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Contact with an antigenic substance results in a complex sequence of cellular and
molecular events, the consequence of which is the acquisition of specifically sensitized
lymphoid cells. These sensitized cells can synthesize and secrete antibody or react
with the antigen via cell-mediated-type reactions. Despite the complexity of immune-
associated events, the orderly process and predictable nature of many biochemical
parameters involved indicate that the response is efficiently regulated. Thus the con-
trolling mechanisms most likely are also complex, and it is probable that the majority
have yet to be described.

One experimental means of investigating biological control mechanisms is the
use of genetically defined “mutant” animals. Such mutants possessing immunologi-
cally associated genetic differences have already played important roles in under-
standing the intricacies of the immune response. Guinea pigs which are either re-
sponders or nonresponders to synthetic antigens have facilitated the analysis of
antigen recognition (1 and references therein). Rabbits have been instrumental in
determining the cell source of genetic information for the protein chains of immuno-
globulins via allotypic markers (2, 3). Different mouse strains have been used to
study the genetic contrel of the magnitude of the antibody response (1 and references
therein, 4-9), the genetic analysis of differential responses to determinants on the
same immunogen (10-12), and the genetic mapping of immune response genes (1
and references therein). Even though the variety of antigens to which the response is
genetically influenced in mice is rapidly being enlarged, the immunological cell type
in which the genetic markers are expressed is just beginning to be clearly defined
(12-15). Moreover, mutations have yet to be instrumental in defining cell functions
or immunological control mechanisms.

* This research was supported in part by an American Cancer Society Institutional Re-
search Grant to the University of Wisconsin Medical School, National Science Foundation
Grant (GB-20639), and Damon Runyon Memorial Fund for Cancer Research Grant (DRG-
1048).

{ Present address: WARF, Inc., Madison, Wis.

THE JOURNAL OF EXPERIMENTAL MEDICINE - VOLUME 136, 1972 1241



1242 GENETIC CONTROL OF ANTIBODY SYNTHESIS IN VITRO

In a previous report (16), a culture system was described in which the in
vitro responses of inbred strains of mice to sheep red blood cells (RBC)! did not
always parallel their in vivo responses. Although only a limited number of
strains was studied, the relationship of the in vivo-in vitro responses appeared
to be strain specific. In the present report, the number of strains examined for
this phenomenon has been extended. The results indicate that (e¢) the number
of plaque-forming cells (PFC) expressed in certain strains after in vivo sensiti-
zation does not portray the potential number of PFC; (5) three types of strain-
dependent in vivo-in vitro relationships exist; (¢) a loss or impairment in vitro
of some mechanism that regulates the extent of PF'C production in vivo occurs;
(d) this loss or impairment is under genetic control; and (e) the in vitro response
is controlled by two unlinked autosomal genes. Of the possible explanations
which may account for these findings, evidence is presented which suggests
that the different in vitro responses are not a result of various culture artifacts.

M aterials and Methods

Mice—2-5-month old male inbred, Fy hybrid, or backcross generation mice from our own
colony were used for all experiments (female animals were also used in the backcross experi-
ments). For all in vitro experiments, cells from the spleens of a minimum of three mice of the
same age were pooled.

Culture Conditions.—The culture conditions have been described elsewhere (16). Briefly,
the mice were killed by cervical dislocation and single cell suspensions were aseptically pre-
pared from their spleens in cold phosphate-buffered saline (PBS). The cells were washed once,
after which the mouse RBC were lysed by exposing the cells to distilled water for less than
5 sec. After this treatment, the cells were washed twice and suspended in 0.5 ml of PBS per
spleen equivalent.

Unless indicated otherwise, triplicate cultures of 7.5-8.5 X 10° cells were incubated with
2 X 107 sheep RBC (SRBC) of either high (H)- or low (L)-stimulator type or 2 X 107
horse RBC (HRBC) as the antigen. Cells were cultured in 35-mm dishes containing 2 ml
of a modified Eagle’s-Hanks’ medium supplemented to contain 5 X 10~® M 2-mercapto-
ethanol (unless otherwise indicated) and 109, fetal calf serum. The cultures were incubated at
37°-38°C in a humidified atmosphere of 109, 0s-5%, CO2-859, N2. The number of plaque-
forming cells was assessed for each culture by a modified Jerne assay. Cell viability was deter~
mined on the day of assay by eosin exclusion. Data are expressed as PFC/10° viable cells,
The standard error within triplicate cultures was in each case less than 15%,.

RESULTS

Strain Dependency of PFC Responses.—Table I shows the in vitro and in vivo
responses of 13 strains of mice to H-type SRBC. The in vivo responses of the
strains fell into two classes: low (<500 PFC/108 cells) or high (> 1500 PFC/105
cells). Low responders possessed the & and ja alleles at the major histocom-
patibility locus (H-2), whereas high responders possessed alleles %, d, g, and bc.

