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ABSTRACT. T and B cell responses  after sensitization to ragweed (RW)  were  examined in a mouse model  in  which 
BALB/c mice were exposed to the allergen by ultrasonic nebulization. Sensitization resulted in the stimulation of 
an IgE anti-RW response and was paralleled by a rise in  lgGl anti-RW titers. Skin testing for immediate cutaneous 
hypersensitivity revealed the presence of allergic  type I reactions to RW. Sensitization to RW in this way was  also 
associated with the  development of increased airways responsiveness as determined by electrical field stimulation 
of preparations of tracheal smooth muscle. Histologic  examination  of the airways and the lung  indicated the 
presence of a  mononuclear cell  infiltrate  in the mucosa and submucosa of the  airways that was accompanied by 
an enlargement of  local  draining  lymph nodes of the airways and the lung. T cell populations  were  analyzed for 
the frequency of VP-expressing T cells. Such analysis indicated that RW sensitization stimulated the expression of 
Vp8.l+,  Vp8.2+, and V p l 3 +  T cells in the local  lymphoid tissue and of VpS.l+,  Vp8.2+,  Vp8.3+, Vp9' and Vp l4+  
T cells in the spleen. Co-culture of these T cell populations with RW-primed B cells indicated that in the presence 
of RW, Vp8.2 T cells  stimulated IgE and IgG1 production, whereas the other T cell populations showed a  different 
stimulation  profile for Ig isotypes and IgG subclasses. The transfer of Vp8.2 T cells from sensitized but  not  from 
nonsensitized control  mice stimulated an allergen-specific IgE and lgGl response and increased airways respon- 
siveness in naive  recipients. These data provide  additional support for the pivotal  role  of specific VP-expressing 
T cell subpopulations in the stimulation  of IgE/lgGl production and increased airways responsiveness. )ourna/ of 
/rnrnuno/ogy, 1993, 151 : 1907. 

I mmediate type allergic reactions are mediated by IgE. 
The regulation of IgE production is controlled by T 
cells. The stimulation of IgE production requires at 

least two distinct T cell signals or sets of signals that  are 
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delivered by activated CD4+  T cells (1). One  signal is IL-4, 
which is secreted by a subset of CD4+  T cells (Th 2 cells) 
and exerts a number of different effects on B cells including 
up-regulation of MHC class I1 molecules and stimulation 
of B cell proliferation (2, 3). Important for the stimulation 
of IgE production is the induction of egermline transcripts 
by IL-4 (4-7). The other signal for the stimulation of 
allergen-specific IgE production requires the engagement 
of the TCR with antigenic fragments (peptides) that are 
recognized on MHC class I1 molecules on  APC (8,9).  The 
arrangement of TCR elements on the a- and P-chains, in- 
cluding the variable elements (Va and Vp), determines the 
Ag specificity of the T cell. 

The aim  of our studies was  to  identify  which TCR are 
stimulated after allergen sensitization and  to analyze the 
role of different TCR-expressing murine T cells in the 
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pathogenesis of allergic  diseases. In a  recent  series of stud- 
ies,  we  identified  a  specific  T  cell  population (Vp8. U8.2 T 
cells)  that was stimulated  after  sensitization of IgE high- 
responder  BALB/c  mice to OVA (10). In these  experiments, 
mice  were  sensitized by allergen  inhalation,  which  stimu- 
lated an allergen-specific IgE response  and  was  associated 
with the development of increasedAR3 as  assessed by elec- 
trical  field  stimulation of trachea  smooth  muscle  prepara- 
tions (11). We found that Vp8.1/8.2 T  cells from OVA- 
sensitized  mice  provided  help for allergen-specific IgE 
production in vitro as well  as in vivo. The transfer of Vp8. 
U8.2 T  cells  from OVA-sensitized mice  into  nonsensitized 
recipients  stimulated  an  allergen-specific IgE response,  im- 
mediate  cutaneous  hypersensitivity  to OVA, and  increased 
AR (12). 

