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In 1960 when we found that mouse hepatitis virus (MHV) could 
grow in, and would destroy, macrophages in tissue culture, and that 
macrophage behavior in vitro reflected the single gene for suscep
tibility in the mouse,1,2 we constructed a simple model of how 
genetic resistance and susceptibility to this virus functioned. 
Today, the basic experimental findings remain unchanged, but new 
findings have compelled a very different interpretation of the same 
data. We believe that this re-interpretation applies to many host
virus genetic systems. It may be useful to first follow each item 
that has been re-interpreted, and then illustrate how the more com
plex model can clarify one way in which the environment affects 
host-parasite interrelations. We believe that the effects of en
vironmental pollutants could be tested in this system. The original 
view of the system and the change in viewpoint between 1960 and 1980 
are shown in Table 1. 

We will present below the data which have caused each change in 
interpretation. It is of primary importance to recognize that from 
the start we have used an unusual medium developed originally by Y. 
Chang to study the growth of rat leprosy bacilli in mouse macro
phages 3 : 90% horse serum with 5% beef embryo extract. The macro
phages do well in this medium, but to the uninitiated the cells do 
not look as beautiful because they are spread out on the glass as 
well as when grown in fetal calf serum or in other diluted sera. 
However, we continue to use it as a standard because cells grown in 
it show the maximum difference in genetic susceptibility and resis
tance without altering the absolute susceptibility of the susceptible 
cells. This medium has several disadvantages. We have not found 
commercial lots useful, so we bleed individual horses, and strictly 
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Table 1. Changing Concepts on Mouse Hepatitis: 1960+1980 

1. Genetic resistance and susceptibility due to one 
single character 

GENETICALLY COMPATIBLE AND INCOMPATIBLE FOUR-FOLD 
PAIR OF HOST AND VIRUS; OTHER GENETIC EFFECTS 

2. Mouse and macrophages resistant to MHV in general 

MOUSE AND MACROPHAGES RESISTANT TO SPECIFIC STRAIN OF 
MHV 

3. Virus is absorbed into and dies in resistant cells 

4. 

INITIAL GROWTH OF VIRUS (ONE-STEP) EQUAL IN RESISTANT 
AND SUSCEPTIBLE CELLS 

7 Resistance of macrophages absolute: 10 log 

RESISTANCE OF MACROPHAGES RELATIVE: 2xlOl TO 107 

5. Macrophage acting alone 

MACROPHAGE/LYMPHOCYTE IMMUNE INTERACTION 

6. No evidence of interferon in resistant cells 

PROBABLE INTERFERON-LIKE MECHANISM 

ensure that antibodies to MHV are not present in the sera. 

An important caveat is that the 'purity' of the virus must be 
constantly checked. The agent which is adapted to the susceptible 
mouse may have varying proportions of a mutant which is highly 
virulent for the genetically resistant strain of mice. 4 Thus a 
basic requirement for the studies is to keep the proportion of this 
mutant virus below 1:106 of the standard agent. This means that the 
stock virus destroys genetically resistant cells at no greater a 
dilution than 10-2 , whereas the same virus titers to more than 10-8 
in genetically susceptible cells. Finally, despite the extensive 
knowledge of the metabolism of macrophages in culture, there are no 
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data available on the biochemical changes of macrophages maintained 
under these conditions so important to our studies. 

We will now discuss each of the points in Table 1 and will try 
to demonstrate the reason for the re-interpretation. 

