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precursors (CTL-P) generated in vivo during lethal 
rabies infection of mice 
11. Rabies virus genus specificity of CTL-P 
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Cytolytic T lymphocyte precursors (CTL-P) were sensitized in vivo by intraplantar 
infection of C57BLi6 mice with a lethal dose of rabies virus, strain E R A  (ERA). As a 
result of sensitization CTL-P matured to interleukin-receptive CTL-P (IL-CTL-P) 
that could be expanded in vitro to Thy-l', Lyt-2' CTL clones in the presence of IL 
without subjection to antigen-driven selection. After infection with ERA, IL-CTL-P- 
derived CTL lysed fibroblasts infected with rabies virus but not those infected with 
another rhabdovirus, the vesicular stomatitis virus. These CTL, however, did not 
discriminate between fibroblasts infected with the serologically closely related 
laboratory strains of classic rabies virus, ERA and HEP-Flury, and the serologically 
distinct rabies-related African isolate Mokola. This finding implies that in vivo sen- 
sitized IL-CTL-P recognize common genus-specific determinants expressed on cells 
infected with members of the lyssavirus genus. 
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virus glycoprotein (G-protein), both strains differ in some 
determinants but share most others and are serologically 
related not only to each other, but also, in varying degrees, to 
a series of 32 rabies isolates from different geographic and 
host-species origin [l]. None of these mAb, however, neu- 
tralized the African isolates Lagos bat virus (LBV) and 
Mokola virus (Mokola) which have been classified by Shope 
[2, 31 as “rabies-related”. The relation to classic rabies could 
be confirmed by the reaction pattern of mAb reactive with the 
nucleocapsid antigens [l]. Polyclonal rabbit anti-ERA virion 
antiserum could neutralize all tested isolates and also LBV, 
but not Mokola. This obvious antigenic distance between 
ERA and Mokola on the level of the G-protein and the inter- 
esting epidemiological aspect that Mokola is geographically 
restricted to a region in sub-Saharan Africa [2, 31 prompted us 
to analyze whether cytolytic T lymphocytes (CTL) could 
detect common antigens on cells infected with either of these 
two distant members of the lyssavirus genus. 

In an attempt to define the antigen that is recognized by rhab- 
dovirus-specific CTL the infection of mice with the serologi- 
cally distinct vesicular stomatitis virus (VSV) strains VSV- 
Indiana (VSV-Ind) and VSV-New Jersey has previously been 
used as a model ([4-71, reviewed in [S]). Similar to the obser- 
vations in the immune response to influenza A viruses, the 
existence of serotype-specific as well as cross-reactive CTL has 
been reported for the VSV infection. Studies on the immune 
response to rabies virus could provide an independent control 
either to confirm or to challenge the results obtained with 
VSV. One approach to study the specificity of in vivo primed 
CTL is the direct testing of polyclonal lymphoid populations or 
of single effector cells [9] from immunized animals without any 
in vitro cultivation. Due to the very low primary CTL response 
to rabies virus these protocols are not feasible [lo]. On the 
other hand, the generation of CTL lines or clones requires 
repeated in vitro restimulations with antigen which may select 
for only certain clonotypes and hence this approach includes 
the risk of losing CTL with interesting specificities. This disad- 
vantage can be avoided when the interleukin (1L)-mediated 
antigen-free expansion of in vivo sensitized IL-receptive CTL 
precursors (IL-CTL-P) is used to define the specificity reper- 
toire of CTL [lo]. In the present report it is demonstrated that 
IL-CTL-P generated during infection with rabies virus recog- 
nize common determinants expressed on cells infected with 
serologically distant members of the lyssavirus genus. 

2 Materials and methods 
2.1 Viruses 

HEP-Flury and the plaque-purified SAD-derived ERA strain 
of rabies virus were obtained from T. J. Wiktor and VSV-Ind 
was obtained from R. E. Dierks. Mokola virus, formerly 
named Ibadan shrew virus IbAn 27377 strain [2, 31, was con- 
tributed by R. Shope. The viruses were propagated in 
BHK21-clone 13 cells [ l l ]  and sucrose gradient purified as 
described [12]. 

2.2 In vivo induction of cellular immune responses 

Female C57BLi6 (H-Zb haplotype) mice, usually used at 
6-8 weeks of age, were infected at the left hind footpad with 
lo7 plaque-forming units (PFU) of either VSV-Ind or ERA. 