These findings  implied  that Vp8 T  cells may play  a 
unique  role in the regulation of murine IgE production  and 
suggest the possibility  that  each  allergen may stimulate  dif- 
ferent V p  TCR-expressing  T  cells  with  discrete  effects on 
allergen-specific IgE production. The present study was 
undertaken to address this possibility to identify  murine  T 
cell  populations  that  were  stimulated by sensitization  to  a 
different  allergen, RW. RW was  selected since it is one of 
the most potent seasonal  aeroallergens in North America 
(13-15). In  these  studies,  BALB/c  mice  were  sensitized to 
RW extract by ultrasonic  nebulization of the allergen. The 
results of this  form of sensitization  were  monitored by the 
measurement of allergen-specific IgE production  and  im- 
mediate  cutaneous  hypersensitivity.  After  completion of the 
sensitization  course, AR was analyzed by electrical  field 
stimulation.  Specifically,  we examined whether  sensitiza- 
tion  to RW resulted in the stimulation of selected Vp  TCR 
T cell populations,  different from those  identified  after  sen- 
sitization  to OVA. In the second  part of the study, we  de- 
lineated the function of these  T  cells in the regulation of 
antibody  production  and  AR. The results  provide  additional 
insight  into the understanding of lymphocyte  function  after 
exposure to  a common allergen  and may provide the basis 
for new immunotherapy  strategies in allergic  diseases. 

Materials and Methods 
Animals 

Female BALB/cByJ  mice  between 8 and 12  wk of age were 
obtained  from  The Jackson  Laboratory  (Bar  Harbor, ME). 

Immunization 

Mice  were  immunized by ultrasonic  nebulization of a  total 
amount of 500 p g  RW extract  diluted in 7 ml of sterile  PBS. 
A  stock  solution of allergen was prepared as described (1 3) 

diate cutaneous hypersensitivity; PBLN, peribronchial  lymph nodes; fre- 
Abbreviations used in this paper: AR, airways responsiveness; ICH, irnme- 

quency causing 50% of maximal contraction; RW, ragweed. 

using  2  g  pollen in 7 ml of buffer  (no  protease  inhibitors 
were  added). Up  to  eight mice  were  placed in a  clear  plastic 
box with a  removable top (dimension  22 X 23 X 14  cm). 
The RW solution was aerosolized into  one end of the  box 
using  an  ultrasonic  nebulizer  (PulmoSonic  model  25; The 
DeVilbiss Co.,  Somerset, PA) at  a  continuous  pressure of 
5 $. At the  other end of the chamber  were  two  small  air 
holes to ensure  a  continuous  cross-current  flow of air. As 
defined by laser  nephelometry ( 1 9 ,  more  than 90% of the 
Ag particles  were in the  1  to 5 pm range. 

Immunization  was  carried out in one of the  following 
ways: 1) a daily 20-min exposure  to RW over a IO-day 
period was  used;  or 2) mice  were  exposed  for 20 min once 
a  week on four  occasions.  Age-matched  control  animals 
were  exposed  to  PBS  alone  using the same protocols. Two 
days after the last  exposure,  venous  blood was obtained 
from  the tail vein under  anesthesia (Avertin, 5 mg/g i.p.). 
Blood was allowed to clot  at  room  temperature  and  serum 
was  collected  after  centrifugation  at  1500  rpm  for 5 min at 
room  temperature. Serum samples  were  stored  at -20°C 
until analyzed for IgE  and  IgG anti-RW serum titers. 

Determination of anti-RW  serum 
antibody  levels 

IgE and  IgG anti-RW serum  antibody  levels  were  measured 
by ELISA.  Round  bottomed  microtiter  plates  (96-well  Im- 
mulon 11; Dynatech  Laboratories)  were  coated with 20 
pg/ml RW diluted in NaHC03 buffer, pH  8.2. 

The antibody  levels in samples were compared with 
known  standards. The  IgE standard was obtained  from  a 
pool of serum  collected from five  mice  sensitized to RW  by 
i.p. injections of 50 p g  RW diluted in aluminium  hydroxide. 
This  procedure  resulted in the  development of strongly pos- 
itive  skin  reactions to RW two wk after the injection. The 
concentration of IgE anti-RW was arbitrarily  assigned  to be 
1000 ELISA  units.  For  IgG,  serum was pooled from mice 
immunized  to RW by i.p.  injection of 500 p g  RW/mouse. 
In this  case, no positive  skin  reactions  to RW were  found 
and the concentration of IgG anti-RW was  arbitrarily  as- 
signed to be 1000 ELISA units. 

