 19734) and these begin to appear
as suppression is ending (Harrison et al., 19735).

Allotype Suppression in Mice

Our studies on allotype suppression in the mouse, with which we will largely
~concern ourselves for the remainder of this review, were stimulated originally by
the demonstration of suppression in the rabbit. Following a similar protocol, we
immunized female mice of one strain with an allotypic antigen from a second

~ strain, mated males of the second strain to the immune female, and followed the
. development of the paternal type immunoglobulin in the hieterozygous progeny.
- With the strains used in our first studies we found that the onset of production
_of paternal type immunoglobulin in the mouse was considerably delayed in
progeny of immune mothers, although all suppressed progeny recovered from
suppression ‘and showed essentially normal levels of immunoglobulin by about
15 weeks of age (Herzenberg ef al,, 1967). In later studies we showed that by
using a paternal strain which has severe immunoglobulin abnormalities (i..,
SJL/F), we could produce progeny with a long-term or “chronic” suppression
(Jacobson and Herzenberg, 1972; Jacobson er al, 1972). In these hybrids (SIL
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X BALB/c) the chronic suppression is due to the generation of a transferable
population of thymus-derived (T-cells} which actively suppresses production of
the allotype (Herzenberg et al., 1971; Herzenberg, 1972; Herzenberg et al., 1973
and see below).

In order to describe and discuss the studies which mmm to these conclusions,
it is perhaps useful at this point to digress slightly for a brief review of the
normal production of immunoglobulins in the mouse and some relevant informa-
tion about mouse allotypy.

Immunoglobulin Allotypes in Mice

Distinct allotypic antigens have been found on heavy chains of four classes
of mouse immunoglobulins (Herzenberg et of, 1968). Antigens of two of these
classes, Ig-1 on IgG,, heavy chains and Ig-4 on IgG, heavy chains, have been
used in the allotype suppression studies. BALB/c, the strain generally used as the
maternal or antiallotype donor carries Ig-1a and Ig4a allotypes. C57BL/10, SIL,
and several other strains generally used as paternal strains carry Ig-1b and Ig-4b
allotypes. Referred to collectively, the immunoglobulins produced by BALB/c
(eG,, 1gG,, , 128G,y , and IgA of allotype “a™) are called Iga globulins and the
immunoglobulins produced by C57BL{10 or SJL are referred to as Igb globulins.
The corresponding shorthand notation for the gene clusters are Ig2 and Ig¥. Low
levels of Ig-1b or Ig4b are readily measurable in the presence of large amounts
of Iga globulins by radicimmune assay (Herzenberg and Herzenberg, 1973). For
semiquantitative work, we estimate {g-1b by immunodiffusion in agar gels.

Origins of Immunoglobulins in Young Mice

The young mouse starts to synthesize detectable amounts of its own 1gG
immunoglobulins sometime around weaning. Prior to this time its civculating 1gG
comes from maternal IgG which is first passed to the young in utero and then
passed continually over roughly the first 16 days of life via nursing (Brambell,
1970). In the weanling (about 3 weeks of age), the majority of circulating IgG is
still of maternal origin; however, this passively transferred globulin disappears
over the next 5 to 8 weeks and is replaced by its natively synthesized counter-
part (Herzenberg et al., 1967).

Thus, in heterozygous progeny (Ig2.ig?) made by mating BALB/c (Ig*)
females to C57BL/10 (IgP) males, most of the IgG in circulation at 3 weeks of
age is maternally derived and therefore Iga allotype. This passively transferred
immunogtobulin is eliminated at an exponential rate with a half life of approxi-
mately 5 to 7 days. Although it is largely gone when the progeny have reached 8
weeks of age, traces may still be found as late as 12 weeks (Herzenberg and
Herzenberg, 1966, Herzenberg ef ol., 1967, Warner and Herzenberg, 1970).

Replacement of the passively acquired maternal IgG by native synthesis
begins about 3 weeks of age. Paternal allotypes (for example, Ig-1b in the
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Ig-4b

3-6

Ig-1v
8-10

Weeks of age at onset of allotype synthesis
Ig-4a

Ig-1a

Immune to

fg-1h-

Mother

Allotype
122

BALB/c

Table I.. Onset of Alotype Synthesis in Suppressed and Normal Mice
Strain

Alotype
Igb

Father

SIL

T

Strain

LP;BAB/14
C57BL/10;