Application of this dose of ERA at that site causes death 
within 6 1 2  days post-infection. For immunization, ERA was 
inactivated with P-propiolactone (PPL; Serva, Heidelberg, 
FRG) as described [13]. The draining popliteal lymph nodes 
(LN) were dissected 4 days later and served as source of sen- 
sitized lymphocytes. 

2.3 Microculture system and cytolytic assay 

Methods and strategies to determine relative frequencies of 
rabies-sensitized IL-CTL-P have been described in the preced- 
ing report [lo]. In brief, graded numbers of in vivo sensitized 
LN lymphocytes, starting with 1.6 x lo5 cells, were cultivated 
with no addition of antigen in 96-well round-bottomed microti- 
ter plates (Greiner, Niirtingen, FRG) for 6 days in minimum 
essential medium-a without nucleosides (Gibco Europe, 
Karlsruhe, FRG) which was supplemented as described [14], 
plus 10% fetal calf serum (Seromed, Miinchen, FRG) and 
20% ILZcontaining medium. CTL generated in these mic- 
rocultures were detected in a 3-h ’lcr-release assay with lo3 
infected and labeled C57BL/6-derived MC57G fibrosarcoma 
cells [15] as targets. Infection with the rabies viruses ERA, 
HEP-Flury and Mokola was performed 24 h before use at a 
dose of 10 PFU/cell in the presence of 50 pg DEAE-dextran 
(Pharmacia, Uppsala, Sweden) per ml to enhance adsorption 
and penetration of virus [13]. Infection with VSV-Ind was 
done at the same dose without DEAE-dextran for 16 h. To 
test lectin-dependent cytotoxicity, concanavalin A (Con A, 
Pharmacia) was added at a final dose of 10 pgiml to nonin- 
fected MC57G cells and CTL during the effector phase. This 
dose was found to be optimal for this type of target cell. Pre- 
cursor frequencies were estimated from the proportion of non- 
responding microcultures by two independent methods, the 
maximum likelihood (ML, [16]) and the minimum x2 (MC, 
[17]) evaluation. According to the proposition of Taswell [17] 
an estimate was accepted for a probability p > 0.05 and a ML- 
MC deviation < 10%. Only the results of the MC evaluation 
are given in the tables. Calculations were carried out on a 
Commodore CBM model 4032/80 microcomputer with soft- 
ware written in BASIC. 

3 Results 

3.1 IL-CTL-P are specific for the sensitizing agent 

Viral infection causes the sensitization and expansion of CTL- 
P with specificity for viral or virus-induced antigens. In addi- 
tion, nonspecific mitogenic effects of the virus could activate 
precursors with unrelated specificities. In the limiting dilution 
(LD) experiment shown in Table 1 the frequency of IL-CTL-P 
was found to be 1 in 39900 lymphocytes when tested on ERA- 
infected fibroblast targets, whereas lysis of noninfected fibro- 
blasts was not observed. With the intention to detect all IL- 
CTL-P-derived CTL irrespective of their antigen-specificity, 
the requirement for antigen was circumvented by the addition 
of the lectin Con A to the effector phase of the cell-mediated 
lysis assay [lS]. The frequency was then found to be 1 IL-CTL- 
P in 36400 lymphocytes, i .e.  not significantly different to the 
frequency evaluated with ERA-infected fibroblasts as target 
cells. These results indicate that practically all IL-CTL-P are 
specific for the sensitizing agent. IL-CTL-P-derived CTL 
expressed the Thy-1.2 and Lyt-2.2 antigens (not shown) and 
thus a contribution of natural killer cells [19] can be disre- 
garded in this system. 
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3.2 IL-CTL-P can be induced by infection and by 
immunization 

To test whether the generation of IL-CTL-P requires sensitiza- 
tion by an immunogen that might be solely presented during in 
vivo infection, the frequencies of IL-CTL-P were determined 
after infection as well as after immunization with different 

Table 1. After rabies virus infection only antigen-specific IL-CTL-P 
are generateda) 

Target cells IL-CTL-P Number of pMC’ 
frequency IL-CTL-P~) 

(95% confidence 
limits) 

ERA-MC57G 11 39900 25 (10-32) 0.32 
MC57G < 1 / 1 6 0 0 0 0 d ’  - 

Con A + MC57G 1/ 36400 27 (21-34) 0.84 

a) LD analysis of 4-day ERA-sensitized LN lymphocytes was per- 
formed with 36 replicate microcultures per dilution. 

b) Per lo6 LN lymphocytes. 
c) Probability according to minimum x’ (MC) evaluation. 
d) The percentage of nonresponding microcultures exceeded 36.8% 

at the highest cell dose under test that was 1.6 X lo5 cells/well. 