L Abbreviations used in this paper: A cells, accessory cells; B cells, bone marrow-derived cells;
CI, coupling index; HRBC, horse red blood cells; MET, mercaptoethanol; PFC, plaque-
forming cells; PBS, phosphate-buffered saline; RBC, red blood cells; SRBC, sheep red blood
cells; T cells, thyvmus-derived cells.
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The magnitude of the responses of spleen cells from the same strains stimu-
lated in vitro indicates that the strains were either high (>10,000), inter-
mediate (4000-8000), or low responders (< 3000). Comparison of the in vivo
and in vitro responses of each strain permits a further classification. For con-

TABLE 1
Comparison of the Responses of Various Mouse Strains to II-Type SRBC
l PFC/10% cells
: Coup-
Mouse strain aIIIlﬁe In vitro} .l?rlxlg
In vivo* index
| Exp. 4-23 7-9 2-13 7-26
wWC (W/+) ja 447 £+ 113§ 111,150 (48)[ | — |21,000 (47){13,000, 34
(+/4) ja 437 + 74 — [21,500 (45)
C57BL/10Sn b 450 + 85 10,900 (42) 13,000 — 15,200/ 29
C37BL/6] b 416 &+ 70 10,300 (37) — 112,900 (39)|16,000] 31
C57BL/6]
(S14/+) J\ b 428 + 180 114,000 (43) ~— 11,000 (41)|15,500| 32
(+/+) Y/ 430 £ 59 | — (12,000 (44)
CS7BL/KA b 291 + 16 3,660 (56) — — 11,400| 26
129/7 be 2540 + 435 | 1,370 (56) | 1,750 — 1,870, 0.7
DBA/2] d 1575 + 30 7,850 (35) | 5,100 5,690 (45)| 4,230| 3.6
BALB/cHe d 1820 + 325 | 1,800 (30) | 1,940 3,600 (38)} 2,200/ 1.3
C3H/He k 2100 £ 120 | 1,480 (38) — 12,260 (32)| 1,950| 0.9
AKR/] k 1970 + 122 | 1,030 (30) — | 1,600 (31)} 2,130! 0.8
CBA/J k 2455 4+ 600 | 1,400 (30) | 3,300| 2,450 (46)] — 1.0
CBAtets/] k 3900 4 100 — — — 3,090; 0.8
DBA/1] q 1770 + 235 | 5,220 (28) | 4,850| 3,370 (40)| 7,220 3.1

* Animals were injected (intraperitoneally) with 2.5 X 108 SRBC 4 days before assay.

t Determined after 4 days of culture.

§ Standard error.

|| Numbers in parentheses represent per cent cell viahility, i.e. (No. of viable cells recov-
ered /No. of viable cells seeded) X 100.

venience, this classification is referred to by a coupling index (CI), which is
defined as the ratio of the response in vitro to that in vivo. A CI less than 1.5
was found for BALB/c, CBA, C3H, AKR, and 129, which indicates a tight
in vitro-in vivo coupling. C57BL and WC strains exhibited the largest CI
(>25) implying an uncoupled in vitro response. DBA/2 and DBA/1, while
classified as high responders in vivo, exhibited intermediate responses in vitro;
their CI of 3-5 indicates a partial in vivo-in vitro uncoupling.
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The fluctuation in cell viability that appeared within experiments No. 4-23
and 2-13 was not strain associated; it was later found to be a result of the 20%
error in the counting technique employed (17). In recent experiments (see
Table IV) replicate counting of each sample has eliminated such fluctuations,
thus resulting in comparable cell recovery for all strains.

Genelic Control—Results presented in Table IT indicate the type of genetic
control involved in the in vivo and in vitro responses of three F; hybrids ob-
tained by crossing a high in vitro responder (WC) to three low in vitro re-
sponders (AKR, C3H, and BALB/c). The in vitro as well as the in vivo re-
sponses of the three crosses were intermediate. The CI of each indicates that

TABLE II
Comparison of the Responses of Various F1 Hybrids and Parental Strains to H-Tvpe SRBC

PFC/105 cells

Mouse strain In vitrof Coupling

In vivo* index
Exp. 1-29 7-2

wC 440 14,000 12,320 30
AKR 1970 400 — <1

(WC X AKR)F; 675 4,500 — 7
(AKR X WCO)F, — 5,200 — —
C3H 2100 — 690 <1
BALB/c 1820 — 1,720 <1

(WC X C3H)F, 875 — 4,800 6
(WC X BALB/c)F; 1280 — 6,000 S

* Animals were injected (intraperitoneally) with 2.5 X 103 SRBC 4 days before assay.
I Determined after 4 days of culture.

the in vitro responses were all partially uncoupled from their respective in vivo
responses.

