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Variations exist between different strains of inbred mice in the release of
lymphokines into the circulation. A number of manifestations of cell-mediated
immunity in mice sensitized intravenously with Mycobacterium bovis BCG were
analyzed to determine their association with the in vivo release of gamma
interferon (IFN-y) and migration inhibitory factor. Differences occurred among
the strains in the proliferative responses of splenic cells to specific antigen and in
the release of IFN after the challenge of BCG-sensitized mice with lipopolysac-
charide. However, the capacity of an individual strain to release migration
inhibitory factor and IFN-y into the circulation did not parallel the extent either
of the proliferative responses or of the release of IFN induced by lipopolysaccha-
ride. Not all of the strains developed marked delayed footpad reactions to
challenge with PPD regardless of the extent of their responses by other param-
eters. Delayed footpad reactions did develop in mice sensitized via the subcuta-
neous route, although this sensitization did not result in the capacity to release
migration inhibitory factor and IFN-y into the circulation of individual inbred

strains.

The capacity of an animal to develop an im-
mune response is under genetic control (12). The
development of increased numbers of genetically
defined strains of inbred mice provided an ex-
cellent means for the analysis of many of the
basic mechanisms involved in the elicitation of
the immune response. To identify the mecha-
nisms involved in cell-mediated immunity
(CMI), variations in resistance among different
strains of mice have been studied (3, 10, 13, 17).
Such investigations usually focused on differ-
ences between a resistant and a susceptible
strain. Although such studies aid in an under-
standing of defects in the mechanisms of cellular
resistance, an analysis of differences in the pa-
rameters of immune responses, after similar im-
munization of a large number of inbred strains,
may identify the existence of different or alter-
nate pathways leading to cellular immunity.

This immunity depends on the activity of T-
lymphocytes and macrophages, which act and
interact via the release of and response to lym-
phokines and monokines. Although a large num-
ber of lymphokines have been described (21),
the exact role of particular lymphokines in re-
sistance has not been determined. The possibil-
ity exists that the interaction of only a few
specific lymphokines suffices for the develop-
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ment of resistance to a particular agent. In pre-
vious reports, inbred strains of mice were shown
to release different types and quantities of six
lymphokines after immunization with cell walls
of Mycobacterium bovis strain BCG (15; R.
Neta, S. B. Salvin, and M. Sabaawi, Cell. Im-
munol., in press). Of the 16 murine strains in-
vestigated for the capacity to release migration
inhibitory factor (MIF) and gamma interferon
(IFN-v) into the circulation, 7 were low respond-
ers and 9 were high responders. The release of
the four other lymphokine activities, i.e., that of
mitogenic factor, of chemotactic factor, of cyto-
toxin, and of skin-reactive factor, did not corre-
spond to this pattern. For example, DBA/1J
mice, which do not release detectable quantities
of MIF and IFN-y into the circulation, do release
chemotactic factor and skin-reactive factor
(Neta et al., in press).

The questions therefore arise as to whether
failure to release a given lymphokine is a selec-
tive defect or whether other manifestations of
immune responses are similarly affected. Ac-
cordingly, experiments were initiated to examine
the development of several other immune pa-
rameters in the various inbred strains of mice.
In this paper, different strains of mice sensitized
with cell walls of BCG were examined 3 weeks
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later for (i) delayed and Arthus footpad reac-
tions to purified protein derivative (PPD); (ii)
proliferative responses of splenic cells to PPD,
and (iii) release of IFN and MIF after challenge
with bacterial lipopolysaccharide (LPS).

MATERIALS AND METHODS

Mice. Inbred strains of mice were purchased from
Jackson Laboratories, Bar Harbor, Maine, namely, A/
J, C57BL/6J, C57BL/10J, C57BL/10SN, BALB/
cByd, DBA/2J, C57BL/KsJ, Sec/1Red, AKR/J,
CBA/CaJ, C3H/Hed, RF/J, DBA/1J, and SJL/J, and
the outbred female Swiss mice were purchased from
Taconic Farms, Germantown, N. Y. Peritoneal-exu-
date cells were harvested about 5 days after intraper-
itoneal injection of light mineral oil.