Expression of Vp 

Expression of V p  elements on  freshly  prepared  T  cells was 
analyzed by flow  cytometry  as  described  previously (10). 
Incubation of cells with biotinylated  anti-VP-antibodies 
(Vp2  (B20.6);  Vp3 (KJ25a); Vp5.l + Vp5.2  (MR9-4); 
Vp6  (RR4-7);  Vp9 (TR130); VpS.1 + 8.2  (KJ16);  Vp8.2 
(F23.2); Vp8.l + 8.2 + 8.3 (F23.1), VP9  (MR10-2); V p l l  
(RR-15);  Vp14 (14-2); Vp17 (KJ23a))  was  carried  out in 
staining  buffer  (PBS  supplemented with 0.3% sodium  azide 
and 2% heat-inactivated  FCS  for 30 min at 4°C). Stained 
cells  were  analyzed using an Epics  cytofluorograph 
(Coulter  Electronics,  Hialeah, FL). Fluorescence  intensity 
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was compared with  negative  controls,  and  cells  were  in- 
cubated with phycoerythrin-coupled  streptavidin  alone. 
Results  were expressed  as percent  positive  cells. For cell 
sorting  experiments,  cells  were  treated in a  similar  fashion 
but  incubated in sterile  PBS. 

Purification and expansion of T cells 

Two days after  completion of the RW sensitization  course, 
spleens were  obtained  and  mononuclear  cells  were  restim- 
ulated  with RW (50 pg/ml)  for 4 days. Viable cells  were 
collected from the interface after Lymphoprep  gradient cen- 
trifugation. The  cells were then used for sequential  panning. 
For this  purpose,  tissue  culture flasks were  coated  with 
anti-VP2 (B20.6), Vp8.2 (F23.2), Vp8.l + Vp8.2 (KJ 16), 
V p  8.1 + 8.2 + 8.3 (F23.1), Vp9 (MR  10-2), or  Vp14 
(14.2)  antibodies. The flasks  were  incubated  first  with  the 
respective  anti-isotype  antibodies  (goat  anti-rat  or  goat  anti- 
mouse Ig),  which  were  diluted to a  concentration of 100 
pg/ml in coating buffer. A  second  incubation  was  followed 
with  the  specific anti-Vp antibodies.  All  incubations  were 
carried out as  described  for  coating of ELISA plates. For 
panning,  lymphocytes  were  resuspended in  complete tissue 
culture  medium  at  a  concentration of 10 X IO6 cells/ml  and 
incubated  first on the  anti-VP8.2-coated  plate  for  1  h  at 
37°C. After  completion of the  incubation,  nonadherent  cells 
were  removed  gently by washing with PBS. The adherent 
cells  were  incubated  further in complete  tissue  culture  me- 
dium.  The nonadherent  cells  were  washed  and  resuspended 
in complete tissue  culture  medium.  Analysis by flow cy- 
tometry  indicated  that  these  cells  were  depleted of Vp8.2 
cells by more  than 85%.  This depleted  population was then 
incubated in the Vp8. U8.2-coated  flask  for 1 h. This  pro- 
cedure removed Vp8.l' cells. To purify the V/38.3+ cells, 
the  procedure  was  repeated by incubation in a  flask coated 
with anti-VP8.1/8.2/8.3 antibody. This method of sequen- 
tial panning  was  chosen since  no antibody  detecting  solely 
Vp8.1  or  Vp8.3 is currently  available. The procedure  was 
then  repeated  to  select Vp2+,  Vp9+, and Vp14+ cells. 

For the B-T cell  co-culture assay, the  bound  T  lympho- 
cytes  were  harvested from the  panning  flasks  after 48 to 
72 h  and  centrifuged over a  Lymphoprep  gradient as de- 
scribed, and the  purity of the  viable  cells  was  determined 
by flow  cytometry. The data  indicated  that the respective 
VP-expressing  T  cell  populations  reached  a purity of at 
least 92%. 

For in vivo  transfer  experiments, VP8.2+ cells were 
expanded  and activated  as  described  (12). The purity of 
these  cells  was tested by flow  cytometry  and  indicated  a 
percentage of Vp8.2 T  cells of greater than 95% in all 
experiments. 

T- and B cell  co-culture experiments 

RW-primed B  cells  were  purified from spleens  7  to 10 days 
after i.p. injection of 50 pg  RW diluted in 300 pl PBS. 