CWB/13
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Since the period of complete suppression is short, it was necessary to show
that the absence of circulating allotype was not due mainly to the elimination of
newly synthesized allotype resulting from combination with the maternal anti-

body. The data in Fig. 1a (Herzenberg et al,, 1967) show the increase of Ig-ib

(=1 E= -1 "} =
H 0 mmem with age in the sera of a litter of normal animals and a litter of suppressed
== R 2 _H” i animals together with a computed curve showing the expected Ig-1b levels if
. .m m g & z synthesis in the suppressed mice had occurred at the same rate as in normal
? = ww. g m.m mice, and maternal antibody merely absorbed the produced immunoglobulin.
o b E £ mM,H The “expected” curve shows the level of Ig-1b remaining below the detection
mmmmm I threshold for several days longer than normal until the maternal antibody is
. 5 mmm E : exhausted. The computed level then rises rapidly to become indistinguishable
T Y @23 Ex from levels in normal mice. In contrast, the curve for levels in suppressed mice
oo wmmmm ; rises slowly and merges with the levels for normals only when the mice have
m k= m a W M reached the range for stabilization of adult levels.
. mmWMm ; Confirmation of this theoretical demonstration of the delay in onset of
Lo BFSESY ! synthesis of the suppressed allotype comes from the demonstration of small
ASBEE . . . L .
RSN mEcE.:w of antiallotype antibody in suppressed mice as late as 8 weeks of age.
o o % o “m m m Mm By this time, if allotype synthesis had been proceeding at a normal rate, enough
E L Y §|sp=EiEe allotype would have been produced to absorb the otiginal maternal antiaflotype
m P m ] u..,.m .m 8 antibody several hundred times over (Herzenberg and Herzenberg, 1965; Herzen-
E 2 =2 §|813TE berg ef al., 1967).
z 2 z| aExg® :
FELE " .
.m a mb.wa £ ! Specificity of Suppression
Bl | g MM ma m. ,m The specificity of antibody to which the young animal .is exposed deter-
mm mm m g mines the immunoglobulin which is suppressed. This is shown most clearly by
o o mmm m 2 o the data in Fig. 1b which show levels of Ig-4b with time E. three groups of
W; m. 573 .m m .m. Ma animals: progeny of nonimmune mothers, progeny of mothers 5;:.”::@ to Ig-1b,
= = m m $EEZ S & and progeny of mothers immune to Ig-1b and Ig-4b. Suppression moﬁ.ﬁm.ﬁu
& m 35S £ “occurs only in the progeny of mothers immune to Ig-4b. Data for suppression of
mv.b m mM m g Ig-1b in these animals is not presented; however, progeny of ail mothers
2, 2 % al& mmm.m R m immunized to Ig-1b showed short-term suppression for that allotype.
- T T geaEeay _ _
cES 82l . - .
- m @y mbm m m Suppression of Antibody Carrying the Suppressed Allotype
= -
.m & 9 m mmm.w.m.pm Studies on suppression of production of antibody to sheep crythrocytes
g, 5 8% £S m.m tE (SRBC) were conducted with short-term suppressed animals and normal con-
d B % S|=FeE mz%u trols, Animals were injected with SRBC at 21 days of age and again at 35 days..
At 45 days they were sacrificed and the number of cells in the spleen producing
anti SRBC antibody carrying Ig-1a and Ig-1b counted using a localized gel
hemolysis assay (Jerne assay) modified to permit estimation of indirect plaques
developed with specific antiallotype antibody, Controls produced slightly more
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classes to extraordinary elevations of immunoglobulins of one or more immuno-
globulin classes (Wanebo ez al., 1966).

While the elevated immunoglobulins in SJL often appear similar to the
restricted electrophoretic mobility “spike” seen in animals with plasmacytomas,
the progressive increase in the protein level with growth of the tumor seen with
plasmacytomas is often not observed in SJL disease. Instead, “spikes” may
appear and rise to quite high levels only to disappear again. New spikes may arise
or the animal may show a general elevation of immunoglobulins or a depletion
of same. While some animals never show “spikes” others may show several, in
sequence or at the same time (unpublished observation),

The mechanisms which regulate this discoordinated immunoglobulin synthe-
sis in SJL mice are at present completely unknown and relatively unstudied. It
has been observed, however, that the IgG,, and IgG, immunoglobulin classes
appear to be primarily affected. We have recently shown that SIL mice are
excellent producers of antiallotype antibody, and we have found that some mice
produce restricted heterogeneity antibodies to these antigens (unpublished ob-
servation).