Antigens. Cell walls from M. bovis strain BCG
were prepared by and obtained through the courtesy
of Edgar Ribi, Rocky Mountain Laboratory, Hamilton,
Mont. The cell walls were ground in Drakeol and then
emulsified in Tween 80-saline (CW/Dr) (19). In some
experiments, mice were sensitized by intravenous in-
jection of 300 ug of BCG cell walls in 0.2 ml. In other
experiments, the mice were sensitized by subcutaneous
injection (in the nape) of 300 ug of BCG cell walls in
Freund (Difco Laboratories, Detroit, Mich.) adjuvant
in a total volume of 0.2 ml. PPD, obtained either from
Parke Davis & Co., Detroit, Mich., or from the Na-
tional Institutes of Health, was used for footpad testing
by injection of 30 pg in 0.05 ml in a hind footpad. A
similar quantity of diluent was injected into the other
hind footpad. Swelling of the footpad was measured
with a Schnelltédster at 4 h postinjection for Arthus
reactions and at 24 h postinjection for delayed-hyper-
sensitivity reactions.

LPS was obtained through the courtesy of David
Feingold, University of Pittsburgh School of Medicine.
A 1- to 2-ug amount was injected intravenously into
mice sensitized 3 weeks previously with CW/Dr.

MIF. This lymphokine was assayed by determining
the dilution of experimental murine serum, the addi-
tion of which resulted in an inhibition of 20% or more
of the migration of peritoneal-exudate cells on agar, in
comparison with the effect of control serum from the
same strain of inbred mice (18). A 0.6-ml amount of
the serum dilution was mixed with 2.4 ml of an agar
medium containing medium 199, 0.5% Ionagar (Oxoid),
and 100 U of penicillin plus 100 g of streptomycin per
ml at 45°C, all dispensed in a volume of 3 ml in a 30-
ml Falcon flask. A small drop of packed peritoneal-
exudate cells was placed on the surface of the agar,
and after incubation at 37°C for 48 h, the distance of
migration was measured with the aid of a micrometer
in a low-power microscope. The percentage of inhibi-
tion of migration was equal to

1 — migration of peritoneal exudate

cells in experimental serum
xpe X 100

migration of peritoneal exudate
cells in control serum

The reciprocal of the maximum dilution of experimen-
tal serum causing a minimum of 20% inhibition was
recorded as the titer of MIF activity.
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Antigen-induced proliferation of splenic cells.
The capacity of antigen to stimulate cell replication
was measured with spleen cells from sensitized mice.
The lymphoid cells were recovered from the inter-
phase of a Ficoll-Hypaque gradient of teased splenic
cells. A total of 4 X 10° of these cells in 0.1 ml were
cultured in each well of a microtiter plate containing
RPMI 1640 medium, with HEPES (N-2-hydroxyethyl-
piperazine-N’-2-ethanesulfonic acid) buffer and 100
ug of PPD. After 48 h of incubation at 37°C in 5% CO,,
1 uCi of tritiated thymidine was added to each well.
Twenty-four hours later, the cells were harvested with
a Mash II Systems harvester. The filter disks with the
cellular material were put in scintillation vials with 9
ml of Econofluor, and the counts per minute of the
samples were measured in a liquid scintillation
counter.

