
Figure 9. Lung histopathology of 132mKO 
mice sensitized to RSV glycoproteins. Mice 
were primed with VG (A), VF (B), or VSC11 
(C) and challenged with live RSV intranasally 3 
wk after priming. Mice were killed 5 d after 
challenge, and lung sections were stained for 
eosinophils with Leinert-Giemsa stain. Original 
magnification: 200. 

T cells in this process was further supported by the results 
in CD8 + T cel l-deficient, [32mKO mice. In these mice, 
pr iming to R S V - F  glycoprotein, which in normal mice 
primes for a strong cytolytic response and a pulmonary in-  
filtrate consisting primari ly o f  mononuclear  cells on RSV 
challenge, resulted in the development  o f  marked pu lmo-  
nary eosinophil ia that was not  seen in mice wi th an intact 
CD8 + T cel l  compartment.  
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CD8 + T cells can potential ly regulate the differentiation 
and activation o f C D 4  + T cells at various stages o f  differen- 
t iation (29, 30). Most studies on the factors that regulate 
the differentiation o f  CD4 ÷ T cells have focused on the 
differentiation o f  naive CD4 ÷ T cells to T h l  or Th2 effec- 
tor T cells (16, 18, 31, 32). Recen t  studies have indicated 
that the differentiation o f  memory  CD4 + T cells is also 
regulated by the same mechanisms that regulate the differ- 
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Figure 10. Perivascular eosin- 
ophils in the lungs of ~2mKO 
mice sensitized to KSV glyco- 
proteins. Mice were primed with 
the indicated recombinant vac- 
cinia virus 3 wk before intranasal 
challenge with RSV. Mice were 
killed 5 d later and lung sections 
were stained for eosinophils. 
Eosinophils around the blood 
vessels were counted and the 
lengths of the vessels were mea- 
sured by micrometer. Note that 

the magnitude of lung eosinophiha is four to five times higher in 132mKO 
mice than BALB/c mice. 

entiation o f  naive CD4 + T cells toward a T h l  or Th2 ef- 
fector phenotype (33, 34). In this connection, it is note-  
worthy that immunization with R S V - G  in the form o f  a 
recombinant vaccinia virus primes for a vaccinia-specific 
memory  CD8 + CTL response. Yet G-specific memory  
CD4 + T lymphocytes primed by this mechanism still give 
rise to effector cells producing high levels o f  IL-4 and IL-5 
upon challenge with RSV. This result suggests that the en- 
vironment in which the naive G specific CD4 ÷ T cells dif- 
ferentiated, i.e., in the presence o f  activated vaccinia-spe- 
cific CD8 + T cells did not dictate the eventual phenotype 
o f  the effector CD4 + T cells generated from the G-specific 
memory  CD4 + T cells in response to RSV challenge. 
Rather, in this model at least, CD4 + T cell differentiation 
into activated effectors can be regulated by antigen-specific 
CD8 + T lymphocytes at the level o f  the antigen-specific 
memory  CD4 + T cells. 

It is not  clear if CD8 + T cells regulate the cytokine re- 
sponse o f  CD4 + T cells by acting at the level o f  memory  
CD4 + T cells or differentiated effector CD4 + T cells de- 
rived from activated memory  CD4 + T cells. In one report, 
adoptive transfer o f  activated RSV-22K-specific CD8 ÷ CTL 
along with activated RSV-G-specific ( IL-4-  and IL-5-pro-  
ducing) CD4 + T cells markedly diminished the degree o f  
pulmonary eosinophilia normally seen when only G-spe- 
cific CD4 + T cells were transferred before RSV challenge 
(8). Since long-term lines o f  activated CD4 + and CD8 + T 
cells were used in this study, the downregulation o f  eosino- 
philia was due to an effect o f  activated 22K-specific CD8 + 
T cells on the function o f  an activated population o f  G-spe- 
cific CD4 + T cells with a Th2-1ike effector phenotype. 
The findings reported here are in agreement with the 
above results and suggest that CD8 + T cells may regulate 
the cytokine response o f  CD4 + T cells at various stages o f  
CD4 + T cell activation and differentiation. Further analysis 
will be required to define the stages o f C D 4  + T cell activa- 
tion/differentiation that are susceptible to CD8 + T cell 
regulation. 