Chronic Allatype Suppression in (SJL X BALB/c) Hybrids

Aware, then, that SJL mice show immunologic abnormalities suggestive of
regulatory defects, we mated males of this strain to both normal BALB/c
females and BALB/c females immune to Ig-1b allotypes and followed the onset
of Ig-1b synthesis in lhe progeny as we had previously with C57BL/10 X
BALB/c progeny. No significant differences between the two hybrids were
obscrved during the short-term suppression period, i.¢., for the first 8 to 1
weeks, The curves for onset of Ig-1b synthesis in the normal SIL X BALB/c
progeny superimposed on the curve for normal CS7BL/10 X BALB/c as did the
early portion of the curves for onset of synthesis in the two types of suppressed
progeny. (Jacobson and Herzenberg, 1972) As time progressed, however, the
SJL X BALB/c progeny from immune mothers began to show marked differ-
ences in the pattern of recovery from suppression compared Lo their suppresscd
C57BL/10 X BALB/c counterparts. :

To begin- with, several suppressed progeny from the SJIL X BALB/c cross
never showed detectable Ig-1b levels in circulation, atthough they were tested
weekly until over 30 weeks of age. Other progeny which appeared to have
recovered from suppression and had initiated Ig-1b synthesis reversed field and
stopped production, so that their levels once again dropped below detectability,
From 10 to 24 weeks of age many of the progeny alternated between synthesis
and nonsynthesis, thus displaying irregular variations in Ig-1b, with shifts from
undetectable levels to normal adult levels and back again being not uncommon.

At about 20 to 24 weeks of age, the Ig-1b levels appeared generally to
stabitize with about hall the progeny showing no delectable Ig-1b and the other
half ranging from trace amounts to full adult levels. While some shifting still

r . K
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occurred after this time, by and large, animals which showed no detectable Ig-1b
at 6 months of age tended to remain suppressed (Jacobson and Herzenberg,
1972). These animals, which were dubbed “chronically suppressed,” were F.;aa
in the subsequent experiments which led to the discovery of a thymus-derived
cell (T-cell) responsible for this form of allotype suppression. N .
Examination of the SJIL X BALB/c hybrid for abnormalities of the immune
system similar to those seen in SJL shows the hybrid to be somewhat abnormal
but to a much lesser extent than the parentat SJL. The hybrid does not develop
tumors, nor does it develop the sharp restricted mobility immunoglobulin
“spikes™ characteristic of the parental serum. There is, however, a ﬁ.m:%:nv.
toward generalized elevation of immunoglobulin levels. No differences in serum
electrophoretic patterns were observed between suppressed and :oﬁd&.vnomm:w
except for the absence of the suppressed allotype (unpublished observation).

SIL Genome and Chronic Suppression

The importance of the SJL genome to the development of chronic allotype
suppression is demonstrated by the data in Table II. Of 7 Igb strains tested, only

Immunoglobulin

Table 1I. Chronic Suppression of Ig-1b
Synthesis'
F, hybrid No. suppressedftotal (at 7 months)
Father chu Mother (Ig?) Mother immune Nonimmune mother
to lg-1b

SJL BALB/c 100/199 0/152

Lp BALB/c 0/23 of10
CSTBL/10 BALB/c 0/29 0/6

101  BALB/fc 1n7 0/s

BAB/14 BALB/c 0/20 0/10
CWE/13 BALB/c 0719 0/10

B10.8 BALB/c 1/81 - 0/21

SIL 129 0/23

! Animals were scored for Ig-1b production by WBEcmoEm.:&on. Bi0.S Mm

a strain congenic with C57BL/10 carrying H-2° c.m: qum.r__.ﬂo-m-m )
obtained from Jackson Laboratories. For other strain descriptions, see
legend for Table L.
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suppressed SJL X BALB/c hybrids 6 months of age or older were reconstituted
with spleen from normal syngeneic donors. Although the grafts were accepted
and the animals apparently healthy, no Ig-1b appeared in circulation (Jacobson
and Herzenberg, 1972). Thus, normal adult cells capable of producing Ig-1b in
sitt were unable to produce the allotype when transferréd into an irradiated
suppressed host, suggesting the presence of a radiatien resistant factor which
could prevent Ig-1b production by the transferred tissue.

Spleen or bone marrow transferred from suppressed donors into nonsup-
pressed irradiated recipients (in this case BALB/c) also failed to produce Ig-1b
(Herzenberg et al., 1971).

BALB/c mice were used as recipients in these experiments (as well as in
most of those which follow) because of the difficulties in following de novo
Ig-1b production by transferred tissue in an animal with Ig-1b in circulation,
Although transferring F, tissue into irradiated parents is not always successful,
we were fortunate in this strain combination that irradiation of recipients with
600R and transfer of a minimum of 107 F, cells was fully successful in better
than 95% of animals. This is demonstrated in suppressed recipients by the
continued production of Ig4b, a nonsuppressed Igb allotype.