IFN. IFN activity of a serum was determined by an
assay involving the use of encephalomyocarditis virus
hemagglutination reduction yield (8). L-929 cells were
grown overnight in minimum essential medium
(MEM) with 10% fetal calf serum in glass tissue culture
tubes to form monolayers. The medium was decanted,
and the cells were washed twice with phosphate-
buffered saline. The control and experimental sera
were diluted 10-fold to obtain 1072 to 10~° dilutions of
each serum in MEM containing 2% fetal calf serum.
The tubes with the cell monolayers were inoculated in
triplicate with 1 ml of each of the serum dilutions.
After a 24-h incubation at 37°C, the medium was
removed and cell monolayers were washed with phos-
phate-buffered saline. 0.25 ml of encephalomyocarditis
virus (hemagglutination titer, 1:16,384) in a buffer
containing 0.5% gelatin and 0.2% lactoalbumin hydrol-
ysate in Hanks solution was added to the monolayers.
After 30 min of incubation at 37°C, the infected cells
were washed twice with phosphate-buffered saline,
MEM with 2% fetal calf serum was added, and the
tubes were incubated for an additional 18 h. The virus
was harvested by repeated freezing and thawing, and
the titer was determined in a hemagglutination assay
employing human “O” erythrocytes. The IFN titer
was expressed as the reciprocal of the serum dilution
that produced a reduction of 0.5 log hemagglutination
yield of encephalomyocarditis virus. Ten units of IFN
in this assay were equivalent to 1 U of a reference
mouse IFN standard (obtained from the Antiviral
Substances Program of the National Institute of Al-
lergy and Infectious Diseases).

RESULTS

Comparison of Arthus and delayed-type
hypersensitivities in inbred strains of mice.
Inbred strains of mice sensitized intravenously
with 300 ug of CW/Dr and challenged intrave-
nously 3 weeks later released different quantities
of IFN-y and MIF into the circulation (15). In
outbred Swiss-Webster mice, such sensitization
and challenge induced the release of the two
lymphokines into the circulation and enhanced
specific CMI, but failed to stimulate marked
delayed footpad hypersensitivity (19). It is not
known whether this failure to develop delayed
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footpad reactions is associated with the mode of
antigen presentation or is determined by the
genes controlling the specific immune response.

To investigate this problem, inbred strains of
mice were immunized intravenously or subcu-
taneously with 300 pg of CW/Dr and 3 weeks
later were tested in the footpads with 30 ug of
PPD or with saline. The effect of strain varia-
tions and route of sensitization was measured by
both delayed and Arthus reactivity (Table 1).

Footpad reactions after intravenous sen-
sitization. The delayed footpad reactions of the
intravenously sensitized mice were generally
weak in all 14 strains, regardless of whether the
strain was a high or low responder in the release
of IFN-y and MIF in vivo. Arthus reactions
tended to vary from strain to strain. However, a
lack of correlation with the levels of in vivo
release of lymphokines was apparent. For ex-
ample, high-responder strains in the release of
IFN and MIF, such as DBA/2, had strong Ar-
thus reactions, whereas others, such as C57BL/
KsJ, had weak Arthus reactions. Low-responder
strains in the release of the two lymphokines
also varied in their Arthus responses, with mice
of the BALB/cBydJ strain having strong reac-
tions and mice of the RF/J strain having weak
reactions.

Footpad reactions after subcutaneous
sensitization. Because marked delayed hyper-
sensitivity did not develop in the various inbred
strains after intravenous sensitization, this re-
sponse cannot serve as an indicator of differences
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in CMI between strains. Since more intense
footpad reactions developed after subcutaneous
sensitization, this route was employed to com-
pare Arthus and delayed reactions in the differ-
ent strains (Table 1).

Subcutaneous sensitization of mice with CW/
Dr, followed by footpad challenge with PPD,
produced delayed and Arthus footpad reactions
in all 11 strains tested. It should be noted that
three of the strains that were low responders in
the release of MIF and IFN-y after intravenous
sensitization (namely, AKR/J, CBA/Cad, and
C3H/HedJ) developed strong footpad reactions.
However, all of the strains examined failed to
release detectable quantities of MIF and IFN
into the circulation after subcutaneous sensiti-
zation and intravenous challenge. Therefore, the
expression of the two tested parameters of CMI,
delayed footpad hypersensitivity and in vivo
lymphokine release, in different strains de-
pended primarily on the route of sensitization.