Figure 1. ERA-induced CTL recognize cells in- 
fected with the distantly related Mokola virus. CTL 
cultures in 72 replicates were obtained after a 6-day 
IL-mediated expansion of 1.6 X 105 4-day ERA- 
sensitized LN lymphocytes and were split into 6 
identical, corresponding fractions. Two of these 
fractions were assayed on ERA-infected MC57G 
cells (comparison A +  B, vertically hatched areas), 
one fraction for control on noninfected MC57G 
cells and the remaining fractions on MC57G cells 
infected with either HEP, Mokola or VSV-Ind. Ly- 
tic activity was neither observed on the noninfected 
target (not shown) nor on the VSV-Ind-infected 
target (comparison A+ C, horizontally hatched 
area in the left part of the figure) and the activity 
distribution measured with HEP-MC57G closely re- 
sembled that observed with Mokola-MC57G 
(Mokola depicted only; comparison A +  C, hori- 

doses of PPL-inactivated virus. A dose of inactivated virus 
equivalent to the dose of infectious virus used for lethal infec- 
tion did not elicit a measurable response (Table 2). This fail- 
ure, however, could be overcome when the dose was increased 
by 10-fold. 

3.3 Discrimination between distinct rhabdovirus serogroups 

C57BL/6 mice were infected either with ERA, or with VSV- 
Ind. Table 3 documents that ERA-immune CTL lysed fibro- 
blasts which were infected with ERA but not those infected 
with VSV-Ind. Accordingly, VSV-Ind-immune CTL lysed 
only VSV-Ind-infected fibroblasts and not those infected with 
ERA. These findings allow the conclusion that cells infected 
with either of these two rhabdoviruses do not share antigens 
which are relevant for recognition by CTL. 

3.4 Cells infected with subtypes of rabies virus share an 
antigen 

The main objective of this study was to test whether CTL that 
were derived by antigen-independent in vitro expansion of in 
vivo activated IL-CTL-P [ 101 could detect antigenic relation- 
ships between serologically distant members of the rabies virus 
group as was the case for VSV-specific CTL after repeated 

ERA- PRIMING 

A ERA-MC 

8 ERA-MC 

C V S V - M C  

A - 8  

A-C B 
LO a 

zontally hatihed area in the right part of the figure). [145021 
For the sake of claritv. the lvtic activities are not 

A E R A - M C  

8 ERA-MC 

C MOKOLA-MC 

11-8 EOill 
A-C B LO 

10 20 30 LO 50 10 20 30 LO 50 

% specific lysis of target 6, C 

depicted as individuai points: but instead, the dis- 
tributions are given as hatched areas. The dashed lines indicate the minimum positive detection levels for the target ERA-MC57G that range 
from 4.7 to 5.4% specific lysis. The corresponding level is 2.2% for Mokola-MC57G and 4.0% for VSV-Ind-MC57G. 

Table 2. Immune response to infectious and inactivated virus 

Priming antigen”) Cells/L# ILL-CTL-P Number of 
x frequency IL-CTL-PF) 

confidence 
limits) 

(95% 

lo7 PFU ERA infectious 5.9 1/ 18 100 55 (42-69) 

loB PFU-E ERA-fJPL 5.3 11 36400 27 (20-35) 
10’ PFU-E~) ERA-~PL 1.2 <1/16oooo 

a) Mice were either infected with lo7 PFU infectious rabies 
virus, strain ERA, or primed with PPL-inactivated vir- 
ions at a dose equivalent to lo7 or lo8 PFU, respectively. 
LD analysis of 4-day sensitized LN lymphocytes was per- 
formed with 36 replicate microcultures per dilution. 
ERA-infected MC57G fibroblasts were used as target 
cells. In neither of the priming protocols could significant 
lytic activity be detected on noninfected MC57G targets. 

b) Average number of lymphocytes per draining popliteal 
LN estimated from a pool of 10 animals per group. 

c) Per 106 LN lymphocytes. 
d) PFU-E = Plaque-forming units equivalent. 