Spleens  were  removed  and B cells  were  purified by incu- 
bation of mononuclear  cells  with  anti-thymocyte  serum 
(150 v/v; Accurate  Chemical  and  Scientific  Corporation, 
Westbury, NY) for  30 min at 4°C followed by addition of 
guinea pig C (1: 15 v/v;  Gibco,  Grand  Island, NY) for 30 
min  at  37°C. Cells were  washed  three  times  and  monocytes/ 
macrophages  were  removed by adherence  on plastic Petri 
dishes for  2  h at 37°C. This preparation  contained >98% 
B  cells  as judged by flow  cytometry using mAb  B220. 
B  cells  were then co-cultured with or without the different 
T  cell  populations  (see  above),  and RW was added  at  a 
concentration of 10  pg/ml. Cells  were  cultured in 96-well 
flat  bottomed  culture  plates  (Falcon) in complete tissue  cul- 
ture  medium  for  9  days. At the end of the  culture  period, 
culture  supernatants were removed and stored  at -20°C 
until analysis. 

IgG and IgE production 

Culture  supernatants  were  analyzed for IgE, IgG 1,  and total 
IgG by ELISA  as described  previously (10). 

Lymphocyte transfer 

Desired  concentrations of T  cells  (between 5 X lo6 and 
5 X IO'/recipient) were  resuspended in sterile PBS in a 
final  volume not exceeding  0.25 ml. The cell  suspension 
was  injected i.v. into  the tail vein of age-  and  sex-matched 
syngeneic  recipients using a  previously  established  proto- 
col  (12).  Immediately  after  the transfer, the recipients re- 
ceived  a  single RW challenge  delivered by ultrasonic neb- 
ulization  as  described  above.  This  single  challenge on 
its own was without  effect when IgE levels and AR were 
monitored.  Five  days  later,  immunologic and physiologic 
parameters  were  analyzed. 

Determination  of ICH to RW 

ICH  was  analyzed by skin  testing as described recently 
(16).  The test  solutions  were RW (1 5 pg/ml) diluted in PBS, 
PBS solution as the  negative  control, and compound 48/80 
(Sigma) as the  positive  control.  Skin  tests  were  read by 
an  investigator  who was blinded to  the  treatment  status of 
each animal. 

Assessment of  airway smooth muscle responsiveness 

Airway smooth  muscle  responsiveness was assessed in 
vitro  using  a tracheal smooth  muscle  preparation  as recently 
described ( 1   1 ) .  ESSo values  were  calculated  from  linear 
plots. All tissues  were  assessed in terms of the in vitro 
responsiveness by one investigator  (J.E.L.),  who was 
blinded to the  immunologic  treatment  status of each airway 
preparation. 



1910 T CELLS AND IMMEDIATE HYPERSENSITIVITY 

Table I 
Nebulization of RW results in IgE and lgC1 anti-RW responses 
and  immediate cutaneous hypersensitivity" 

Anti-RW Skin Test 
Response 

Sensitization  Protocol 

PBS 10 day <40 <40 0/16 0 
RW 10 day 606 +294 208k 72 14/15 93 
RW l/wk 13162213 1 9 3 2 4 7  13/16 81 

week for 3 wk ( n  = 16) or exposed to PBS alone ( n  = 16). Serum was collected 
BALB/c mice  were sensitized to RW for  either 10 days ( n  = 15) or  once  a 

2 days after completion of the  nebulizatlon  course  and  analyzed for IgE and 
lgCl anti-RW  antibody titers by ELlSA  as described in Matenals andMethods. 
Results are expressed as mean e SD. Immediate cutaneous hypersensitivity to 
RW was analyzed in parallel. 

EU, ELISA units. 

Statistical analysis 

Different  experimental  conditions and groups were com- 
pared by the  two-tailed  Student's t test. Skin test results 
were  compared by Fisher's  exact  test. 

Results 
Aerosolization of ragweed Ag results in the induction 
of an IgE and lgGl response, ICH, and increased AR 

BALB/c  mice  were  sensitized  to RW employing the short 
and  long  term  exposure  protocol.  For the short  term sen- 
sitization,  animals  were  exposed to  500  pg RW for  20 min 
each day over  10 days. In the second  protocol, the animals 
were  exposed  to  the same amount of RW once a week over 
3 wk (four  nebulizations). The development of allergen- 
specific  Ig  titers  was  analyzed  2  days  after  the last exposure. 
The 10-day exposure as well as the long term sensitization 
protocol  resulted in stimulation  of RW-specific IgE anti- 
body titers (Table I).  Although both sensitization  protocols 
elicited RW-specific IgE responses,  higher  antibody titers 
were  detected  after the long term  protocol.  In  parallel 
to  IgE, IgGl anti-RW titers  were  also  stimulated,  but  no 
differences  were  observed  between  short and long term 
sensitization. 

