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The initiation of persistent infections with the Traub strain of the LCM virus is
dependent not only on the number of immunocompetent cells present in the infected animals
but probably also on the fact that the virus depresses the development of the bone marrow
cells and causes apronounced immunosuppression at the T cell level. By analysing the events
leading to the termination of the virus carrier state by adoptive immunization, it was clearly
demonstrated that the cellular immunity provoked was solely responsible for the virus
elimination. Furthermore, helper T cells were shown to be necessary for the production of
antibodies, which also occurs in adoptively immunized mice. In view of this finding, further
experiments were performed, which strongly indicated that neither LCM-primed B cells nor
LCM-primed helper T cells are present in mice that are persistent virus carriers. Similarly,
neither cellular immunity to the LCM virus nor the presence of enhancing factors or
suppressor cells could be detected. It is concluded that C3H mice that are persistent virus
carriers have developed a humoral as well as a cellular immunological tolerance to the LCM
virus.

Two different kinds of chronic lymphocytic cho-
riomeningitis (LCM) virus infection are known, the
more common of which occurs when normal adult
mice are infected. Under these conditions, the
chronic infection develops together with a persistent
cellular and humoral immunity, and the virus is
present either in an occult state or in very small
quantities in certain organs, such as the kidneys (1).
The course of infection just described is quite

different from that of the other kind of chronic
infection in mice brought about by the LCM virus.
This is characterized by a persistent, high viraemia
and an apparent immunological unresponsiveness to
the virus. It occurs only as a result of infection in
mice deficient in immunocompetent cells, i.e., in
newborn mice (or fetuses) or in immunosuppressed
mature mice. The term " persistent infection " refers
solely to this specific form of infection and the
" persistently infected " mice are called " virus car-
riers ". In 1949 Burnet & Fenner advanced the
hypothesis that the persistent infection, with high
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viraemia and lack of detectable immunoresponses to
the virus, was due to immunological tolerance. Even
though this hypothesis was generally accepted,
doubts about its validity have also been expressed
(2, 3). Indirect evidence in support of Burnet &
Fenner's hypothesis is abundant, but more direct
proof is scarce. The matter, therefore, is still contro-
versial. Today, however, new immunological meth-
ods are available for the study of the immune
mechanism in viral infection. Some of these have
also proved useful for the study of LCM immunity
in persistently infected mice. In this paper we will
discuss the results of studies of this question carried
out in our laboratory during the last two years.

MATERIALS AND METHODS

Assay for quantitative measurement of cellular immu-
nity (CMI) to the virus

The method is based on the determination of the
radioisotopes released after the interaction between
specifically sensitized cytotoxic lymphocytes and
syngeneic 51Cr-labelled LCM-virus-infected target
cells. The CMI response was expressed as a cytotoxic
index obtained by a method previously described (4).
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Anti-theta serum treatment
The serum was produced in AKR mice by immu-

nization with C3H thymocytes and used as described
elsewhere (5).

Technique for separation of T lymphocytes from the
B cells
The method described by Wigzell et al. (6) is based

on the specific retainment of B cells in columns of
glass beads coated with mouse immunoglobulin
(MIg) antimouse immunoglobulin (7).

Measurement of the activity of haemopoietic stein
cells
The method is described by Till & McCulloch (8)

and is based on determination of the colony num-
bers produced in the spleens of X-irradiated reci-
pient mice after transfer of bone marrow cells (9).

Complement-fixation (CF) tests were carried out
as previously described (10).

Highly inbred C3H mice or AKR mice were used
throughout. Virus carriers were produced by intra-
peritoneal injection of 103 LD50 of virus in newborn
mice within 18 h after birth.
The LCM virus was the Traub strain kept in this

laboratory for about 15 years (5). Virus titrations
were carried out by intracerebral inoculation in
ordinary white Swiss mice.