PMC 

0.31 
- 

o,08 
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Table 3. Rhabdovirus-immune CTL discriminate between different 
serogroups”) 

Target cell ERA priming VSV-lnd priming 
Lytic activity (range)”’ 

ERA-MC57G 45 .Y (27.2-77.2) 1.4 (-2.1-17.3) 
\’SV-lnd-MC57G 0.6 (-1.9- .52) 62.2 ( 5  1.7-75.2) 

a) Mice were infected with lo7 PFU of either rabies virus, strain 
ERA, or VSV-Ind and 1.6 x lo5 4-day sensitized LN lymphocytes 
per microculture in 72 replicates were expanded for 6 days in the 
presence of IL with no antigen. Thereafter the CTL-containing 
cultures were split twice and the aliquots tested on the target cells 
indicated. 

b) Lytic activity is given as median value of 72 replicates, expressed in 
% specific lysis. 

restimulations [7]. Rabies virus-specific CTL were obtained by 
infection of C57BL/6 mice with ERA and subsequent in vitro 
propagation of IL-CTL-P in the presence of IL only. Indi- 
vidual cultures were then split 6-fold and tested on fibroblast 
target cells which were either noninfected or infected with the 
sensitizing strain ERA, the closely related strain HEP-Flury, 
the distantly related strain Mokola and the nonrelated rhab- 
dovirus VSV-Ind. The results are depicted in Fig. 1. Again, 
noninfected target cells as well as VSV-Ind-infected target 
cells were not lysed by ERA-immune CTL but, in addition to 
ERA-infected target cells, HEP-Flury-infected target cells and 
also those infected with Mokola virus were lysed. 

These results pointed to the presence of a common antigen 
expressed on cells infected with members of the lyssavirus 
genus. The observation that the lytic activity detected on 
ERA-infected fibroblasts exceeded that detected on Mokola- 
infected (Fig. 1) as well as on HEP-Flury-infected (not shown 
in Fig. 1) fibroblasts could suggest the existence of ERA 
serotype-specific CTL in addition to the genus-specific CTL. 
Differences in the lysis, however, may either be due to sepa- 
rate effector populations specific for distinct antigens or may 
reflect differences in the susceptibility of the target cells to 
lysis by one effector population due to quantitative differences 
in the expression of one type of antigen. Only the rank order 
of the lytic activities detected in individual cultures by splitting 
and testing on a panel of target cells is independent of the 
amount of antigen and, therefore, rank correlation analysis 
[20] is an appropriate method to decide between these alterna- 
tives. The lytic activities measured on the three types of rabies- 
infected target cells were found to be strictly correlated (prob- 
ability for independent distribution S 0.001 in all combina- 
tions) and thus it can be concluded that practically all CTL are 
genus specific. Attempts to inhibit these ERA-induced rabies 
virus genus-specific CTL with polyclonal rabbit antisera to the 
ERA virion, G-protein, NC-protein or M2-protein failed (data 
not shown). 

4 Discussion 

This report is part of a study on the CTL response of mice 
during lethal infection with rabies virus. In a preceding report 
[lo] it has been demonstrated that in vivo sensitization of 
rabies-specific CTL-P and in vitro propagation of these acti- 
vated CTL-P can be separated. Based on this prerequisite a 

LD protocol was established that allowed us to evaluate the 
number of activated CTL-P present during early stages of viral 
infection. Different frequencies, considered to indicate the 
presence of different maturation stages of triggered CTL-P, 
were obtained depending on whether the sensitized CTL-P 
were only expanded by IL (IL-CTL-P) or were subjected to a 
second sensitization by antigen (antigen-dependent CTL-P). 
The distinction of cells on the basis of maturity has also been 
demonstrated in a herpes virus system with quite different 
pathogenesis [14] and therefore reflects a more common 
phenomenon in the in vivo maturation of antiviral CTL. 