The original idea was that the standard virus obtained from PRI 
mice simply did not grow in the resistant C3H cells, and for some 
time I dismissed the fact that low dilutions of stock virus did kill 
resistant cells, attributing it to a toxic effect. However, when 
Shif was working in my laboratory, he showed that the supernatant 
taken from the cells that are destroyed by 107 or 108 infectious 
doses of virus contains a new virus which is able to destroy C3H 
macrophages and kill C3H mice even at low dilutions. 4 This adaption 
to a new host forces us to recognize, as did the students of 
bacteriophage a long time ago,5 that host resistance and virus 
virulence can be described only in terms of specific pairs. Plant 
geneticists had also recognized this in the case of fungal infec
tions. Flor6 combined genetic analysis of the virulence of a rust 
fungus with a similar analysis of the genetics of resistance of the 
flax plant, and established that there is a one to one relationship 
of genes of host and parasites which regulates the resultant dis
ease. 6 If the genes of host and parasite are matched, or compatible, 
then severe disease results, whereas if they are incompatible, then 
very mild disease results. Flor constructed the diagram presented 
in Fig. 1, which he called a quadratic check. 6 For us, the quadratic 
check has become an essential instrument for the study of factors 
which influence the adjustment between host and virus. We will con
centrate particularly on the incompatible system in dealing with the 
effects of malnutrition and cortisone, and it is this system which 
in vitro is susceptible to the effect of agar and agarose,7 while the 
compatible system serves as an excellent control showing that the 
basic health of the cells has not been altered. 

In order for the genetic comparison between resistant and sus
ceptible strains of mice eventually to have a specific biochemical 
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Fig. 1. Quadratic check. 
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meaning, we have introduced the gene for susceptibility into the 
inbred C3H resistant mice~ and now deal with two host strains: the 
original C3H and a C3HSS'~ which are kept in isolation and from 
which we draw our animals as they are used. Using this system, and 
using a further cloned virus, Cody7 analyzed the mechanism of the 
virus change and found, by fluctuation analysis, that the new virus 
arises from the stock by mutation at a rate of 3-5xIO- 7. Thus we 
must constantly ensure that the agent we use is overwhelmingly of 
one type, and to maintain the standard cloning and dilution passes. 
To summarize the first two points: Although genetic resistance and 
susceptibility to MHV do follow typical mendelian patterns of inhe
ritance, this is true only for the specific strain of MHV with which 
we started our work, and this virus can easily be changed, not only 
in its capacity to grow in so-called resistant mice and macrophages 
but also, as Cody again has shown,7 in different types of tissue. 
Thus the necessity of the quadratic check. 

In Shifts original work,4 only PRI and C3H mice were available, 
and the virus had not been selected for adaptation to macrophages. 
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Fig. 2. Disappearance of infectious virus from C3H resistant cells 
in macrophage cultures as compared to growth in PRI suscep
tible cells (Shif). 
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He found that following exposure of resistant macrophages to 
MHV(PRI), there was no apparent difference in the rate of absorption 
of the virus between the incompatible and the compatible pair, but 
that adsorption onto the resistant cells was followed by a loss of 
infectious virus titer (Fig. 2). The idea that the incompatible 
virus is absorbed into, and gradually dies within, the resistant 
cell had to be re-interpreted when Cody showed that the virus grows 
equally well in the resistant and susceptible cell, but is infective 
at about 1/20 the rate in resistant cells (Fig. 3).7 This further 
demonstrates the value of the quadratic check and the selection of 
mutants that are specifically adapted to macrophages. Between the 
original findings 4 and the present ones 7,9 lie: (i) the development 
of congenic strains of mi~e so that the genetically resistant and 
susceptible differ by only one gene; (ii) the selection of a virus 
strain specifically adapted to growth in macrophages of the C3HSS 
mouse; and (iii) the development of one-step growth curve techniques 
in macrophage cultures. The considerable difference between the 
original findings and present data suggests that virus adaption 
occurs through a continuous series of steps, that virus stocks may 
well be somewhat polymorphic, and that tissue adaption (liver ~. 
macrophages) may be included in these steps. Recent electron-
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Fig. 3. One-step growth curves of macrophage adapted virus in C3H 
and C3HSS cells (Cody). 
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microscopic studies by Dr. Reissig in our department support the 
evidence of initial growth during the first 24 hours, but with only 
1/10 as many cells infected. lO We will return to possible mechanisms 
of resistance later. 