The course of suppression in recipients of suppressed spleen or bone marrow
showed a curious pattern. In recipients of suppressed cells, a burst of Ig-1b
synthesis almost invariably appeared in the first 2 weeks after transfer. By 6 to 8
weeks after transfer, no detectable Ig-1b is produced in recipients of suppressed
tissue, although recipients of normal tissue produce consistently high levels of
Ig-1b for the duration of the experiment (at least 20 weeks) and recipients of
either suppressed or normal tissues produce high levels of Ig-4b throughout the
experiment as well. _

Mixture-Transfer Assay for Suppression

The key experiment proving that suppressed mice contain an active, domi-
nant cell-associated factor which suppresses Ig-1b production by normal cells
otherwise capable of Ig-1b production was that in which spleen from suppressed
hybrids was mixed in vitro with spleen from syngeneic normal hybrids prior to
transfer into the irradiated BALB/c “indicator” hosts. When 107 spleen cells of
each type mixed prior to transfer were injected, the levels of Ig-1b in serum of
the transferred recipients were indistinguishable from the levels in recipients of
107 suppressed cells transferred alone, and considerably below levels in recip-
jents of 10”7 normal hybrid cells. At 6 to 7 weeks post transfer, the recipients of
suppressed or of suppressed plus normal cells no longer produced any Ig-1b (see
Fig. 3). _

In a similar experiment, recipients of 4 X 10% suppressed cells mixed with
1.2 X 107 normal cells were suppressed, although not as well as recipients of 1.2

g
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Figure 3. Mixture-transfer assay for suppression of allotype production, Lethally irradiated
(600R) BALB/c (Ig3) were restored with (SJL X BALB/c) hybrid spleen cells approximately
18 hours after irradiation. (0} received 10° spleen cells from normal hybrids; {©) received

107 spleen cells from chronically suppressed hybrids; and () received a mixture containing

107 spleen cells from suppressed hybrids and 107 spleen cells from normai hybrids, Day 0 =
day of transler. Ig-1b levels were estimated on weekly blecds by tadioimmune assay. Fach
point is the average of determinations from 5 mice. (Herzenberg e al., 1973),

X 107 suppressed cells transferred alone (Jacobson et al, 1972). We lave since
found that the degree of suppression is more closely related 10 the number of
suppressed cells in the mixture, since results with graded numbers of suppressed
cells are roughly similar whether 1.0, 1.2, or even 1.5 X 107 normal cells are
used in the mixture,

There is considerable variability in the amount of Ig-1b produced in individ-
val recipients of the same suspension of suppressed cells or mixtures of sup-

1 o




I3
4

I "Aeieuntad

AG/MATYE X T(S) 21am ST {E jo slous(,

-8

apeu ydutd

apou ydw g

JIPOUNLULLL AQ PAUTLIALAD 013M S[AAI[ G
401
01

J,

(PELGT ‘v 12 EJaqu_azmH) Iazsuery 0} 1o1:d SINOY §T ~ YOO9 Ylm
— uorsn

€0°0> 800 iro ¥o
£0°0

200>

Q1-3]-1ue [EuwAeW 0} pasodxa amm siouop pessarddng ‘po syjuow 719 @l

PRIBIPRLI 301U 3/ (T v 21oam sluardoay -[(w/qy-31 Jo Sw 100>

{ZTL61 [ “s1ELIE) 9sNOW Yl 0] 2inie]d
-UBWION PazIPIEpUBg UD SORTWIWIC) 911 JO UCTIVPUIWIIOISI BUIMO[)0)] QIMIR[IUDWON, ,

1BYMAWOS JI U9AD ‘passarddns saBy pnoys uaalds passarddns pajardap jpeo-J, jo
JQJsUrI) ‘9109191, “YUISIIA 2UT JIQUINI TUABNINS 7 JE S0~ AUt yiim airiadoon
A[riauad sj[ao-g ‘144 "Apsiun A3y Anqissod siyy ayBw ‘10A0moYy QIUIPIAG
Jo saut] om], “{ewnue passaiddns ay) wWo s{pa-L o souasard o) w Apognue
Surssarddns e 2onpoad ‘sjdwexa rof ‘jydiw o v yong -pamnbar osfe § (([e0
£1) 1[52 paaUap-moLII-au0q B 11 ANniqissod ay) uado saaes| sfpurmue passasddns
woly [{29-1, v Jo souasaid oyt sazinbar vomssarddns jeyl UORRNSUGWISD Aty