RESULTS AND DISCUSSION

Induction of the virus carrier state

This is most easily done in the newborn mouse.
Fig. 1 demonstrates the events after intraperitoneal
inoculation of newborn C3H mice with the LCM
virus. As can be seen, the virus reaches its maximum
blood titre of 108 within 3 days. This corresponds to
the production of about one million times more
virus than during an ordinary intraperitoneal infec-
tion in adult mice; furthermore, virus multiplication
occurs 2-3 days earlier in the newborn mice than in
the mature mice. There can be no doubt, therefore,
that the infected newborn mice are very rapidly
exposed to a large amount of viral antigens. The
impact of this antigenic mass on the immune system
and the fact that few immunocompetent cells are
present in the newborn mice will greatly facilitate the
induction of a state of tolerance to the virus. Never-
theless, these factors alone are probably not enough
to induce tolerance. Other viruses are known that
reach high titres in newborn mice, but in these cases
immunocompetent cells develop rather quickly and

an immune response is produced. With these viruses,
therefore, the antigenic influence during the first few
days of life is not sufficient to induce tolerance.
However, with the LCM virus infection, there is an
additional factor, as we have discovered in our work
with the Till & McCulloch assay in a study of the
number and function of haemopoietic stem cells in
infected mice (9). Our findings have clearly demon-
strated that the acute LCM virus infection causes a
decrease in the number of colony-forming stem cells
as well as a strong inhibition of their function. Since
the colony-forming stem cells seem to be identical
with the lymphoid precursor cells (11), it is reason-
able to assume that the viral effect impairs the
development of immunocompetent cells. Such an
impairment is most probably the cause of the pro-
nounced immunosuppression of the T cell level
induced by LCM virus, as recently revealed by Bro-
J0rgensen et al. (12). When this happens on top of
the other factors that influence the immune response
of newborn mice, it might very well be decisive in
tipping the scales in favour of inducing tolerance to
the virus.
As mentioned above, the virus carrier state can

also be produced in adult mice, but, with rare
exceptions, only in animals deprived of most of their
immunocompetent cells. In order to mount an
immune response, these animals are just as much in
need of haemopoietic precursor cells as are newborn
mice. Most probably, therefore, in these cases also it
is the LCM viral effect on the stem cells that is
decisive for the induction of unresponsiveness to the
virus.
The examples just mentioned strongly indicate

that whether or not virus inoculation in mice results
in a virus carrier state depends on whether virus
multiplication outstrips the development of immu-
nity. Further support for this hypothesis was obtained
from the following experiment.
Groups of young mice were infected with the

LCM virus at different times after birth and assayed
for (a) the ability to mount a cellular immune
response to the virus, and (b) the chance of their
being persistently infected. The result is presented in
Fig. 2. This demonstrates clearly that mice infected
within 10 days of birth do not develop immunity to
the virus and that all become persistent virus car-
riers. However, in mice infected after the age of 10
days, cellular immunity to the virus begins to occur,
and at the same time the possibility that they will
become virus carriers diminishes. If infection is
delayed beyond the age of 20 days, all the mice

472



PERSISTENT LCM VIRUS INFECTION IN MICE

t 3 6 9 18 27 DAYS
INFECTION

Fig. 1. Blood virus titres after intraperitoneal infection of newborn
and mature mice.
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Fig. 2. The development of the virus carrier state and of cell-mediated immunity in mice
infected at different ages.
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develop a strong cellular immunity to the virus, and
none develops a persistent virus carrier state.

Termination of the virus carrier state

Termination of the virus carrier state and of
immunological unresponsiveness has hitherto been
achieved only by the transfer of lymphoid cells from
immune mice (13). Immune serum, even if of very
high potency and given in large, repeated doses, has
never been found to have any influence (13). Fig. 3
demonstrates the events after the transfer of 25 x 106
lymphoid cells from immune mice to virus carriers.
It is clearly seen that the virus is eliminated and that
a cellular as well as a humoral immune response is
produced. Most probably, therefore, the virus eli-
mination is the result of the immunity provoked. In
view of what is known with regard to the importance
of cellular immunity during the ordinary acute infec-
tion in adult mice (4, 5, 14, 15) and the lack of
influence of immune serum on the persistent infec-
tion, it seems reasonable to assume that the cellular
immunity is also the decisive factor during the
adoptive immunization of virus carriers. This theory
has been put to the test (16, 17). In these exper-i
ments, the immune lymphoid cells were exposed to
anti-theta serum and then transplanted to virus
carriers. The results demonstrated that the anti-theta
serum treatment abolishes the anti-viral effect as well
as the humoral immune response. The anti-viral
effect is, therefore, T-cell dependent. However, we
still did not know whether the virus elimination was
brought about directly by the T cells alone or
indirectly through the helper function of the T cells
in enhancing the production of antibodies by the
B cells, which might ultimately be the decisive factor.
This question was elucidated by us in the next
experiment (16).