We have dealt sofar with the quadratic check system as if it 
were uninfluenced by the environment, that is, by physiological 
changes within the mouse, or by changes in tissue culture media or 
metabolism. But we have known from the beginning that this is not 
so because virus titer differed in macrophages which grew in small 
numbers from liver explants on glass, and when different numbers of 
liver explants were inoculated in collagen slants. In addition, 
whenever 20% fetal calf serum, which produces much more attractive 
spreads of macrophages, was substituted for 90% horse serum, there 
was a decrease in the difference between resistant and susceptible 
cells (Table 2).11 This difference, which is usually 106 or a 
million-fold, is reduced to 102•5 in fetal calf serum to or about 
300-fold, and in subsequent studies has been shown not to be due to 
a change in the virus, but to a greater permissiveness of the cells. 
In turn, the permissiveness is greatly inhibited by the addition 
of mouse serum. 

Fig. 4. Plaques of incompatible virus-cell system under agar and 
agarose (Cody). Top row: agar; bottom row: agarose. 
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Table 2. Influence of Type and Concentration of Serum on 
Titration of MHV(PRI) Virus in Cultures of C3H and PRI 
Macrophages 

365 

% and type of 
sera in medium 

* Infectivity of virus (log TCD50/0.05 ml) 

90, horse 
20, horse 
10, C3H mouse 
20, horse+C3H mouse 
10, PRI mouse 
10, fetal calf 
10, rat 

1.3, 2.5, < 1.0 
3.8,4.8,4.5 

< 1.0, < 1.0 
< 1.0, < 1.0 

< 1.0 
5.0 
3.3 

on PRI cells 

7.3, 7.6 
8.3, 7.8 
7.8, 8.0 
not done 

6.9 
not done 
not done 

*results of 3 different experiments 

Obviously, variation in susceptibility of macrophages in cul
ture may be of great significance if our theory that the macrophage 
regulates the susceptibility of the host is correct. Cody7 studied 
susceptibility of macrophages of the C3H and C3HSS mice by deter
mining the numbers of plaques that develop under agar and agarose. 
The results are of great practical and theoretical importance. As 
seen in Fig. 4, cells from the resistant (C3H) strains of mice 
show a striking difference in susceptibility if they are kept under 
agar or agarose with fetal calf serum. However, if the C3HSS suscep
tible cells are placed under agarose and fetal calf serum, they are 
equally susceptible. The C3H resistant cells then differ from the 
genetically susceptible cells by only 10-fold when under agarose. 
Thus the genetically resistant cell is only potentially resistant 
and manifests this resistance only under the appropriate conditions. 
We were extremely fortunate in choosing the unusual medium, 90% 
horse serum and 5% beef embryo extract, for under these conditions 
the genetically resistant cells function at their maximum level of 
resistance. 

To bring point 5 of Table I up to date, we must re-examine our 
quadratic check, and recognize that it is incomplete. When pheno
typic changes are introduced, the model becomes a cube, for the role 
that lymphocytes and the immune response may play in genetic resis
tance must be incorporated (Fig. 5). Two other early findings were 
involved in this change of concept. One was Kantoch's finding that 
when resistant macrophages were treated with a crude extract of sus
ceptible peritoneal exudate cells, they were "converted" to become 
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Fig. 5. Three-dimensional representation of interaction of 
genotypes of host and virus with environmental factors. 

more susceptible. 12 The other was that a variety of environmental 
factors, such as cortisone,13 cytox,n,14 and concomitant Epi
erythrozoon infectionl5 make the reaistant mice susceptible. Kan
toch's "conversion" of resistant macrophages to susceptible ones l2 
utilized PRI and C3H mouse strains which are of course allogeneically 
different. It turned out that the "conversion" was due to the allo
geneic stimulus imposed on the C3H peritoneal exudate cells, which 
comprised both macrophages and lymphocytes. Treatment with exudate 
cells, including lymphocytes from the congenic susceptible mice re
sulted in no such stimulus. 16 This induced us to examine the way 
in which susceptibility of both macrophages and mice might be altered 
by putative lymphokines. 