As demonstrated  recently  utilizing  a  different  allergen, 
OVA, increases in allergen-specific IgE (and  IgG1) titers 
after  sensitization of the skin  were  accompanied by the 
development of ICH as determined by intradermal  skin test- 
ing (16). Positive immediate type  skin  reactions to RW, but 
not to the irrelevant  allergen OVA, were  detected in  14  of 
15 mice  sensitized  to RW over  10 days (93%). A  similar 
result was observed in mice  sensitized over 3 wk; in this 
case, 13 of 16 mice had positive  reactions  (81%) (Table I). 
In contrast,  none of the  PBS-exposed  control  mice  showed 
any  reaction to the allergen,  but  all  responded to compound 
48/80. 

Sensitization by allergen (OVA) inhalation  triggers not 
only  increased IgE production but altered AR (1 1, 17). 

p0.031 

2 

0 

PES short long 

RW SENSITIZATION 

FIGURE 1. Determination  of airways responsiveness by 
electrical field stimulation. Two days after the last aerosoliza- 
tion of allergen or PBS, tracheas were prepared as described 
in Materials and  Methods and exposed to increased fre- 
quencies of  electrical  stimulation. Tracheas were prepared 
from PBS-exposed control  mice  and  from  mice sensitized to 
RW employing either  a short term sensitization protocol (1 0 
consecutive days) or a long term protocol (3 wk, four expo- 
sures).  For each trachea, a dose-response curve was  estab- 
lished and the ES,, was calculated. Expressed  are mean 2 SE 
of ESSo for each group. *, Significant differences; p values are 
shown. 

We determined  whether  similar  increases in  AR devel- 
oped in mice  sensitized  to RW. For this purpose, tracheal 
smooth  muscle was prepared, and the  degree of contrac- 
tility was measured by electrical field stimulation. The 
ESsO values were calculated  for  each  tracheal  preparation 
from a dose-response  curve  performed with increasing 
electrical  frequencies  (ranging from 0.5 to 40 Hz). In- 
creases in AR were observed  after  short  term (10 day) as 
well as long  term ( 3  wk) sensitization  (Fig. I ) .  Under both 
conditions, a significant  decrease in ESso was observed. 
The sensitization  over a period of 10 days resulted in a 
decrease in the ESSo  levels  from  4.18 & 0.3 to  2.45 ? 0.2 
Hz ( p  < 0.001). Similar  data  were  found  after  long term 
sensitization  to RW, during which the ESSo was also sig- 
nificantly ( p  < 0.03) lower in RW-sensitized mice than in 
the control  group. 

These data  demonstrate that short as well as  long term 
sensitization  to RW stimulated  formation of allergen- 
specific IgE and IgGl antibodies, which were  associated 
with the  development of ICH  to  the  allergen but not to 
irrelevant  allergens.  Furthermore,  these changes were as- 
sociated with the development of increased AR after  sen- 
sitization using both protocols. 

Local lymphocytes are increased in numbers and 
stimulated IgE production 

Histologic  analysis of the airways  and  lungs of sensitized 
mice was performed  2  days  after the last  exposure  to al- 
lergen (Fig. 2, A and B ) .  Diapedesis of predominantly 
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FIGURE 2. Histologic analysis of small airways and  the  trachea. Histologic sections  were  prepared from tissue 2 days  after 
the last nebulization. Tissue  was  processed  as described in Materials and Methods. Sections  were  prepared from small  airways 
( A  and B )  and  the  trachea (C and D) of RW-sensitized mice (6 and D) and PBS-exposed control animals ( A  and C). V, small 
blood vessel; A, airways, arrows point to small blood vessel where adherence  and  diapedesis of predominantly mononuclear 
cells occurred. Magnifications are X 1  25. 