In this experiment the immune lymphoid cell
preparations were enriched in T cells and simultane-
ously deprived of 90% or more of the B cells by
passage through the Wigzell MIg anti-MIg column.
The cells were then transferred to virus carriers.
Fig. 4 demonstrates the results and shows that the
T cells alone, without the help of antibodies, can
eliminate the virus. Moreover, it shows that the virus
elimination-when it is caused solely by T cells-oc-
curs as fast and to the same extent as in the cases in
which large amounts of antibodies are produced. In
consequence, antibodies are of no significance for
the virus elimination process. On the other hand, it
should not be forgotten that this postulate is based
on the measurement of complement-fixing (CF) anti-

bodies alone. Nevertheless, it seems very unlikely
that cell populations deprived of nearly all their
B cells and having lost their capacity to produce CF
antibodies should still retain the ability to produce
antibodies of other kinds to any significant degree.
Therefore, in all probability no antibodies at all
participate in the virus elimination during adoptive
immunization. The results presented are in agree-
ment with many observations in this laboratory
concerning other kinds of LCM immunity. We have
found repeatedly that virus elimination could occur
in the absence of antibodies (18). On the whole,
antibodies are therefore likely to be of minor, if any,
importance in fighting the LCM virus. However,
they might have a preventive effect against reinfec-
tions.
The data indicating that the LCM antibody re-

sponse was sensitive to anti-theta serum seemed to
confirm that a T cell helper function played a role in
the antibody production. This matter was further
investigated in our laboratory (16). For that purpose
various cell preparations from immune mice were
prepared. One batch was deprived of T cells by
treatment with anti-theta serum, another was de-
prived of B cells by passing it through an MIg anti-
MIg column, a third consisted of a mixture of the
purified T and B cells. The cells were then transfer-
red to virus carriers. Table 1 presents the results and
reveals that the LCM antibody production is com-
pletely T cell dependent.

The virus carrier state

The evidence for and against Burnet & Fenner's
tolerance hypothesis concerning persistentLCM virus
infection was discussed by Volkert & Lundstedt (18)
a few years ago, and this discussion need not be
repeated here. However, in the discussion it was
pointed out that the cellular and the humoral immu-
nity probably operate independently of one another
and that the question of tolerance must be consid-
ered separately for each of them. At that time, we
suggested the existence of a split tolerance against
the entire viral antigen; but we are now inclined to
agree with the idea put forward by Lehmann-Grube
(personal communication), that the humoral and the
cellular immunity-or tolerance-are probably
directed against two different viral antigens. What-
ever explanation is right, when dealing with toler-
ance to the LCM virus, both the humoral and the
cellular immunity must be considered. It is also
necessary to take into account whether a tolerant
state is complete or only partial.
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CELL TRANSPLANTS

Fig. 3. Adoptive immunization of virus carriers by transfer of 25x106 untreated lymphoid
cells from immune mice. n.tr. = no trace.

NMR.

Fig. 4. Adoptive immunization of virus carriers by transfer of 25 x 106 purifiecd
T lymphocytes from immune mice.

475



M. VOLKERT ET AL.

Table 1. Cooperation between T and B cells from
immune donors in the adoptive antibody response
of transplanted virus carrier recipients