From the start, the question of an interferon effect has been 
raised. I first learned about mouse hepatitis from Gledhill, when 
working at the National Institute for Medical Research, Mill Hill, 
England. In a laboratory across the corridor, Isaacs and Lindenmann 
had just discovered interferon. A year or so later when we found 
that mouse macrophages were susceptible to the virus of mouse hepa
titis, it was impossible to ignore interferon and interference. But 
several sets of experiments made us postpone careful study of this 
group of substances. First, when explants of resistant and suscep-
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tible livers were placed together on the same collagen substrate, 
only about half of the migrating macrophages (presumably those from 
the susceptible strain of mice) were destroyed (Figs. 6 and 7).17 
Next, when a mixed culture of resistant and susceptible peritoneal 
macrophages is set up, the virus apparently kills the susceptible 
and spar~s the resistant. 18 ,19 Finally, this held true even when 
the two congenic strains of mice were used, and the clarity of the 
plaque depends upon the proportion of susceptible and resistant 
cells (Figs. 6 and 7). Thus in no case did the resistant cells 
protect the susceptible cells. 

Nonetheless, there are at least three reasons not to accept 
this apparent negative evidence. The first is the indirect evidence 
of Virelizier et al. 20 that interferon plays a role in response to 
mouse hepatitis virus type 3 (MHV-3); the second is the striking 
experiments of Virelizier and Gresser,21 which show that antibodies 
to interferon convert a mild infection with MHV-3 to a virulent one; 
and thirdly, our own results with Concanavalin A (ConA), which is a 
well known stimulus to interferon production. Genetically suscep
tible mice (and their macrophages), in our hands, can be protected 
by the administration of ConA to the mice. 22 Finally (see later), 
the effect of cortisone on macrophage susceptibility is neutralized 
by supernatants from ConA-treated cells. Thus we tend more and more 

Fig. 6. Complete plaque of MHV on susceptible cells (Cody). 
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Fig. 7. Incomplete plaque of MHV on mixture of susceptible and 
resistant cells (Cody). 

to think of some mechanism involving an interferon (Table 3) which 
is evoked in, and bound to, the resistant cell but cannot get to the 
susceptible cell. 

Table 3. Reversal of Cortisone Effect by Supernatant of ConA
Treated Spleen Cells (Taylor) 

C3H alone 2.3 
HC-Rx 5.7 
HC-R + 

x 
ConA supernatant 1.5 

HC-R + x 
normal supernatant 3.5 
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The major thrust of this presentation is the proposal that a 
genetically defined incompatible system of host and parasite which 
allows for the development of a mild infection is an ideal system on 
which to study the mechanisms of host resistance and is a system 
which may be of value in testing the effects of various environmental 
factors on susceptibility to infection. An understanding ~f how the 
system seems to work is a necessary prelude to discussion of two 
examples which are currently under study in our laboratory. Our in
compatible (mild) system of mouse hepatitis, like so many other 
experimental infections, can be made into a fatal infection by ad
ministration of cortisone. 13 Over the years, we have used cortisone 
to produce either minor or zero effects on susceptibility of resis
tant macrophages. 13 ,23 But when it was recognized that lymphokines 
are probably involved in changing the susceptibility of macrophages 
in vitro, Weiser24 was able to show that spleen cells from cortisone
treated mice caused the resistant cells to become susceptible. 
Following up on this, Taylor25 has now shown that macrophages taken 
from mice that receive three doses of cortisone over a 3-day period 
yield macrophages that are 1000-fold more sensitive to the virus 
(Table 4). This increased sensitivity lasts only a few days in 
tissue culture; it js produced by dexamethazone and prednisalone, 
as well as cortisone, but not by testosterone or progesterone. In
creased susceptibility, judged by the destructive effect of the 
virus, is accompanied by greater growth of the virus. Finally, this 
increased susceptibility is counteracted by supernatant obtained 
from ConA-treated spleen cell cultures (Table 3). Thus the in vivo 
effect of cortisone on susceptibility of the mouse may be mimicked 