The generation of CTL by expansion of IL-CTL-P is not influ- 
enced by selective effects of antigen in vitro and this advantage 
was used in the present report to define the fine specificity of 
anti-rabies CTL. Our study allows the following conclusions: 
first, practically all IL-CTL-P are specific for the sensitizing 
agent and belong to the lineage of Thy-l’, Lyt-2’ lympho- 
cytes. This finding implies that rabies virus does not exert an 
unspecific mitogenic effect. Second, activation of IL-CTL-P is 
more pronounced during infection than after vaccination with 
inactivated virus, provided equivalent doses are used. In ear- 
lier reports on the CTL response to rabies virus [21, 221, 
appropriate doses of inactivated virus were shown to be highly 
immunogenic and it was stated that only attenuated viruses, 
but not virulent strains that cause lethal disease, could elicit a 
CTL response. Our findings after infection with a lethal dose 
of an attenuated virus add the information that a fatal outcome 
of the infection within the short period of 6-12 days does not 
exclude the generation of a CTL response. As far as it is 
known, there is no extensive rabies virus multiplication at the 
site of subcutaneous or intramuscular injection [23]. Yet, a 
more efficient presentation of the antigen or expression of 
qualitatively different antigens in vivo may be discussed as 
explanations for the high immunogenicity of infectious virus. 
Third, practically all rabies-immune IL-CTL-P and their prog- 
eny-CTL are “cross-reactive” for cells infected with serologi- 
cally distant members of the same genus, whereas cells 
infected with a member of a different genus, e.g. VSV-Ind, are 
not recognized. Since the specificity of CTL obviously reflects 
a relatedness that is also confirmed by independent virological 
criteria, the so-called “cross-reactivity’’ is most likely due to 
recognition of common “genus-specific’’ determinants. 

Recently it has been reported that all long-term cloned CTL 
lines derived from VSV-Ind-sensitized CTL do not discrimi- 
nate between targets infected with the serologically distinct 
VSV strains VSV-Ind and VSV-New Jersey [7]. To establish 
such clones, repeated in vitro restimulations with antigen were 
necessary. The observations after ERA infection of mice con- 
firm this finding in an independent rhabdovirus system and, 
more important, by the use of an experimental protocol that 
intentionally avoids in vitro restimulation. Hence, it has to be 
concluded that the predominance of genus-specific CTL 
indeed reflects the in vivo situation after infection and does 
not result from in vitro selection by antigen. 

We thank Ms. Wattraud Umrath and Monika Schwarz for expert tech- 
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The D segment defines the T15 idiotype: the 
immunoresponse of A/ J mice to Pneumococcus 

In the immune response of BALBic mice (Igh”) to Pneumococcus the majority of 
antibodies express the idiotype of the myeloma protein TEPC 15 (T15). In contrast 
mice of the A/J strain (Ighe) do not express this idiotype. Using (BALBk x A/J)FI, F2 
or backcross mice it could be shown that in allotype heterozygous animals (Igha’e) 
Pneumococcus pneumoniae preferentially stimulates B cells expressing a heavy chain 
(H) encoded by genes in the BALB/c H chain gene complex. Phosphorylcholine (PC)- 
specific hybridoma lines were established from BALB/c and A/J spleen cells and 
idiotypically analyzed using monoclonal antibodies (mAb) specific for the T15 
idiotopes 32/65, 10/13, 16/13 or 21A5. Whereas the majority of the BALBic PC- 
binding mAb express these idiotopes, only some of the A/J mAb are positive for one 
or the other of the idiotopes formed by the variable (V) regions of the H and the light 
chain of the myeloma protein T15. However, 80% of the A/J PC-binding hybridoma 
proteins were bound by the anti-idiotopic mAb 21A5. This mAb is specific for a 
determinant partially formed by the C, and partially by the V regions of the myeloma 
protein T15. The mRNA of one of these T15- A/J PC-binding hybridoma lines was 
sequenced. VH and V, were identical with sequences found for BALB/c T15-like 
antibodies. The sequence of the D segment was structurally very different. The 
imDortance of the D segment in the dominant expression of the T15 idiotype is 
discussed. 
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1 Introduction 

In an immune response to phosphorylcholine (PC) three types 
of antibodies are made, which are characterized by their struc- 
tural resemblance to the myeloma proteins TEPC 15 (T15), 
MOPC 167 (M167) and McPC 603 (M603). They all have the 
same type of heavy (H) chain which combines with x light (L) 
chains of the V,,,, Vx24 or Vx8 subgroups, respectively [l]. The 
H chain of the PC-binding antibodies is encoded by a single 
gene of the T15 V, gene family, the V l  gene [2]. Screening 
DNA in a Southern blot analysis with a T15 probe indicated 
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