The mechanisms that regulate the differentiation o f  CD4 + 
T cells toward the T h l  or Th2 effector pathways have been 
recently reviewed (16, 35). Perhaps the best documented 
mechanism is the polarizing effect o f  certain cytokines on 

the differentiation o f  CD4 ÷ T cells (36). In particular, IL-4 
and IL-12 have been shown to skew the differentiation o f  
CD4 + T cells toward a Th2 or Th l  phenotype, respec- 
tively (17, 19, 32). U p o n  activation, CD8 + T cells secrete a 
number  o f  soluble mediators that can potentially affect the 
differentiation o f  CD4 + T cells. In the RSV model de- 
scribed here, IFN-'v would appear to be the most likely 
candidate cytokine. It has been well documented that IFN-~ 
can suppress the proliferation o f T h 2  CD4 ÷ T cells and that 
the presence o f  IFN-'v during CD4 + T cell activation/dif- 
ferentiation favors the development o f  T h l  type effector 
cells (37). However,  several observations argue against 
IFN-~/ as the CD8 ÷ T cell effector molecule regulating 
CD4 ÷ T cell differentiation in the R.SV model. First, as 
noted above, the priming ofRSV-G--specific CD4 + T cells 
using a recombinant vaccinia virus would be expected to 
result in a high level of  IFN-~/production by activated vac- 
cinia-specific CD8 + (and CD4 ÷) T lymphocytes during 
priming with the recombinant vaccinia virus. Nonetheless, 
G-specific memory  CD4 + T cells were not skewed toward 
a Th l  effector pathway. More importantly, as reported 
here and elsewhere, G-specific CD4 ÷ T cell effectors pro- 
duce high levels o f  IFN-'v at the site o f  RSV challenge in 
the lung, but still secrete high levels o f l L - 4  and IL-5 (14). 
Finally, we previously reported that mice rendered geneti- 
cally deficient in IFN-',/ production by targeted gene dis- 
ruption had the same pattern o f  pulmonary inflammation as 
conventional mice after priming with RSV-F or R S V - G  
and challenge with RSV (14). Taken together, these find- 
ings suggest that products o f  activated CD8 + T cells other 
than IFN-~/may play a dominant role in regulating CD4 + 
T cell differentiation. Additional studies will be necessary 
to examine this possibility. 

Both antigen dose and antigen form have been impli- 
cated as important regulators o f  effector CD4 + T cell dif- 
ferentiation along a Thl- l ike  or Th2-1ike pathway (11, 38, 
39, 40). In particular, the role of  antigen dose in regulating 
Th2 differentiation o f  CD4 + T cells is controversial (39, 
40). For example, sensitization to aeroallergens and allergic 
responses occur at extremely low antigen doses sustained 
over a prolonged period, whereas in many models o f  mi- 
crobial infection, Th2-1ike responses are frequently associ- 
ated with chronicity and a high microbial antigen burden 
(41, 42). Since RSV-specific CD8 + CTL have been shown 
to promote virus clearance from the lungs in experimental 
RSV infection (8), the regulatory effect o f C D 8  + T cells on 
memory CD4 + T cell differentiation into Th2-hke effec- 
tors could reflect an effect o f  CD8 + CTL effectors on R.SV 
antigen load. Thus, mice primed with the RSV-F,  22K, or 
the G /22K chimeric protein would produce CD8 + CTL 
in response to RSV challenge. This would, in turn, lead to 
more accelerated virus clearance from lungs than occurs in 
RSV-G-pr imed  mice that lack memory  CD8 + T cells. Ac- 
cording to this view, a higher virus load and prolonged an- 
tigen availability would favor the differentiation of  G-specific 
memory  CD4 + T cells into effector cells with a Th2-1ike 
phenotype. Our  observation that G-specific memory CD4 + 
T cells require multiple rounds o f  in vitro stimulation with 
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RSV before displaying a Th2-1ike effector phenotype (14) 
is consistent with this interpretation. 