Table 4. Susceptibility of C3H Macrophages to 
MHV(PRI) after In Vivo Administration 
of Hydrocortisone (HC) (Taylor) 

LD50 

C3H control 2.4 

3 doses of: 
1.0 ~g HC 4.6 
2.5 mg HC 5.4 
5.0 mg HC 4.8 

10.0 mg HC 3.5 

I dose of: 
2.5 mg HC 2.6 

C3HSS control 7.7 
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by in vitro results. 

Nutrition. There is a tremendous literature on the effect of 
nutritionally inadequate diets on susceptibility to infection. 26 ,27 
We can be fairly sure that the multiplicity of types of infection 
results in a spectrum of effects of different dietary components. 
One way to define the role of dietary factors is to selectively 
deprive the host of a nutrient which allows the immune system to 
react immediately to prevent a lethal outcome to a potentially 
serious infection. Dr. Shams Zaman came to our laboratory from 
Bangladesh, where the interactions of undernutrition and infectious 
disease take a heavy toll in infants after weaning. She studied the 
effect of a low protein diet on susceptibility of mice to MHV. 28 
Her work and our continued studies are summarized in Table 5. 
Pathological studies suggest that the early destruction of liver 
cells and the later lesions in the thymus and the spleen involve 
the same cell types, and that the low protein diet is destructive 
of the macrophage-lymphocyte system. We have not as yet been able 
to obtain consistent in vitro results, so the mechanism of changed 
susceptibility can only be inferred. 

SUMMARY 

A unigenic and major difference in susceptibility c,f two strains 
of inbred mice (PRI and C3H) to mouse hepatitis virus seemed initial
ly to be simple and uncomplicated. In vitro macrophage susceptibi
lity matched in all details the genetic and ontogenic ccnstitution 
of the mice. Subsequently, combined use of a quadratic check system 
and in vitro analysis of macrophage susceptibility has ~roduced a 
sophisticated system for testing the mechanisms of genetic 

Table 5. Effect of Diet on Mortality of Incompatible 
Pair of Host and Virus 

Diet /I of Total If /I of % expts. of mice deaths 

Purina 
chow 9 54 1 2 

Low (8%) 
protein 6 47 47 100 

High (27%) 
protein 8 49 20 41 
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resistance to this one coronavirus. 

The large (106) in vitro difference in susceptibility of resis
tant and susceptible macrophages to the original virus depends upon 
maintaining these cells in 90% horse serum, or in lower concentra
tions of sera to which mouse serum has been added. 

The quadratic check system designates those pairs of host and 
virus in which infection is not full-blown as genetically incompa
tible and those in which a successful lethal infection is establish
ed as genetically compatible. Since genetic resistance of the host 
may be experimentally modified both in vitro and in vivo, it is 
necessary to diagram the host-virus system in a three-dimensional 
quadratic check, or a cube. 

The original finding that virus is absorbed into and dies in 
resistant cells was based on a comparison of cells from PRI and C3H 
mice. With further adaption of the virus to macrophage cultures of 
the congenic susceptible C3HSS mice, and the comparison of one-step 
growth in congenic C3H and C3HSS macrophages, it is shown that the 
genetically resistant cells are 1/20 as susceptible as the suscep
tible, and that infection in both is initially the same. 

Macrophage resistance is dependent upon associated lymphocyte 
action. Despite the absence of direct evidence that interferon is 
operating in protecting the genetically resistant cell, increasing 
evidence supports the idea that cell-bound interferon protects the 
genetically resistant cell. 

The genetically incompatible system of host and virus seems 
ideal for both the study of the mechanism by which resistance is 
altered and as a test system on which to survey the effects of en
vironmental factors on susceptibility to infection. 
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