01
S[122 Jo "oN
1Ivdg
1oUep [BULION

sty g,
SNWAY T
uaaidg
usaldg
uep 10N
anssi],

(XTI
pue JITA $91qR, 29s) siuowtradxa oaga u7 311 Wl p1p 11 se Luanoe Jussasddns o
pakonsap aImyno pue ainixiw o) roud juaweldwos jo soussard syl ur q[-Ayj,
-ue yiim usepds passarddns sy Jo Juswvaly, "palaajyeun J4d ei-8f Swarel apym
Ddd q1-31 jo uvonewroy a1 passarddns JGYUS o1 pownd usepds T srousfufs
[rou ynm uaopds passaiddns jo aim¥t “(LUe) ‘uolng pur [pusTy) saim
N2 UOHINCT-PYSIIN BUISR 04714 HP PAWIU0D alam udafds fim SHNSAF ap]
(1LA O1qEE pur  "F1,] 238) pakonisop
sem Ay1anoe Sumssoaddns (e esed yowa uy (9a0qe SB) SISOY O/ IV PIICIPLL
01Ul JAJSURI) PUE WAD[S BWIOU I dInixTitt 03 roud juauapdwos jo sousserd
A W (P96 1 “Uajly Pue J1ay]) R19Y1 SE ) PalIajed Ualjo S[9d-1 PUB SIACWAY
uo A[uo punoj usdnue ue) \q1-AyL 01 WNIISHUE [}IM PIIBII} 2Iom SANSSHY S JO
Yora wioiy suoisuadsns [[3)) "S[[o2- I, Ylm PajeIoosse s1 A)japoe ossarddns sanssi
983} JO 1oEa UL JBY} PIMOUS MOLIBW suoq pue udsds A sjuswnadxyg
; (A
{ PUB A SI[QE[ 925) 19133 PIojom1 AUINO! ST MOLIBUI JUOG SEAIUM “SISEq [0 13d
e U0 ‘usafds ypm Ajenba 1noqe ssarddns (paaowor sepou onuAyieied) snwiy
pue sapou ydwA] 1By} pamoys A0qT PIGIIOSSP AUSSE IojSUT-aIMXTu alp ul
SINSST) 3SIY} JO ASAINS V "mollrwl 3U0q pue ‘apou ydwd] ‘snwkyy wr 1ng sprgAy
possozddns jo usalds ur £uo j0u puno) are Ajanot Surssarddns ym s

1wuop passaiddng

o01
01
sG1
01
auop JoN
PAIIgJSURI} S[30 JO '0&

e A L e . rpem

4
¥
¥
¥
£
stuatdioar
Jo'oN

£o<
[0y

¥0
¥0'0>
¥o'o

£0<
8E°0<
T

£1°0
(sanssiy proydwiA u sy Jossarddng A 2qey

(4158

£0°0>

§0<
£

sonssi], proyduif- ur sfjas-J Jossasddng

o
§'0<
4

, (uonealasqo paystgndun pue ‘7z g1 ‘doquozioy
i puUE uOSqOJE[) 338 JO SYIUOUWL 9 I3YE pUR 210]3q Yjoq ‘SpugAy passarddns
feutdio oy w wass uoissarddns woly sadeass oy o1 sdeyzad parrger s1 A1IQULITA
| : yong juswtzadxa a1 inoydnonyy passatddns Ajjened Ao o jySmr dnoag otres
oyl ur s1Y1o seateym ‘ssop Juissarddns [y e paarsssr pey sonu ssayl ydnoy)
s& possalddns App3aidwion awooeq dnosd v yanas ur aalf jo 1no spuordioal om) o
) auo 535 03 Juanbaijur jou st 1 "(usoids oD X §-€ “o7) uaard a1r [0 Fussauddns
Jo sizqunu feurdIew uaym anip Apepnonied s1 syl Cs[pe2 [ewuou pur passaid

13ISUBI} I31JE SHAoM
(Tw/Bu) sjaaa] q1-5]

SI0
o>
§0<
9

§0<
g

80°0
¥0'0

301J¢ ul uolssarddng ad L1011V SNUOIY) pue W2 J-1I0YS Srequazioy *v preuoe pre Sloquozisl] 'y AI0U0d] : 9¢




3y

Table VI. Suppressor Cells in Bone Marrow'

Number of cells transferred (x 10%) Méan Ig-1b levels (mg/m!1)

Spleen Bone marrow Weeks after transfer i

Normal  Suppressed Normal Suppressed No. of mice 1 2 3 4 6 i

1“2 . 3 0.2 >0.4 >04 >0.5 >0.3

. 3 4 0.1 0.07 <0.02 <0.04 <0.04

10 5 0.1 003 <0.02 - - i

:: 10 4 0.3 04 >0.5 >0.5 >0.5 i

” 1 4 0.07 0.4 04 0.3 0.1

. 5 4 0.12 0.07 0.02 - -
10 4 0.06 0.04 0.02 - -

1 Dor_tors of all _cel]s were (8]1. X BALB/c)F, mice 6-12 months old. Suppressed donors were exposed fo maternal
anti-lg-1b perinatally. Ig-1b levels were determined by immunodiffusion. — = <0.01 mg of Ig-1b/ml. Recipients are
BALB/c mice irradiated with 600 R 18 hours prior to transfer (Herzenberg er al,, 1973),

Braquozay] *v prevoat pue Snquazsay v azoucay

72}

&

. . i

Table VII. Anti-Thy-ib (theta) Sensitivity of Suppressor Ceils in Bone Marrow! z

. . 2

(=%

Number of cells transferred (X 10°%) Mean Ig-1b level (mg/ml) o

Experiment Spleen Bone marrow No. of Weeks after transfer a
No. Normal Normal Suppressed Treatment mice 1 2 3 4 5 6 8 §.