The number of genes involved in the control of the in vitro responses was
determined with a high and low responder (WC and AKR). The distributive
profile is shown in Fig. 1 for the in vitro responses of the two parental strains,
F; hybrids, and backcross animals. The minimum difference between the re-
sponses of the two parental strains was fivefold. The responses of F; hybrids
were intermediate to those of the parental strains and did not overlap the
range of either parental response. Although the lack of overlap is not readily
apparent for the responses of WC and F; animals, this is a result of combining
the data from three independent experiments, in which the responses of parent,
I1 hybrid, and backcross animals were lower in one experiment than in the
other two. The responses of all backcross animals in which AKR was the parent
fell within either the Fy-response range or the AKR-response range. Although
not clearly shown (again because three independent experiments were com-
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bined), within an experiment the responses of the other backcross animals fell
within the range encompassed by either the F; or the WC responses.

Table III summarizes the results of six experiments in which the segregation
of the in vitro responses of backcross animals is correlated to the sex and coat
color of the animals. The responses of both backcross generations were found to
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F1c. 1. The immune responses of animals falling within intervals of 500 PFC/10° cells.

segregate as expected for two unlinked genes.? The responses of the backcross
animals were associated with neither sex nor coat color.

Hypothesis for In Vivo-In Vitro Discrepancies—Various hypotheses can be
advanced to explain the differences in the relationships of the in vivo and

2 The segregation data for the backcross descendants of WC were independent of the stimu-
lator-type of SRBC (H or L). Preliminary experiments (footnote 3) indicate that the in vitro
responses of the other backcross descendants may segregate differentially against the two types
of SRBC.
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in vitro PFC responses. The following experiments will focus on one possible
explanation: the phenomenon is an artifact of the culturing technique and
therefore has no biological significance. Various parameters tested that could
differentially affect the responses of high, intermediate, and low responders
were the kinetics of the response, the dose-response relationships, and the
requirement for certain culture components.

Kinetics of the Responses—To ascertain whether the culture medium altered
the response kinetics of different types of responders, the number of PFC was
determined at different time intervals for a high, intermediate, and two low

TABLE III

Correlation of Sex and Coat Color to the In Viiro Responses Against SRBC in Backcross Des-
cendants of WC and AKR

Number of backcross animals responding like

Backcross and sex Coat color
wC (WC X AKR)F: AKR
Fi X WC*

Female Black 7 3 0
Male “ 19 4 0
Not determined} “ 10 5 0
Total 36 12 0

I;1 X AKR§
Female Black 0 2 1
White 0 0 0
Male Black 0 12 4
White ' 2 9 _ 5
Total 0 23 10

1 Both males and females were used; the sex was not recorded.

* The segregation data for this backcross are a composite of responses to both H- and
L-type SRBC.

§ The segregation data for this backcross are for responses to H-type SRBC only.

responders. As shown in Fig. 2, the shapes of the curves are similar for the four
strains. During the first 24 hr the number of PFC increased three- to fivefold.
The maximum rate of increase occurred between days 1 and 3 and thereafter
declined. The maximum response occurred between days 4 and 5. In addition
to the differences in magnitude and rate, the number of background PFC/10¢
spleen cells in unimmunized animals was strain associated; 0.2-0.4 PFC/10¢
cells were found in WC and DBA/2 compared to 2-5 PFC/10¢ cells present in
BALB/c and CBA.

Number of Cells Cultured —In vitro antibody synthesis against RBC requires
three cell types: thymus-derived (T), bone marrow-derived (B), and accessory
(A) cells (18-20). The possibility that the high, intermediate, and low in vitro
responses of various strains are a consequence of differential survival in culture
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of these cell types was examined by determining the dose-response dependency
for different types of responders. As shown in Table IV, as the number of cells
cultured was increased from 2.8-2.9 X 10° to approximately 7 X 108, the

number of PFC increased similarly for all strains irrespective of the antigen. It
is clear that the number of cells required for a maximal response to occur was
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F1c. 2. Kinetics of PFC production in vitro. WC, DBA/2, BALB/c, and CBA spleen cells
were cultured with H-type SRBC for indicated times,

similar for different types of responders and similar for the three antigens
tested.