Although the concept of  viral load as a primary regulator 
of  RSV-specific CD4 + T cell differentiation in the lung is 
attractive, there is little direct experimental support for it. 
In particular, a number of  reports using either RSV virion 
subunits, inactivated vaccines, or vaccinia recombinants (in- 
cluding VF and VG) to prime mice have demonstrated that 
with any of  these priming schemes, infectious virus can not 
be detected in the lungs of  mice by 4-5 d after RSV chal- 
lenge (22, 43-46). Therefore, i fRSV antigen persistence in 
the lung is influencing T lymphocyte activation/differenti- 
ation, persistent antigen may not be reflected in the infec- 
tious virion content of  the lungs. Also, we cannot exclude 
the possibility that there is a subtle difference in the kinetics 
of  virus clearance or the magnitude of virus replication in 
the lungs of  VG-  and VF-primed mice that might account 
for the dramatic differences in T cell effector phenotypes 
after RSV infection. Studies to examine these issues are 
currently i n progress. 

Our findings in the [32mKO mice provide further sup- 
port for a role of  CD8 + T cells in the control of  CD4 + T 
cell differentiation. 132mKO mice lack mature CD8 + T cells 
and, when primed with either VF or VG, develop a 
marked eosinophilia upon challenge with live RSV. Sev- 
eral aspects of  this result are noteworthy. First, the magni- 
tude of eosinophilia in these animals are four to five times 
higher than conventional BALB/c mice. This may be due 
to more extensive replication of recombinant vaccinia virus 
in these mice because they lack a vaccinia-specific CD8 + 
CTL response. This, in turn, could result in a higher dose of 
RSV-F and RSV-G and more effective priming of  RSV- 
specific CD4 + T memory cells. Second, the absence of  [32m 
in these animals may result in a deficiency of  M H C  class 
I-dependent, CD8 +, ~//8 TCR-expressing T cells. ~//8 T 
cells have been reported to suppress allergic responses in 
the lung (47, 48). The absence of this regulatory T cell sub- 
set could lead to the exaggerated Th2 response and tissue 
eosinophilia observed by us in these animals. Third, the 
ability of  these animals to develop a strong Th2 type re- 
sponse argues against a requirement for CDl-restricted 
NKI.1 +, CD4 + T cells (49) in the differentiation of CD4 + 
T cells toward a Th2 phenotype in this model. Our results 
are in agreement with recent reports which also showed the 
induction of Th2 responses to unrelated antigens in [32mKO 
mice (50, 51). 

A number of  factors appear to determine whether epi- 
topes present in a foreign protein are processed, presented, 
and recognized by CD8 + CTL (52). In the case of  RSV-G, 
the reason for the inability of  this viral glycoprotein to 
stimulate CD8 + CTL is not clear. Inspection of the amino 
acid sequence of G indicates that it has multiple potential 
peptide fragments with the appropriate MHC-binding mo-  
tif for interaction with H-2 a haplotype M H C  class I mole- 
cules (53, 54). Based on our analysis of  the recognition of  
the G/22K chimeric protein by CTL, the expression of the 
RSV-G protein in infected cells does not interfere with an- 
tigen-processing and -presentation events along the M H C  
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class I-presentation pathway, nor does its structure pre- 
clude efficient processing and presentation of epitopes con- 
tained within the protein. 