i _ . >

I 12 - 4 02 >05 >05 >05 >05 >04 >05 ©
" 10 - 4 04  >05  >0.5 >0.5 >0.5 >05 >05 ‘-.g

hid 10 Anti-Thy-1b + P

. c 4 0.1  >05 >05 >04 >04  >04  >04 §

b 10 NMS +C' : 4 0.07 0.1 <0.04 <«0.02 - Z0.02 <0.04 2

10 - 4 007 004 - - . - - - g

=

i | 12 - 4 0.1  >05 >04 >05 >0.5 »0.5 &
» 9 Anti-Thy-1b + =

C 6 0.1 >0.5 >0.5 >0.5 >0.5 >0.5 ©

” 9 Congenic Anti-
Thy-1b + C' [ 03 >0.5 >0.5 >0.5 >0.5 >0.5

» 9 NMS +C' 4 0.1 0.1 0.2 0.2 0.05 0.05

' Donors of all celis were (SIL X BALB/c)F, mice 6 ~ 2 months old, Suppressed donors were exposed to maternal anti-Ig-1b perinatally. Where
indicated under “Treatment,” cell suspensions from suppressed donors were incubated with guinea pig serum and anti-Thy-1b or AKR nortnal
serum, at 37°C for 45 min, sedimented, washed, counted, mixed with sypgeneic normal cells and injected i.v. Ig-1b levels were estimated by
immunodiffusion. Recipients were BALB/c mice irradiated with 600 R ~ 18 hours pricr to transfer. In experiment 1, AKR anti-Thy-1b or
AKR normal serum was used. In experiment 11, congenic anti-Thy-1b (from Dr. E. A. Boyse) was used in addition (Herzenberg et al,, 1973).

2~ = <0.01 mg of lg-1b/ml. ‘
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iated BALB/c Recipients of a Mixture of

ture-Transfer Recipients)’

Table X. Retransfer of Suppressor Cells from Irrad

X

Suppressed and Normal Spleen (M

Number of cells transferred (X 10%)

Mean Ig-1b levels (mg/ml) in serum

No. of
recipients

Suppressed

Weeks after transfer

Normal
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A
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A
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w =
A
o '8
bt =1 =
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A A"
™ [aa oz
]
e
3
g
L
=]
i
M
o
&
LY (=1
= bt
7
5
3 o~
- -
B

0.07
>0.07

0.02
>0.35

0.04

0.11

>04

0.05
0.27

>04

0.08
0.14

>0.5

10

>0.23

0.08 0.07

0.14

fure of suppressed and normal

(S3L. X BALB/c) hybrids. Recipients in this

ix
hours prior to transfer. Ig-1b levels were

ted with 600R ~ 18

ia
<0.01 mg Ig-1b/ml.

for Ig-15. Normal donors were

1ve

fc recipients 11 weeks prior to this transfer of a m

a 3. All were negat
experiment were, as usual, BALB/c irrad

determined by

! Suppressed donors were BALR
cells as in Fig.

ditfusion.
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member of a pair of Thy-1 congenic strains against the Thy-1b of the other
strain. Suppressing activity is destroyed by both sera.

A rough calculation suggests that there is considerably more suppressing
activity per T-cell in bone marrow than per T-cell in spleen. Setting a conserva-
tively high estimate of T-cells in bone marrow at 10% and a conservatively low
estimate of T-cells in spleen at 30%, the observation that bone marrow sup-
presses as well as spleen on a total cell basis suggests that the T-cell population in
bone marrow is, at a minimum, 3 times more effective in suppressing.

The significance of this concentration of suppressor activity in bone marrow
is not clear; however, we have shown recently that bone marrow of BALB/c
recipients of mixtures of suppressed and normal spleen (i.e., recipients.in
mixture-transfer experiments) contains suppressor cells which must have settled
there after transfer. To demonstrate this we extended an earlier observation that
spleen cells taken from recipients after they were completely suppressed (11
weeks) are able to suppress when repassaged in a mixture-transfer experiment.
As the data in Table X show, both bone marrow and spleen from transferred
BALB/c recipients suppress about as well as their counterparts taken directly

from chronic suppressed hybrids.

Chronic Suppression by Transfer of
Suppressor Cells to Young Syngeneic Hybrids

In the transfer experiments discussed thus far, T-cells from various lym-
phoid tissues of chronic suppressed SJL X BALB/c hybrids have been shown to
actively suppress Ig-1b production by normal syngeneic spleen when the two
tissues are transferred together into an irradiated nonsyngeneic host. We have
also shown, however, that lymphoid tissues {rom chronic. suppressed donoss
suppress Ig-ib production when transferred into young, intact syngeneic hy-

brids.