Fig. 3 presents a log-log plot of selected data from Table IV. The slopes of
lines in such a plot have been used to estimate the number of cell types inter-
acting in a response (20). Transitions in the slopes of such curves have been
interpreted to mean that an upper limit to the degree of interaction between
cells has been reached (21). Tt would be expected, therefore, that major differ-
ences in the distributions of T, B, and A cells in the various responders would
be indicated by different slopes and by different cell inputs at which transitions
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occur. As shown, the slopes and points of transitions were similar for the re-
sponses of WC, DBA/2, and CBA against either H- or L-type SRBC. Likewise,
the slopes and points of transition were similar for all responses against HRBC.
The slopes of the responses against HRBC were greater than those found for
SRBC at cell input levels less than 5 X 10% but were similar at higher cell
inputs. Variations in the responses at cell-input levels greater than 8.5 X 10°

TABLE IV
Cell Dose Dependency of Responses to RBC

H *
Number of cells PFC/10¢ cells cultured with

Stain cultured (x10-5) el Becovery e ype SRBC  HRBC
wC 2.85 39 2120 440 350
4.75 40 8200 1510 2520

7.60 57 12100 1630 3010

8.55 54 11400 1810 3500

10.4 48 11200 1360 4200

CBA 2.84 32 325 — 8
4.72 40 845 — 160

7.35 48 1300 — 295

8.55 55 1510 — 144

10.4 54 1560 — 340

C3H/DiSn 2.86 335 — 74 30
5.10 37 — 111 126

6.90 43 — 200 226

8.55 44 — 345 270

9.70 45 — 216 318

DBA/2 2.94 37 — 630 137
4.90 40 — 1155 1800

6.85 43 — 1700 2350

7.90 57 — 1750 1950

9.80 56 — 695 630

* Determined against indicated RBC after 4 days of culture.

cells are most likely a result of differences in the lots of culture medium since
the responses of WC and CBA against HRBC and H-type SRBC were deter-
mined in an independent experiment.

Culture Components.—The culture systems generally used by other investi-
gators to study “primary” antibody synthesis (22, 23) have failed to show
the strain-dependent in vivo-in vitre response dichotomy observed under the
present culture conditions. Even though many of the ingredients of this culture
medium have been shown to be important for maximum antibody synthesis
(16), the distinguishing component is the reducing agent, mercaptoethanol
(MET). Fig. 4 shows the effect of various concentrations of MET in the medium
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on the number of PFC produced by a low and a high responder strain against
H-type SRBC and HRBC. The optimal concentration of MET was 2.5-5.0 X
10~% M for the response of both strains to both antigens. Although a slight dif-
ference in optimal concentration is evident for the two antigens, repeated
experiments would be necessary to establish this conclusively.
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F16. 3. Dose-response curves for WC, DBA/2, and CBA against HRBC (M), H-type
SRBC (@——@®), and L-type SRBC (O—----0).

Other components of the medium (nonessential amino acids, glutamine,
nucleic acid precursors) which are necessary to maximize the response (16),
similarly affected the responses of various strains to SRBC.3

DISCUSSION

Genetic Control—The 13 strains tested against H-type SRBC can be classified
as high, intermediate, or low responders in vitro. These responses contrast with

3 Click, R. E., and L. Benck. Unpublished results.
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those found in vivo; thus an additional classification can be made based on the
relationship of the in vivo and the in vitro responses. The in vitro responses of
BALB/c, C3H, CBA, CBA¢ss , AKR, and 129 were low and were tightly cou-
pled to their respective in vivo responses (CI < 1.5). The responses of DBA/
2 and DBA/1 were intermediate in vitro and were partially coupled to their
high in vivo responses (CI = 3-6). All C57 and WC strains were low in
vivo responders and high in vitro responders; thus these strains had the highest

T T T L L L
alf T T T T T N At

SHEEP REBC HORSE RBC // ~
/

PFC/08 CELLS(X10°3)
(2.01X)S113) 0173 4d

MOLARITY OF MERCAPTOETHANOL

Fi1c. 4. PFC production at various concentrations of mercaptoethanol. WC and CBA spleen
cells were cultured 4 days in the presence of either H-type SRBC or HRBC. It should be noted
that the PFC response of CBA to SRBC is one-third that of the ordinate scale and the PFC
response of WC to HRBC is 10 times that of the ordinate scale.

coupling indices (CI > 25) (all these responses to SRBC as well as those to
HRBC have previously been demonstrated to be antigen specific [16}).

The type of genetic control of the in vivo and in vitro responses to SRBC
appears to depend on gene dosage as suggested by the intermediate responses
of (WC X AKR)F;, (WC X C3H)F;, and (WC X BALB/c)F; hybrids.
Results obtained with other F; hybrids® suggest that other types of control also
exist in vivo; e.g., (WC X 129)F; hybrids do not respond intermediate to that
of the two parental strains but, rather, respond as high as the 129 parent. The
different controlling element operative in this Fy hybrid compared to the other
three ¥ hybrids indicates that there are at least two kinds of high in vivo
responders.