With the aid of the Spearman rank correlation
coefficient, possible correlations between the fol-
lowing entities were examined: (i) Arthus reac-
tions versus MIF release after intravenous sen-
sitization; (ii) delayed footpad reactions versus
MIF release after intravenous sensitization; (iii)
delayed footpad reaction after intravenous ver-
sus subcutaneous sensitization; and (iv) Arthus
reactions, after intravenous versus subcutaneous
sensitization.

A correlation is not apparent in any of the
four categories, with the possible exception of

TABLE 1. Delayed and Arthus reactions to 30 ug of PPD after intravenous or subcutaneous sensitization
with 300 p.g CW/Dr

Arthus reaction®

Delayed reaction

) Haplo- MIF after in- IF after intrave-
Strain type After intrave- After subcu- After intra- After subcu-  travenous nous sensitiza-
nous sensiti- taneous sen- venous sen- taneous sen- sensitization” tion”
zation sitization sitization sitization
A/J a - + - ++ 256 950,000
C57BL/6J b + ++ - + 256 500,000
C57BL/10J b ND¢ ND + + 256 1,300,000
C57BL/10SN b ++ ++ - ++ 256 1,100,000
BALB/cBydJ b ++ + + ++ 0-32 <100-2,500
DBA/2J b ++ + + ++ 256 120,000
C57BL/KsJ b + + - ++ 256 1,300,000
Sec/1Red b - ND - ND 64 200,000
AKR/J k + ++ + ++ 4 1,100
CBA/CaJ k + ++ - ++ 16 19,500
C3H/Hed k ++ ++ - ++ 4 850
RF/J k + ND - ND <4 <100
DBA/1J q + + + + <4 <100
SJL/J s - ND - ND 64 260,000

“ For correlation between parameters, see Table 2.
® Neta et al., Cell. Immunol., in press.

¢ Pe}-cent increase over control footpads. Each reading is derived from analyses of 4 to 12 mice. Symbols: —,
<10% increase in thickness; +, 10 to 20% increase in thickness; ++, >20% increase in thickness.

9 ND, Not done.
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(ii), where a reverse correlation may exist (Table
2).

Proliferative responses to PPD of splenic
cells from inbred murine strains. Prolifera-
tive responses of lymphoid cells to specific anti-
gen have been used as an indicator of CMI.
Therefore, proliferative responses of splenic cells
from intravenously sensitized mice of different
strains were measured to determine whether a
correlation existed with other parameters of
CM]I, such as in vivo lymphokine release and
delayed footpad response. Of the eight strains
examined, not all of which developed footpad
reactions to the specific antigen, three developed
proliferative responses (Table 3). Of these three,
two were high responders in the in vivo release
of MIF and IFN-y, i.e.,, C57BL/6J and C57BL/
KsJ, and one, RF/J, was a low responder. In the
other strains, the addition of PPD to sensitized
splenic cells had either a suppressive effect or no
discernible effect on cell proliferation. The sup-
pressive effect was noted in both high-responder
(e.g., A/J) and low-responder (e.g., CBA/Cad)
strains.

Effect of BCG-sensitization of different
strains of inbred mice on release of IFN
after challenge with LPS. Sensitization of
mice with BCG, followed 3 weeks later by intra-

TABLE 2. Correlation between some parameters
of the immune response

Spearman rank correla-

Parameter tion coefficient (r,)

After intravenous sensitization
Arthus reactions vs. MIF
release
Delayed reactions vs. MIF
release
Delayed footpad reactions
After intravenous vs. subcu-
taneous sensitization
Arthus reactions
After intravenous vs. subcu-
taneous sensitization

r, = —0.0865 (P = >0.05)
r, = —0.5606 (P = <0.05)

re = 0.0432 (P = >0.05)

r, = —0.1909 (P = >0.05)
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venous challenge with LPS, resulted in the’
release of increased quantities of IFN, in com-
parison with normal mice challenged with LPS
(22). This enhanced release has been related to
an increased activity of macrophages (9). If an
increased production of IFN occurs in some sen-
sitized mouse strains after challenge with LPS,
in comparison with that occurring in nonsensi-
tized mice, then activation of macrophages by
BCG is suggested.