A relationship between viral respiratory tract infection 
and the exacerbation of  allergic airway diseases has long 
been appreciated. Emerging experimental evidence has be- 
gun to reveal the mechanisms by which respiratory viruses 
potentiate the release of  proinflammatory mediators by in- 
fected airway epithelial cells and sensitized mast cells from 
allergic individuals (55, 56). The mechanisms by which vi- 
ral respiratory tract infections influence the development of  
allergic airway diseases, however, remain unclear. Several 
studies have shown that lower respiratory tract infection 
with RSV is an important risk factor for the subsequent 
development of  asthma (57, 58). It is therefore tempting to 
speculate that in individuals with a genetic predisposition to 
atopic responses, immune responses to respiratory viruses such 
as RSV may alter the immune response and, in particular, 
the pathway of CD4 + T cell differentiation in response to 
aeroallergens present concomitantly or subsequently in the 
airways. Therefore, in some individuals, the development 
of  a CD4 + T cell response to a virus in the absence of  a 
CD8 + T cell response may not only lead to a strong Th2 
type response to viral antigens, but also provide a cytokine 
milieu conducive to CD4 + Th2 responses to "bystander" 
aeroantigens. This could in turn lead to the subsequent de- 
velopment of  an allergic airway disease. 

At present there is no effective vaccine against primary 
RSV infection in infants and children. In an early clinical 
vaccine trial using a formalin-inactivated whole virion 
RSV preparation to vaccinate seronegative infants and chil- 
dren, administration of this inactivated vaccine resulted in a 
paradoxical response in vaccine recipients upon subsequent 
natural RSV infection (59, 60). Vaccine recipients exhib- 
ited an exaggerated pulmonary inflammatory response after 
natural infection, which resulted in enhanced morbidity and 
mortality compared to unvaccinated controls and a promi- 
nent eosinophil response in peripheral blood and lung tis- 
sue indicative of  a Th2 type response (59). Immunization 
of mice with formalin-inactivated RSV also induces a Th2 
pattern of  lung inflammation and cytokine production after 
challenge with RSV (11). The findings reported here pro- 
vide an explanation for the effect of  formalin-inactivated RSV 
in children and experimental animals. Efficient processing 
and presentation of viral proteins to CD8 + T lymphocytes 
requires access to the M H C  class I presentation pathway, 
usually by de novo expression of viral gene products in the 
infected cell (61). Viral proteins in formalin-inactivated RSV 
virion preparations are unlikely to be efficiently processed 
and presented to CD8 + T cells, but should efficiently enter 
the M H C  class II processing pathway for presentation to 
CD4 + T cells. Therefore, in the aforementioned clinical 
trial, formalin-inactivated RSV may have primed a mem-  
ory RSV-specific CD4 + T cell response in vaccine recipi- 
ents without effective CD8 + T cell priming in a fashion 
analogous to the VG priming reported here. The activation 
of memory CD4 + T cells after natural RSV infection of 
children or experimental animals without a concomitant 



response o f  RSV-specific memory CD8 + T cells would then 
result in the exaggerated Th2-llke inflammatory pattern 
observed in lungs o f  the inactivated vaccine recipients. The 
pronounced Th2-1ike response to inactivated RSV vaccine 
seen in both human subjects and experimental animals fur- 
ther underscores the potential importance o f  CD8 + T cells 
in downregulating CD4 + Th2-1ike effector T cell re- 
sponses (62). 

Since CD8 + T cells have also been implicated as effec- 
tors in immune-mediated injury during experimental RSV 
infection (8, 63), an effective vaccine strategy against this 

virus will require the priming o f  a protective M H C  class 
I-restricted cytolytic CD8 + T cell response. Enhancement 
o f  a protective cytolic T cell response might be achieved by 
manipulating the cytokine environment during the initial 
priming, as has been observed in studies o f  the effect o f  
anti-IL-4 antibody on the response o f  mice to 1KSV infec- 
tion after vaccination with inactivated RSV (64). A better 
understanding of  the complex interplay between 1KSV and 
the immune effectors that respond to it will be crucial to 
the development o f  an effective immunoprophylactic agent 
against this virus. 
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