The genetic control of the in vitro response to SRBC was further analyzed
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with backcross animals. The segregation of the in vitro responses of (Fy X WC)
animals was that expected for two unlinked genes; this finding is consistent
with the report that three genes control the in vivo response to SRBC in
BALB/c and NZB mice (24). The 2.3:1 segregation for the in vitro response of
(F1 X AKR) animals indicates that the alleles of each locus show dominance in
their control of the response. The results also indicate that the products of the
two genes interact in some manner since (@) a single dominant allele at either
locus resulted in a response similar to that in which both loci possessed a
dominant allele, and (b) the presence of two dominant alleles at either locus
resulted in a maximum response independent of the allele distribution at the
other locus. This conclusion must be somewhat tentative, since an additive
effect on the response by the dominant alleles of the two genes most likely would
not have been detectable because of the difficulty in differentiating a response
intermediate to that of the Iy hybrids and parents. The findings do, however,
rule out control by a single gene or by two genes, one of which is expressed
recessively (see appendix in reference 25 for analysis of genetic data).

The independent segregation of the sex, coat color, and in vitro responses of
the backcross animals indicate that the genes controlling these phenotypes were
not linked. The in vivo and in vitro responses were also not influenced by
heterozygosity at the W locus or the Steel-Dickie locus.

Mechanisms Underlying the In Vivo-In Viiro Response Discrepancies.—
Various hypotheses can be advanced to explain the in vivo-in vitro dichotomy
and the controlling mechanisms of the unlinked genes. Selective cell growth or
function does not adequately explain the strain differences. Pertinent findings
leading to this conclusion are the following. (¢) Except for the rate and magni-
tude of PFC production, the kinetics of the in vitro responses of various strains
were indistinguishable from one another as well as from their respective in vivo
responses.? (b) The number of cells required to optimize the in vitro responses
was similar for all classes of responders against H- and L-type SRBC and
HRBC. (¢) The relative distribution of T, B, or A cells in the spleens of various
responders was similar as shown by the slopes and transition points of the
log dose-log response curves. (@) The cell viability after 4 days of culture was
relatively constant within an experiment for different strains (variations ob-
served were not strain associated). (¢) The dependency of the response on MET
was similar for different responders and independent of the antigen.

The most conclusive argument against the possibility that culture artifacts
underlie the in vivo-in vitro discrepancies comes from studies now in progress?®
in which the type of in vitro responses to SRBC and to HRBC segregate in-
dependently in backcross animals. In these experiments all culture parameters,
as well as parameters related to cell-type distributions for each backcross
animal, are constant.

4Lovchik, J. C., and R. E. Click. Manuscript in preparation.
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If the genetically controlled discrepancy of in vivo and in vitro responses
cannot be accounted for by culture artifacts, it must be associated in some
manner with the regulation of the in vivo responses. A similar conclusion has
been suggested to explain the parallel segregation of the ability to respond to
many unrelated antigens in Swiss mice selectively bred for their responses to
sheep and pigeon RBC (26). Even though it is not known whether these two
genetically controlled systems are related, two possible explanations for the
findings are (a) strains differ in their physiological milieu in which lymphoid
cells function; or (b) strain variations are a result of differential sensitivity of
the lymphoid cells to a common suppressive factor. Irrespective of whether
either alternative is correct, the results indicate a loss or impairment in vitro
of some mechanism that regulates the extent of antibody synthesis in vivo.
Since this mechanism is strain dependent and genetically controlled, it differs
from other types of control mechanisms postulated for 19S antibody synthess,
e.g., 78 antibody feedback (27, 28) or immunosuppression by the factors
elaborated as a consequence of antigen competition (29). Thus, at least two
in vivo control mechanisms must be considered operative in controlling the 198
response to an antigen (at least SRBC). One, which all strains possess, controls
the kinetics of 19S5 synthesis (or the time at which 19S antibody synthesis is
“shut off”), and the other, which is strain dependent, regulates the magnitude
of the response.

Relationship of the Loss of Control In Vitro to Other Genetic M arkers—It is not
the purpose of this report to define the mechanism by which the in vivo and
in vitro responses to SRBC are genetically controlled, yet further understand-
ing of the phenomenon could be accelerated if systems analogously controlled
were known. Observations that must be considered in an attempt to correlate
the present classifications to other parameters are the following. () All high
in vivo responder strains showed either tightly coupled or only partially
coupled in vitro responses and possessed the H-Z alleles %, d, ¢ and &c. (8) All
low in vivo responders possessed the H-2 alleles b and je and their in vitro re-
sponses were uncoupled. (c) The in vitro responses and the CI were not always
associated with the H-2 alleles, as demonstrated by the responses of BALB/c
and DBA/2, both of which possessed the d allele. (d) The strain classification
based on the CI correlated positively with the Jg-I alleles (30) controlling the
allotypes of the 7S +,,-globulins, that is, all strains possessing the a and d alleles
had a CT of <1.5, those having the ¢ allele had a CI of 3-6, and those having
the b allele had CI > 25. It should be pointed out that the accuracy of these
correlations must await further documentation in other strains and backcrosses
in which the segregation of the responses, the H-2 alleles, and the Ig-1 alleles
can be determined independently.