No. of T cells No. of B cells CF titres on day 10

3x 106 0 <8

0 3 x 106 < 8

3 x 106 3 x 106 >1024

As regards the humoral immunity, the data in
Table 1-in addition to demonstrating the necessity
for cooperation between T and B cells-also throw
light on another question. The results indicate that
the antibodies produced in adoptively immunized
virus carriers were solely a product of the trans-
planted cells. The recipient mice themselves seemed
to contain neither LCM primed B cells nor primed
T helper cells in a state and/or in amounts sufficient
to produce antibodies in measurable quantities. This
problem has been further elucidated, however, by
cell transfer experiments in another kind of recipient
(16), using X-irradiated (7.74x 10-2 C/kg) normal
mice that had been infected intraperitoneally with
103 LD50 virus after the irradiation. The cell transfer
was carried out 2 days after the infection, at a time
when the virus had multiplied enough to cause an

antigenic stimulus to the cells transferred. Because of
the inability of X-irradiated but otherwise untreated
infected mice to produce by themselves antibodies
within the first 10 days of the infection, any antibody
detected in this period in mice that had also received
transplants can be considered to have been produced
by the transplanted cells. Accordingly, this kind of
recipient should be ideal for testing the function and
cooperation of cells in different cell transplants.
Considering that the cooperation of T and B cells
was necessary for LCM antibody production, it
should be possible, by mixing purified, primed T or

B cells with lymphoid cells from virus carriers and
then transferring the cell mixtures to the recipients
described above, to decide whether or not primed T
or B cells were present in cell populations from virus
carriers. Tables 2 and 3 present the results of the
experiments carried out. From the data obtained it is
apparent that lymphocytes from virus carriers in the
amounts given cannot function as helper T cells for
primed B cells, nor in the presence of primed T cells
can they be provoked to antibody production.
Therefore, the results obtained strongly suggest that

Table 2. Failure of virus carrier cells to cooperate with
immune T cells in the adoptive response of transplanted,
irradiated, acutely infected recipients a

No. of virus No. of immune CF titres on day 9
carrier cells T cells

25 x 106 0 <8
0 3 x 106 < 8

25 x 106 3 x 106 <8

a Mixtures containing 6 x 10 6 immune T plus B cells produced
a titre of 512.

Table 3. Failure of virus carrier cells to cooperate with
immune B cells in the adoptive response of trans-
planted, irradiated, acutely infected recipients a

No. of virus No. of immune CF titres on day 9
carrier cells B cells

25 x 10 6 0 < 8

0 3 x 106 < 8

25 x 106 3 x 106 <8

a Mixtures containing 6 x 10 6 immune B plus T cells produced
a titre of 770.

C3H virus carriers contain neither LCM-primed
helper T cells nor B lymphocytes-or if they do,
such cells must be present in very small amounts, or
be in a blocked state.
By the use of ordinary serological methods, we

and others have never succeeded in demonstrating
any LCM virus antibody in virus carriers. Moreover,
in our mice infected with the Traub strain, using the
immunofluorescence technique, we have not been
able to detect antigen-antibody complexes in the
kidneys either. Thus, we have not confirmed the data
obtained by Oldstone & Dixon employing other
mouse and virus strains (2, 3).
When all our results are considered together, we

feel that we have a strong case for the assumption
that a state of humoral tolerance is established in the
virus carriers produced in our laboratory, and,
moreover, that this tolerance is complete.
As regards the cellular immunity against LCM

virus in virus carrier mice, the results obtained from
the analyses of the adoptive immune response de-
scribed above strongly indicate that this immunity is
the determining factor in virus elimination. This idea
is in agreement with many other data previously
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discussed (4, 18). Therefore, the mere fact that the
virus persists in high titres in the carrier mice speaks
against the assumption that cellular immunity
against the virus is operating in virus carriers. Fur-
thermore, direct assays were carried out with the
purpose of discovering the presence of cellular anti-
viral immunity in virus carriers. What we attempted
to find was LCM-primed cytotoxic cells in lymphoid
cell populations from these mice. We have already
published the results of such experiments (4). The
data obtained clearly demonstrate that lymphocytes
from virus carriers had no more cytotoxic activity
against target cells infected with LCM virus than
had lymphocytes from normal mice. Thus, the exper-
iment failed to reveal any cell-mediated immunity to
the virus. These results have recently been confirmed
by Cihak & Lehmann-Grube (19) in experiments of
similar design.

Enhancing or blocking factors and/or suppressor
cells could perhaps have been the reason for the
failure to demonstrate the cytotoxic cells in virus
carriers. However, the fact that lymphoid cells from
ordinary immune mice are able, after transfer to
virus carriers, to provoke the occurrence of cytotoxic
cells, speaks against this assumption.