mononuclear cells was found from  small  blood vessels that of the  lung (Fig. 2. C and D). This increase in mononuclear 
were  located in close anatomical association with smaller cells was accompanied by  an enlargement of  local  draining 
and larger airways. This resulted in an influx of these cells lymph  nodes of the airways and the  lung (PBLN). An ap- 
into the submucosa and  mucosa  of the airways. The trachea proximately fivefold increase in total lymphocyte numbers 
displayed similar pathologic changes, but the influx of was  found in PBLN from  RW-sensitized  compared to PBS- 
mononuclear cells was  more evident than in the periphery exposed mice. 
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FIGURE 3. Analysis of the  frequency of VP-positive  T cell 
populations. Two days after the last  allergen/PBS aerosoliza- 
tion, local  draining  lymph nodes of the airways and the lungs 
(PBLN) ( A )  and spleens ( B )  were prepared. Mononuclear 
cells  were stained with  anti-VP and anti-TCR/CD3 antibodies 
and  analyzed by  flow cytometry using a gate for lymphocytes 
as described in Materials and Methods. Based on the fre- 
quency of TCR/CD3+ cells, the percentage of VP-expressing 
T  cells was calculated. Cells from three to four mice per 
experiment  were pooled and  analyzed together. Expressed 
are the mean 2 SD of  five independently  performed  experi- 
ments. C, Results of the analysis of cells from sensitized mice 
that were  restimulated with the Ag for several days as de- 
scribed in Materials andMethods. These cells  were  analyzed 
on a gate for lymphoblasts. Expressed  are mean 2 SD of three 
independently  performed experiments. *, Significant ( p  < 
0.05) differences between  the groups. 

Sensitization to RW increases the frequency of 
T cells  bearing specific Vp elements on the TCR 

The  frequency of T  cell subsets  expressing different V p  
elements was examined in fresh  lymphocytes prepared 
from  PBLN  and  spleens of RW-sensitized mice.  As  dem- 
onstrated in Figure 3A, sensitization to RW resulted  in  a 
significant increase in the  proportions of Vp8. 1-, Vp8.2-, 
and  Vpl3-bearing T cells  in PBLN.  In parallel, the fre- 
quency of other  VP-expressing T  cells decreased  (e.g., 

Vp6-  and  Vp7-bearing T  cells). In addition to  Vp8. 1 + and 
Vp8.2+ T cells, an  expansion of Vp8.3+, V/39', and 
V/314+ cells was detected in the  spleen.  This was  paralleled 
by decreases  among  subpopulations bearing Vp2,  Vp4, 
VP5,  Vp6,  and  Vp7 (Fig. 3B).  The  data in Figure 3 ac- 
counted  for  more than 95% of the  Vp-expressing T  cells in 
the respective tissues. 

The distribution of VP-bearing T cell subsets was  also 
examined  after  culture of lymphocytes with RW. For  this 
purpose,  spleen mononuclear  cells  from RW-sensitized 
mice  were  cultured  with RW (50  Fg/ml)  for 5 days, and 
the V p  repertoire of surviving T cells was then  studied 
by flow cytometry using  a forwardhideward  scatter  for 
T cell blasts  (Fig. 3C). Approximately 60% of all T cell 
blasts expressed  either  Vp8.1,  Vp8.2,  Vp8.3,  Vp9,  or 
Vp14.  These  data support  the  results  obtained  by  the V p  
analysis on freshly  prepared lymphocytes and  indicated 
theexpansionofVp8.l-,VP8.2-,VP8.3-,VP9-,andVP14- 
expressing T  cells in response to sensitization to RW. 

Specific Vp-expressing T cells differentially stimulate 
IgE and IgG subclass production 

To analyze the  capacity of the  different  T cell subpopula- 
tions to stimulate Ig production, Vp8. 1+ ,  V/38.2+, Vp9', 
and  VP14+ T  cells from RW-sensitized  mice  were  purified 
by panning (12).  As  a  negative control,  Vp2 T  cells that 
were not found in  higher  frequency  after RW sensitization 
were also purified. These T  cells  were co-cultured with 
RW-primed  splenic  B  cells. The  co-culture was  carried  out 
in  the presence of  RW (10  Fg/ml)  for 9 days,  and  culture 
supernatants  were  assayed for total IgE  and IgG subclass 
production. 