Most other immune responses that are genetically controlled are linked to
various H-Z alleles (1 and references therein, 4-12), and not to the allotype of
the gamma-globulins {3, 31). Of these, only those responses linked to the H-2
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alleles b and &, such as those against (T, G)-A--L, (H, G)-A--L (4) and the
mouse male transplantation antigen (32) correlate with the present system.
However, this correlation with the response to the synthetic polypeptides is
most likely fortuitous since the amount of 7S (rather than 19S) antibody syn-
thesized was used to classify the strains against the polypeptides, whereas the
present system is based on 19S antibody synthesis.

The one immune response that may be genetically related to the immuno-
globulin allotype is that in which selective breeding for differential responsive-
ness to RBC resulted in the segregation of genes concerned with the general
regulation of immunoglobulin synthesis irrespective of the antigen (26). Three
different allotypic phenotypes were detected in mice of the high responder lines.
One resembled the BALB/c prototype, the second that of C57BL, and the
third was comparable to that of a (BALB/c X C57BL)F; cross in which both
types of allotypic specificities were present. Of these three, the C57BL prototype
was not one of those present in the high in vivo responder strains described in
the present studies. In contrast to the high responder lines, all mice of the low
responder lines exhibited an identical immunoglobulin phenotype which was
different from those found in mice of the high responder lines. This allotype was
probably a result of a crossover between the heavy-chain linkage groups of
DBA/2 and NH prototypes. Likewise, all low responder strains in the present
studies possessed only one allotypic allele, 5. However, this allele (C57BL
prototype) was found in the high responder selectively bred lines. Many in-
terpretations can be advanced to explain these differences; e.g., the two studies
were measurements of different genetic mechanisms of control (hemolysin was
used in the present classification, whereas hemagglutinin titers against both
SRBC and pigeon RBC were used to select lines in the breeding studies); alter-
natively, the apparent correlation of the allotype markers and the control of
antibody synthesis may be fortuitous.

One genetically controlled phenomenon that does not appear to be related to
the present in vivo-in vitro dichotomy is hybrid resistance to hematopoeitic
tissue grafts (33). This conclusion is based on the facts that strains 129, CS7BL,
and WC which have different CI’s have all been assigned the same hybrid
resistance allele (HA-1¢). This interpretation may, however, be incorrect due
to some pecularities of 129° and WB (a strain closely related to WC) (34) and
will be dealt with more extensively in a later publication.

A different type of hybrid resistance recently described (35) correlates better
with the present findings. In this type of resistance, which is controlled by two
unlinked genes, strains of mice possessing the same or slight modifications of the
alleles at the H-2 locus, e.g., 129 and C57BL, differ in their resistance to a third
strain which possesses an unrelated H-2 allele. As demonstrated by the present
results these two strains also differ in their CI’s.

Another genetically controlled system to which the in vivo-in vitro phe-
nomenon may have relevance is the susceptibility to disease, specifically to
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neoplasia. An example showing a close association with the present controlling
system is the differential susceptibility of strains to Gross and Friend virus-
induced leukemia, which is controlled by two unlinked genes for each virus
(36-38). C57BL, which is refractory to the action of most strains of these two
viruses, is the lowest responder in vivo, yet the highest in vitro, whereas most
strains possessing CI’s less than 6 (129 being an exception) are generally suscep-
tible to leukemia induction by one of the two viruses.

Significance of the Present Mechanism of Control for Other Immune Systems.—
The results of the present report indicate that (a) in certain strains the magni-
tude of the PFC response arising in vivo does not portray the potential number
of PFC (a similar conclusion has been reached from results obtained from cell
transfer experiments) (39); and () the in vitro loss or impairment of some
mechanism that regulates the extent of antibody synthesis in vivo is under
genetic control. These two findings limit the conclusions derived from classifi-
cation of strains based on their in vivo responses. For example, if the observed
similarity of 19S antibody synthesis by low and high responder mice
to (T,G)-A--L is not an accurate portrayal of the response potential of these
strains, a reconsideration of the hypothesis that the gene defect in nonresponders
may lie in the marrow-derived precursors of antibody-forming cells instead of
the favored hypothesis that the Ir-7 gene is exerted through thymus-derived
cells must be entertained. Further, until the importance of the present findings
is extended to the control of 7S synthesis, other classifications based on 7S
antibody synthesis may also be misleading.