Of 10 strains studied, at least 5 released en-
hanced quantities of IFN. Of these five, two were
low responders in the release of IFN-y after old
tuberculin challenge, namely, CBA/CaJ and
DBA/1J (Table 4). Thus, the responsiveness of
these two strains in the release of IFN after
intravenous sensitization with BCG and intra-
venous challenge with LPS suggests that these

TABLE 4. IFN and MIF titers in the sera of 10 strains
of inbred mice sensitized intravenously with CW/Dr
and challenged intravenously 3 weeks later with
bacterial LPS or specific antigen old tuberculin

(0T)

IFN° titer after chal-  MIF titer after

Strai lenge with: challenge with:
LPS® oT LPS® oT
A/ <100° 950,000° <4 256
C57BL/6J 120 500,000 ND* 256
C57BL/10SN 17,000 1,100,000  16-32 256

BALB/cBydJ <100 <100-2,500 <4 <4-32
DBA/2J 1,100 120,000 ND 256
C57BL/KsJ 450 1,300,000 <4 256
AKR/J 200 1,100 <4 4
CBA/CaJ 1,150 19,500 <4 16
C3H/Hed <100 850 <4 4
DBA/1J 6,500 <100 <4 <4
SW (outbred) 11,000 1,000,000 ND 256

“Ten units equals 1 U of National Institutes of Health
standard.

® Control mice challenged with 1 to 2 ug of LPS did not
release detectable titers of IFN or MIF.

¢ Each reading represents a pool or pools of 4 to 12 mice.

9 Each reading represents a pool or pools of 5 to 20 mice.

¢ ND, Not done.

TaBLE 3. Proliferative responses to 40 pg of PPD of splenic cells from eight inbred strains either normal or

sensitized with 300 pg of CW/Dr*
—T

Strain Sensitaed” plus Sensitized A cpm PPD Normal Acpm
A/d 3301 (£ 1412) 6722 ( 1,640) A (-3421)  3518(x 157) 4,142 (x 671) A —624
C57BL/6J 9,441 (£ 4635) 3820 (£ 1400) A 5,621 4792 (£ 2086)  2,065(+ 607) A 2907
C57TBL/KsJ 4753 (+ 1.887) 1639 (178) A 3114 1746 (+ 150) - 887(+372)  A859
Sec/1Red 4049 (+ 1865) 4600 (+1,773) A —551 5413 (£ 1,801) 3551 (+ 608) A 1,862
AKR/J 794 (+ 109) 712 (x 157) A +82 1,044 (+ 99) 1790 (+ 681) A -746
CBA/CaJ 671 (% 97) 1092 (£280) A -421 1,056 (+ 101) 611(x128)  A-+445
RF/J 31,504 (+ 17,512) 6260 (+ 1,247) A 25,334 16335 (£ 4597) 7,150 (£ 2,577) A 9,185
SIL/J 572 (+ 55) 1097 (£ 164) A -525 757 (+ 52) 1571 (£ 703) A -814

% Results of one of two experiments. The second experiment produced results similar to these.

b Splenic cells harvested 3

spleens.

ks after intravenous sensitization with 300 ug of CW/Dr. Each figure is a mean of at least three

< A, Refers to difference in counts per minute in pr

versus

b: of PPD.
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strains have the capacity to be activated by
components of BCG.