Analysis of IgE production  (Fig. 4A) indicated that the 
highest amounts of IgE were  stimulated by Vp8.2 cells. The 
other  VP-bearing T  cells contributed  to  IgE production to 
a  significantly  lesser  extent. The stimulation of IgG  sub- 
class production  showed  a  different  pattern. Vp9 T  cells 
provided  help for IgG1  production to a  similar  degree  as 
Vp8.2  cells, whereas the  other  VP-bearing  cells  showed 
only limited  ability to stimulate  IgG1  production  (Fig. 4B). 
The  Vp14+ cells,  which  did not stimulate IgCl and dem- 
onstrated  minimal capacity to  induce IgE, showed a  strong 
capacity  to induce  total IgG2a production (Fig.  4C). IgG3 
was stimulated  by Vp9 T cells and to a  lesser degree  also 
by Vp8.l  and 8.2 T cells (Fig. 40). Vp2 cells from sen- 
sitized  mice  did not stimulate IgE  or IgG production in this 
system. In addition to the  analysis of splenic Vp8.2 T cells, 
VP8.2-expressing  cells were also purified from  PBLN and 
co-cultured  with  sensitized  B  cells. It was found that PBLN 
Vp8.2 cells also  stimulated  IgE production  (data not 
shown).  Because of the limited  number of PBLN  lympho- 
cytes in  these experiments, only the role of  Vp8.2 T  cells 
was  studied,  inasmuch  as  they  were  present in the  highest 
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FIGURE 4. Analysis of IgE and IgG 
subclass production. After completion 
of the RW-aerosolization course, differ- 
ent VP-expressing T cell populations 
were purified  by sequential panning as 
described in Materials and Methods. B 
cells  were prepared from spleens of 
mice that were immunized to RW by i.p. 
injections of RW as described. An equal 
number (50,000 cells  each/well) of B 
and T cells  were co-cultured for 9 days 
in the presence of RW ( I O  pg/rnl). Cell- 
free culture supernatants were harvested 
and analyzed for IgE ( A ) ,  lgGl ( B ) ,  
IgG2a ( C ) ,  and lgG3 ( D )  production  by 
€LISA as described. Shown are the mean 
2 SD from one of three experiments. 

A 
40 1 T 

c 200 , 

- 2 8.1 8.2 9 14 

''1 T 

B 
30 1 T T  

- 2  8.1  8.2 9 14 

frequency in the  lymph nodes.  These  data indicate  that  the 
different Vp-bearing T cells stimulated a  different  profile 
of Ig isotypes and  IgG  subclass production. 

Transfer of IgE production, immediate skin test 
reactivity, and AR by Vp8.2 T cells 

Since the in vitro  experiments indicated that Vp8.2 T cells 
stimulated  the highest IgE  response  compared  to  other T 
cell subsets, we investigated  their capacity  to stimulate IgE 
production  in  vivo. For this purpose,  Vp8.2  cells were pu- 
rified from RW-sensitized and nonsensitized  mice  and ex- 
panded  as  described,  These  cells  were  then  transferred by 
i.v. injection into nonsensitized  recipients  that  received  a 
single RW challenge via  the airways immediately  after  the 
transfer. Five  days later, the recipients  were analyzed  for 
RW-specific Ig  production,  ICH,  and  AR. 

The results, summarized in  Table 11, indicate  that splenic 
Vp8.2 T cells  stimulated allergen-specific IgE  and  IgGl 
production, and  the  amounts measured 5 days  after cell 
transfer  were in the ranges  observed  after sensitization over 
a 3-wk period  in  primary animals.  Six of eight  recipients 
(75%) of Vp8.2 T cells  from sensitized donors had  positive 
immediate-type skin  test  responses to the  allergen,  whereas 
none of the  control mice (receiving  Vp8.2 T cells  from 
nonsensitized donors)  demonstrated these  responses. Sim- 
ilar to results  obtained  in  primary  sensitized mice,  serum 
from  animals receiving cells  from sensitized  mice  elicited 
short latency  (performed  with  heat-inactivated serum)  as 
well as  long  latency  passive cutaneous  anaphylaxis tests, 
indicating  that  the IgE  and  the  IgGl  antibodies were able 
to trigger  immediate type I allergic  responses to RW  in the 
skin (18-20). In parallel to Ig  production  and ICH,  in- 
creased  AR  was  found in recipients after transfer of Vp8.2 
cells  from RW-sensitized  but not from  nonsensitized mice. 
The  decrease in ESSo of about 40%  was in the range  ob- 

served after primary RW sensitization.  Kinetic experiments 
indicated  that  at  day  2 after transfer of Vp8.2 T cells, AR 
was  normal in recipients, and only  25% of the recipients 
developed  ICH  (data not shown).  These data  demonstrated 
that Vp8.2 T cells  from RW-sensitized  mice can transfer the 
capacity to stimulate IgE and IgGl production,  induce 
allergen-specific ICH,  and trigger  increased  AR. 