The validity of the limiting dilution technique in enumerating immuno-
competent precursors cell frequency can be questioned in view of the control
mechanisms described in the present report. If it is assumed that the suppres-
sive environment of recipient mice is unaffected by X-irradiation and, further,
that the suppressive effect is similar irrespective of the number of cells injected,
then the frequency of cells participating in the events of immune responses
would be underestimated; e.g., an underestimation up to 30-fold could occur
in some strains in which SRBC were used as the antigen (40). If, on the other
hand, it is assumed that the suppressive mechanism affects T, B, or A cells
differentially or that the degree of suppression is dependent on the number of
cells inoculated, then the dependency of the response frequencies on the number
of cells transplanted may not be described by the Poisson model. In fact, such
findings have been described for transplanted marrow cells in (C37BL X WB)F;
and (C3H X C57BL)F; hybrids (40).

SUMMARY

The finding that the relationship of the in vitro and in vivo responses of
different strains of mice is under genetic control indicates that at least two
mechanisms must operate under in vivo conditions to control 19S antibody
synthesis. One is involved in the termination of 19S antibody synthesis; the
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other has a regulatory role on the magnitude of the response. In light of these
findings, various concepts based on other genetically controlled immune re-
sponses and on the limiting dilution technique should be reassessed. Further-
more, the suppressive in vivo mechanism may be an important type of control

in

the resistance or susceptibility to the establishment or maintainance of

neoplasms.

10.

11.

12.

13.

14.

REFERENCES

. Benacerraf, B., and H. O. McDevitt. 1972. Histocompatibility-linked immune
response genes. Science (Wash. D.C.). 175:273.

. Fishman, M., and F. L. Adler. 1967. The role of macrophage-RNA in the im-
mune response. Cold Spring Harbor Symp. Quant. Biol. 32:343.

. Bell, C., and S. Dray. 1971. Conversion of non-immune rabbit spleen cells by
ribonucleic acid of lymphoid cells from an immunized rabbit to produce IgM
and IgG antibody of foreign heavy-chain allotype. J. Immunol. 107:83.

. McDevitt, H. O., and M. Sela. 1967. Genetic control of the antibody response.
II. Further analysis of the specificity of determinant-specific control, and
genetic analysis of the response to (H,G)-A--L in CBA and C57 mice. J. Exp.
Med. 126:969.

. Mozes, E., H. O. McDevitt, J. C. Jaton, and M. Sela. 1969. The genetic control
of antibody specificity. J. Exp. Med. 130:1263.

. Lennox, E. S. 1966. The genetics of the immune response. Proc. R. Soc. Lond.
B. Biol. Sci. 166:222.

. Cerottini, J. C., and E. R. Unanue. 1971. Genetic control of the immune response
of mice to hemocyanin. I. The role of macrophages. J. Immunol. 106:732.

. Fuji, H., M. Zaleski, and F. Milgrom. 1972. Genpetic control of immune response
to AKR alloantigen. J. Immunol. 108:223.

. Braley, H. C., and M. J. Freeman. 1971. Strain differences in the antibody
plaque-forming cell responses of inbred mice to Preumococcal pelysaccharide.
Cell. Immunol. 2:73.

Mozes, E., G. M. Shearer, and M. Sela. 1970. Cellular basis of the genetic control
of immune responses to synthetic polypeptides. 1. Differences in frequency of
splenic precursor cells specific for a synthetic polypeptide derived from multi-
chain polyproline (T,G)-Prol-L in high and low responder inbred mouse
strains. J. Exp. Med. 132:613.

Mozes, E., E. Maron, R. Arnon, and M. Sela. 1971. Strain-dependent differences
in the specificity of antibody responses toward lysozyme. J. Immunol. 106:862.

Shearer, G. M., E. Mozes, and M. Sela. 1972. Contribution of different cell types
to the genetic control of immune responses as a function of the chemical
nature of the polymeric side chains (poly-L-prolyl and poly-pr-alanyl) of
synthetic immunogens. J. Exp. Med. 136:1009.

Tyan, M. L., H. O. McDevitt, and L. A. Herzenberg. 1969. Genetic control of
the antibody response to a synthetic polypeptide: transfer of response with
spleen cells or lymphoid precursors. Transplant. Proc. 1:548.

Grumet, F. C. 1972. Genetic control of the immune response. A selective defect
in immunologic (IgG) memory in nonresponder mice. J. Exp. Med. 135:110.



1256 GENETIC CONTROL OF ANTIBODY SYNTHESIS IN VITRO

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

Mitchell, G. F., F. C. Grumet, and H. O. McDevitt. 1972. Genetic control of
the immune response. The effect of thymectomy on the primary and secondary
antibody response of mice to poly-L (Tyr,Glu)-poly-p,L-Ala-poly-L-Lys.
J. Exp. Med. 136:126.

Click, R. E., L. Benck, and B. J. Alter. 1972. Immune responses iz vilre. I. Culture
conditions for antibody synthesis. Cell. Immunol. 3:264.