Table XI. Chronic Suppression by Passage of Suppressor T-Cells into
: Yoting Syngeueic Hosts!

Chronie
Suppressor
Recipient Age at transfer tissue No. of cells suppressed/
totul
(SJL X BALB/oF, 2-3weeks  Spleen 15X 107 53/58
" ’ " .H.w;..ﬂ.:.—m 1) M\m
o " Bone marrow " 619

! Animals were scored for chronic suppression at 24 weeks of age.
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68 Leonore A. Herzenberg and Leonard A. Herzenberg

each of the parental allotypes, and circuiating immunoglobulins reflect this
ecllular ratio {Cebra, 1968). While there is little understanding at present of how
this ratio is maintained, the regularity with which certain allotype (and classes)
predominate over others suggesis it there is more than just random selection
operating.

It is usually assumed that all immunoglobulins in circulation in normal
animals are antibodies produced in response to antigenic stimulation. This
assumption is buitressed by the demonstration that animals raised in a germ-free
environment show very low IgG levels (Gustafsson and Laurell, 1959)., Although
the low levels could be explained by factors other than lack of antigenic
exposure, the studies with germ-free animals suggest that the presence of an
immunoglobulin molecule in circulation is evidence of antigenic stimulation, i.e.,
that a progenitor B-cell committed to production of that immunoglobulin was
stimulated by antigen to give rise to cells producing the immunoglobulin.

T-Cell Functions

Combination of B-cells with antigen is a necessary but generally not suffi-
cient condition for antibody production to ensue.! The antigen driven differen-
tiation of B-cells from precursors to IgG antibody producing cells most often
requires interaction with a (thymus-derived) “cooperating” T-ceil capable of
recognizing either the antigen or a carrier to which the antigen has been
attached. Some antigens are known which stimulate antibody produétion in the
apparent absence of T-cells. For example, neonatally thymectomized or irradi-
ated adult thymectomized mice reconstituted with either fetal liver or bone
marrow, respond to polymerized flagellin, as do genetically athymic {(nu/nu)
mice. Since a small number of Thy-1 (theta) positive cells, presumably T-cells,
are always found in these animals and polymerized flagellin is a very good
antigen, the possibility formally remains that thymic independent antigens are
those capable of extraordinarily efficient use of cooperators (Rajewsky et al.,
1969; Miller and Mitchell, 1969; Davies, 1969; Claman and Chaperon, 1969;
Taylor, 1969, Makeld er al., 1971; Warner, 1972; Mitchison, 1967; Paul et al,
1967).

Inderestingly, T-cell depleted animals such as those described in the pre-
ceding paragraph produce substantial levels of JgG even though the IgG antibody
response shows a virtually absolute dependence on T-cell cooperation. T-cell
depleted animals have been shown to respond to antigens with JgM antibody but
not with IgG antibody production. This again raises the question of whether all

! A complete review with extensive referencing on T- and B-cell interactions is beyond the

scope of this work. The short list of references pres.ated at the end of each paragraph is
intended to be minimal rather than comprehensive.
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IgG is, in fact, produced in response to antigenic stimulation (Wortis, 1971;
Tyan and Herzenberg, 1968; Warner, 1972; Grumet, 1972; Mitchelt er al,, 19724).

The cooperating T-cell has been extensively studied over the last several
years, but as yet the mechanism of cooperation has nol been firmly established.
For our purposes here it is sufficient to state that (at least for most antigens)
B-cells capable of binding the antigen must interact with T-cells capable of
recognizing the antigen, although the two cell types probably do not recognize
the same antigenic determinants. This interaction could be directly between B-
and T-cells or between B-cells and a factor produced by T-cells stimulated by
antigen (Feldmann, 1972; Iverson, 1972).

T-cells serve a second major function in the immune system. They are the
effectors of cellular immunity. T-cell depleted animals are unable to reject
homografts or to show other manifestations of cellular immunity, such as
delayed hypersensitivity. These functions may be restored in depleted animals
by reconstitution with thymaus, spleen, or lymph nodes from normal animals.
Reconstitution with bone marrow, which contains many fewer T-cells, is effec-
tive but only marginally so (Warner er gl., 1962; Raff, 1971).

Immunologic memory appears to be carried in both T- and B-cell lines.
Although in many cases a primed B-cell population can produce a secondary
response in cooperation with a sufficient number of unprimed T-cells, priming
renders the T-cell population far more effective for cooperation. Similarly,
although an alograft will be rejected by an animal never previously exposed to
the allograft antigens, the rejection of a second graft is considerably more rapid
and vigorous. Spleen and lymph node appear to be the principal location of both
B- and T-cell populations carrying immunologic memory. The thymus gnd bone
marrow seem to serve more as reservoirs of stem and progenitor cells, since
transfer of these tissues from primed animals mainly yiclds a primary type
response (Jacobson er al, 1970, Mitchell er al, 1971, Mitchell et al., 1972a;
Cunningham and Sercarz, 1971, Davies, 1969; Raff, 1970).