Direct attempts to reveal the presence of enhanc-
ing factors in the serum of virus carriers have also
been carried out by us and by others (4, 19), but no
trace of such substances could be detected. Further-
more, in our laboratory, preliminary experiments
have also failed to reveal the presence of suppressor
cells in virus carrier mice.
Taking into account all available data we feel that

we also have a strong case for the assumption that a
state of cellular tolerance is established in our virus
carriers and that this tolerance is complete.

RtSUMt

INFECTION PERSISTANTE PAR LE VIRUS CML CHEZ LA SOURIS: IMMUNITE ET TOLERANCE

Le document analyse les resultats obtenus par ce labo-
ratoire au cours des deux dernieres annees dans l'etude
de l'immunite et de la tolerance 'a 1'egard du virus de la
choriomeningite lymphocytaire chez les souris C3H infec-
tees de fa9on persistante par la souche Traub du virus.
L'apparition de ces infections persistantes ne depend pas
seulement du nombre de cellules immunocompetentes
presentes chez les animaux infectes, mais egalement, selon
toute probabilite, du fait que l'infection virale deprime
fortement la transformation de cellules lymphoides pre-
curseurs en cellules immuno-competentes mures et provo-
que une immuno-suppression marquee au niveau des cellu-
les T. Il est evident qu'il existe une etroite correlation entre
I'dvolution du type persistant d'infection et l'incapacite
des animaux A oppose rau virus une reponse immunitaire
cellulaire. Les etapes de 1'evolution aboutissant A la dis-
parition du partage de virus par l'immunisation adoptive
ont e analysees au moyen de preparations de lympho-
cytes de donneur, prives soit des cellules T soit des cel-
lules B. Les observations experimentales montrent claire-
ment que I'immunite cellulaire provoquee est seule res-
ponsable de l'elimination du virus. Les anticorps viraux

ne jouent pas de r6le important dans ce processus d'e1i-
mination du virus, mais ils peuvent avoir un r6le pre-
ventif a l'egard des reinfections. En outre, les observations
ont montre que les cellules T cooperantes sont indispen-
sables pour la production des anticorps chez les souris
dans l'immunisation adoptive. Sur la base de ces obser-
vations, on a procede a d'autres experiences dont les
resultats ont nettement montre que chez les souris por-
teuses de virus persistant il n'y a pas de cellules B, ni de
cellules T cooperantes, activees par le virus CML ou que,
s'il y en a, elles ne sont qu'en petites quantites ou A
1'etat bloque. En outre, les experiences destinees A mettre
en evidence la presence, chez les souris porteuses de
virus, de cellules cytotoxiques pour les cellules cibles
infectees ont e entierement negatives. II n'a pas davan-
tage et possible de mettre en evidence la presence de
facteurs facilitants ou de cellules suppresseurs. La conclu-
sion est qu'il s'est etabli chez les souris C3H porteuses
d'un virus persistant une tolerance humorale aussi bien
qu'immunologique A l'egard du virus CML et que cette
tolerance peut etre consideree comme totale.
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DISCUSSION

LEHMANN-GRUBE: You have previously reported that, in
adoptively immunized carrier mice, you found not only
elimination of the virus and high increases in CF anti-
body but also high titres of neutralizing antibody, and
you have just told us that CF antibody is not helped by
T cells from carrier mice, nor do B cells from carrier
mice produce it. Have you ever done this kind of experi-
ment looking for neutralizing antibody?

VOLKERT: We have not looked for neutralizing antibody,
but we remove 90-95% of the B cells, so that probably
not much antibody can be produced.

PFAU: I am woundering whether Dr Volkert and
Dr Oldstone have exchanged viruses. There seems to

be a dichotomy: in your system there is clear evidence
of immune tolerance, and yet Oldstone presents striking
evidence that the mouse does make an antibody response.
Could this be due to differences in the strains of mice or
the strains of virus?

VOLKERT: Probably both, I think; it just depends on what
strain of virus and what kind of mouse you are using.

NATHANSON: Do your mice develop immune complex
disease in the kidney, which is probably the most sensi-
tive monitor of accumulating antibody?

VOLKERT: No, they never get any disease. We have tried
to find antibodies in the kidney but have not been able
to do so.