Heber-Katz, E., A. B. Peck, and R. E. Click. 1972. Immune responses in wziro. IL.
Mixed leukocyte interaction in a protein-free medium. Ewr. J. Immunol.
In press.

Hartmann, K. U. 1970. Induction of a hemolysin response in vitro. Interaction
of cells of bone marrow origin and thymic origin. J. Exp. Med. 132:1267.

Shortman, K., E. Diener, P. Russell, and W. D. Armstrong. 1970. The role of
nonlymphoid accessory cells in the immune response to different antigens.
J. Exp. Med. 131:461.

Mosier, D. E., and L. W. Coppleson. 1968. A three-cell interaction required
for the induction of the primary immune response in vitro. Proc. Nafl. Acad.
Sci. U.S.A. 61:542.

Groves, D. L., W. E. Lever, and T. Makinodan. 1969. Stochastic model for the
production of antibody-forming cells. Nature (Lond.). 222:95.

Mishell, R. I., and R. W. Dutton. 1967, Immunization of dissociated spleen cell
cultures from normal mice. J. Exp. Med. 126:423.

Marbrook, J. 1967. Primary immune response in cultures of spleen cells. Lancet.
2:1279.

Playfair, J. H. L. 1968. Strain differences in the immune response of mice. I.
The neonatal response to sheep red cells. I'mmunology. 15:35.

. Stockert, E., L. J. Old, and E. A. Boyse. 1971. The Grx system. A cell surface

alloantigen associated with murine leukemia virus; implications regarding
chromosomal integration of the viral genome. J. Exp. Med. 133:1334.

Biozzi, G., R. Asofsky, R. Lieberman, C. Stiffel, D. Mouton, and B. Benacerraf.
1970. Serum concentrations and allotypes of immunoglobulins in two lines of
mice genetically selected for “high” or “low” antibody synthesis. J. Exp.
Med. 132:752.

Henry, C., and N. K. Jerne. 1968. Competition of 19S and 7S antigen receptors
in the regulation of the primary immune response. J. Exp. Med. 128:133,

Uhr, J. W, and G. Moller. 1968. Regulatory effect of antibody on the immune
response. Adv. Immunol. 8:81.

Gershon, R. K., and K. Kondo. 1971. Antigenic competition between heterolo-
gous erythrocytes. I. Thymic dependency. J. Immaunol. 106:1524.

Herzenberg, L. A., N. L. Warner, and L. A. Herzenberg. 1965. Immunoglobulin
isoantigens (allotypes) in the mecuse. I. Genetics and cross-reactions of the 7S
y2a-isoantigens controlled by alleles at the Ig-1 locus. J. Exp. Med. 121:415.

McDevitt, H. O. 1968. Genetic control of the antibody response. ITI. Qualitative
and quantitative characterization of the antibody response to (T,G)-A--L
in CBA and C57 mice. J. Immunol. 100:485.

Gasser, D. L., and W. K. Silvers. 1971. Genetic control of the immune response
in mice. ITI. An association between H-2 type and reaction to H-Y. J. Immunol.
106:375.



33.

(31
o

36.

37.

38.

39.

R. E. CLICK, L. BENCK, B. J. ALTER, AND J. C. LOVCHIK 1257

Cudkowicz, G. 1968. The proliferation and spread of neoplastic cells. I Pro-
ceedings of the M.D. Anderson Annual Symposium of Fundamental Cancer
Research. The Williams and Wilkins Company, Baltimore, Md. 661.

. Lotzova, E., and G. Cudkowicz. 1971. Hybrid resistance to parental NZW bone

marrow grafts. Transplantation. 12:130.

. Cudkowicz, G. 1971. Genetic control of bone marrow graft rejection. I. Determi-

nant-specific difference of reactivity in two pairs of inbred mouse strains. J.
Exp. Med. 134:281.

Axelrad, A. 1966. Genetic control of susceptibility to Friend leukemia virus in
mice: studies with the spleen focus assay method. Natl. Cancer Inst. Monogr.
22:619.

Lilly, F. 1970. Fv-2; identification and location of a second gene governing the
spleen focus response to Friend leukemia virus in mice. J. Natl. Cancer Inst.
45:163.

Lilly, F. 1966. The inheritance of susceptibility to the Gross leukemia virus in
mice. Genetics. 53:529.

Bosma, M. ], E. H. Perkins, and T. Makinodan. 1968. Further characterization
of the lymphoid cell transfer system for the study of antigen-sensitive pro-
genitor cells. J. Immunol. 101:963.

. Cudkowicz, G., G. M. Shearer, and T. Ito. 1970. Cellular differentiation of the

immune system of mice. VI, Strain differences in class differentiation and
other properties cf marrow cells. J. Exp. Med. 132:623.