Suppression of Immunoglobulins in Other Systems

Various types of suppression of antibody or immunoglobulin synthesis have
been reported by other laboratories in addition to the short- and long-term
allotype suppression described earlier in this chapter,

Injection of neongtes with heterologous anti-immunogiobulin antibody spe-
cific for a particular immunoglobulin class suppresses the production of anti-
bodies and immunoglobulin of that and other classes perhaps by a mechanism
similar to short-term suppression (Manning and Jutila, 1972; Lawton ef af.,
1972). The suppression lasts for shorter or longer periocds and covers other
classes, depending on the specificity of the antiserum and the injection protocol.
Similarly, treatment of spleen cell cultures with heterologous anticluss antibody
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72 Leonore A. Herzenberg and Leonard A. Herzenberg

frequently maintained, not only in young animals, but often for the life of those
animals over six months of age who do not become completely suppressed.
While a balanced rejection state in which antibody to cellular antigens (“block-
ing antibody™) prevents rejection by T-cells has recently been suggested in other
systems (Hellstrdm, 1972), evidence for its existence as a general phenomenon
applicability here is stili lacking.

Another inconsistency is the demonstration of high suppressor activity in
bone marrow which is in general a poor source of cells for celiular immune
reactions. This finding can be reconciled with the hypothesis by postulating that
suppressor T-cells have specifically migrated into the bone marrow in large
numbers because target cells occur there; however, such arguments do raise some
serious, albeit not fatal objections, to the hypothesis. Additional questions are
why chronic suppression only occurs in SJIL X BALB/c hybrids and why only
for vGs, globulins.

Suppressor T-Cells as Regulators?

A more novel approach to the mechanism of chronic allotype suppression is
to focus on the inherent regulatory role of T-cells in the differentiation of B-cells
from precursors to IgG antibody producing cells, Since this differentiation
generally requires the cooperation of o T-cell, antibody production may be
limited not only by the number of B-cell precursors able to differentiate to
produce antibody to a given antigen, but as well by the number of T-cells
available to cooperate with the B-cell precursors in order to [acilitate their
differentiation to antibody forming cells. Put another way, the requirement for
cooperation with T-cells before antibody production can proceed creates a
pressure point at which the extent of the antibody response may be controlled
by the availability of cooperating T-cells. .

While this type of T-cell control over B-cell function is essentially passive,
i.e., n decrease of cooperators results in a decrease of the response, it is possible
that another class of T-cells exists which actively regulates the flow of B-cells
from precursors to antibody forming cells, perhaps by preventing or aborting
cooperation, The data we have presented on suppression of Ig-1b synthesis are as
well explained by postulating that the T-cell responsible for the active suppres-
sion of Ig-1b is one of a group of many specific suppressor (regulator) T-cells,
collectively responsible for the active control of the levels of antibody of the
various classes in serum.

A simple model for the mechanism of this kind of regulation could be
competition for B-cells between cooperators and suppressors, where blocking of
the interaction between cooperators and B-cells by suppressors results in preven-
tion of further differentiation of the B-cell. Under ordinary circumstances, the
presence of suppressors and cooperalors adheres to a finely tuned balance which
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maintains the relatively uniform immunoglobulin levels found in mice of the
same age and strain. The presence of antiallotype serum in the young animals,
however, could shift this balance in favor of overrepulation of Ig-1b synthesis. In
SIL X BALB/c¢ animals which, like the SIL parent, show an abnormal regulation
of IgG immunoglobulin synthesis, this early shift could result in the establish-
ment of an overdeveloped population of regulator (suppressor} T-cells which
specifically suppress Ig-1b precursors from differentiating to producers.

While the animal is young and its immune response is at its peak, coopera-
tors would be expected to have a numerical advantage and, therefore, be able to
override suppressors. On the other hand, during periods of relative immunologic
inactivity suppressors would once again be dominant,

As the animal ages and cooperator function declines, the degree of overregu-
lation originally established would determine whether the animal will become
completely or partially suppressed. : .

A competition model such as this depends on the validity of assuming that
all B-cell differentiation to IgG production is T-cell dependent, a point which is
hardly well established. The inability to obtain chronic suppression for ¥G,
could be explained, however, if the ¥G, production were not entirely T-cell
dependent, whereas the YG, production was.

This model is admittedly fanciful. Nevertheless, it does deal more easily
with some of the objections to viewing chronic allotype suppression as an
induced autoimmmunily. No telling argument currently exists for deiermining
which of the two hypotheses is correct, and we therefore leave the decision up
to the personal preference of the reader until decisive evidence bearing on the
question is available.
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