DISCUSSION

Variations occur in the immune responses of
different strains of mice to Mycobacterium sp.
or its components. Thus, differences in suscep-
tibility to infection were noted in 22 strains of
mice challenged with M. tuberculosis H37Rv
(16). Also, the capacity for marked granuloma-
tous enlargement of the spleen and lung in re-
sponse to intravenous injection of killed BCG
was strain dependent, in that reactions did not
occur in CBA/JCr and C3H/HeCr mice, but did
occur in others, such as C57BL/6J and C57BL/
KsJ (2). However, in nine inbred strains of mice
treated with BCG, resistance to challenge with
Schistosoma mansoni did not correlate with the
degree of granulomatous response to BCG (4).

Similarly, the release of MIF and IFN-y in
vivo varied among inbred strains of mice (15;
Neta et al., in press), but did not correlate with
the capacity of splenic cells to proliferate to
specific antigen (Table 3) or to concanavalin A,
or with the capacity of a sensitized strain to
release IFN in vivo in response to challenge with
LPS (Table 4). Marked delayed footpad re-
sponses to PPD did not develop after intrave-
nous sensitization in any of the 14 strains, al-
though some strains did develop Arthus reac-
tions (Table 1). The presence in some murine
strains of some manifestations of CMI, in the
absence of delayed footpad responses, may in-
dicate that cells, presumably T-lymphocytes, ca-
pable of inducing delayed reactions, are present,
but do not appear at the reactive site because of
suppression or sequestration (11). Suppressor
cells of the adherent (1, 6, 14, 20) or nonadherent
(5, 7, 14) type have been observed in the spleens
of mice sensitized with BCG. The presence of a
suppressor cell has been associated with the
capacity of a given strain to respond to an intra-
venous injection of killed BCG (1), i.e., the
C57BL/6 strain that had marked granulomatous
responses also had suppressor cells; the CBA
strain that did not produce marked granulomas
did not have suppressor cells. It appears that the
suppressor cells develop in the process of gran-
uloma formation. In contrast, the presence of a
suppressor substance to IFN action has been
associated with an apparent low responsiveness
of mice to sensitization with BCG (R. Neta, Cell.
Immunol., in press). Therefore, the apparent
high or low responsiveness, as measured by a
certain parameter, is a result of multiple, some-
times negating, interactions.

Results from the present experiments suggest
that the various manifestations of CMI may be
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under separate control. Thus a strain, such as
RF/J, that was a low responder in the in vivo
release of MIF and IFN-y (Table 1) had marked
proliferative responses of splenic cells to PPD
(Table 3), whereas a strain, such as A/J, which
was a high responder in the in vivo release of
MIF and IFN-y (Table 1), showed inhibition of
the proliferation of spleen cells in the presence
of PPD (Table 3) and did not release enhanced
quantitites of IFN upon challenge with LPS
(Table 4). Strains C57BL/10SnJ and DBA/1J,
which differed markedly in the quantities of
MIF and IFN-y released into the circulation
after old tuberculin challenge (Table 1) both had
high titers of IFN after challenge with LPS
(Table 4).

The expression of parameters of CMI after
sensitization does not depend solely on the ge-
netic makeup, but is also determined by the
manner of antigen presentation. Thus, subcuta-
neous administration of CW/Dr resulted in the
absence of detectable titers of MIF and IFN-y
in the circulation of all the strains tested after
old tuberculin challenge and in the development
of marked delayed footpad reactions to PPD
(Table 1). Strains, such as AKR/J, CBA/J, and
C3H/HeJ, which were low responders in pro-
duction of IFN-y and MIF after intravenous
sensitization (15) had the most pronounced foot-
pad reactions to PPD after subcutaneous sensi-
tization (Table 1).

In view of the dissociation of the different
manifestations of CMI, the question arises as to
what parameters are necessary for enhanced
resistance to a particular agent. Studies corre-
lating the parameters of CMI in different inbred
strains with the development of resistance
should be of aid in determining what responses
or interactions are essential for the development
of specific resistance.
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