Discussion 

This study demonstrates that  sensitization of BALB/c mice 
to the  common allergen ragweed  induced a  systemic RW- 
specific  IgE response. This  response was  achieved  by ul- 
trasonic  nebulization of the  allergen and was accompanied 
by evidence of sensitization of the mice  through  the  local 
immune  system of the  airways and the lungs. The  devel- 
opment of an allergic immune response  was  associated  with 
acquisition of immediate  cutaneous reactivity and the de- 
velopment of increased AR, as  measured by electrical  field 
stimulation of isolated  tracheal smooth  muscle prepara- 
tions.  Functional studies including lymphocyte transfer ex- 
periments  indicated not only that T cells regulated the  IgE 
and  IgGl responses, but also that they are part of the reg- 
ulatory system  that  is  involved in the control of AR. 

It is well established  that  the  production of IgE is under 
the  regulatory  control of T cells (21-23). A  number of in- 
vestigations focusing  on the  regulatory events  governing 
polyclonal IgE production demonstrated that several  sets of 
signals  are required to stimulate  IgE secretion.  Activated 
but not resting CD4 T  cells are  able  to  induce  IgE pro- 
duction  (24).  The process of cognate interaction between T 
and B  cells is involved  in  this  regulatory  pathway (25) .  One 
mode of T-B cell  interaction  links  the TCR  and  MHC  class 
I1 molecules on B cells. This interaction  leads to the  ac- 
tivation of resting B cells  and  enhances  the responsiveness 
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Table II 
Transfer of IgE responsiveness and   i nc reased  AR by Vp8.2 cells" 

Anti-RW 

T Cells Donor 
IgE 

Skin Test 
Response IgC 1 

(EU/ml) (EU"/ml) 

Vp8.2 ( n  = 16) PBS <40 <40 011 6 (0%) 
Vp8.2 (n = 8 )  RW 1111 + 8 2 '  237 f 24' 618 (75%)' 2.13 k 0.23c 

3.0 k 0.45 

Cells (10 x 1Ob/reclpient) were transterred i.v. into  nonsensitized  anlmals that recelved  one RW challenge  immediately after the transier. Five days later, serum 
VP8.L T cells  were  prepared  from spleens o i  RW-sensitized and  nonsensitized (PES-exposed) controls  and  purified as described in Materials and Methods. 

samples were taken and  analyzed for IgE and lgCl  anti-RW  antibody titers by ELlSA (means f SD, ELlSA units/ml). ICH was determined in parallel,  and AR was 
analyzed by electrical fteld  stirnulatlon. Results are expressed a5 ESji, (means ? SE). 

EU, ELISA u n ~ t s .  
' Signiftcant differences between the groups of  mice. 

of B  cells  to  soluble  T  cell  factors,  the  IL. One IL,  IL-4, 
plays  a  critical  role in the regulation of IgE by inducing the 
switch to IgE  at  the DNA level (26-28), resulting in the 
production of functional  and  active  germline-c  transcripts 
(29-31). In addition  to  IgE, IL-4 also  regulates the pro- 
duction of IgG 1 (32). Since the sensitization  to RW resulted 
in the stimulation of both IgE and IgGl antibodies, it ap- 
pears likely that  IL-4  produced by activated T cells  is  in- 
volved in this system  as well. 

Several elements of the data  support the pivotal  role of 
T  cells in the sensitizing  response  to RW and,  subsequently, 
to the regulation of IgE production  and  development of 
increased AR. Histologic  examination of the airways  and 
the lungs  at the end of either  sensitization protocol dem- 
onstrated  an  influx of mononuclear  cells in the  local tissues. 
Adherence,  predominantly of mononuclear  cells  to the in- 
ner  wall of small  blood  vessels,  diapedesis of these cells 
from the vessels  into  the  submucosal  and  mucosal  layers of 
small  and large airways,  and the enlargement of local  drain- 
ing  lymph  nodes of the  airways  and the lung  characterized 
the response in RW-sensitized animals. The role of T  cells 
in the regulation of allergic  diseases in humans  has been 
supported by data from a  number of groups.  Analysis of 
cells  prepared from bronchial  lavages  before and after  al- 
lergen challenge and of cells in bronchial  biopsies from 
asthmatic  patients (33-36) have  indicated  an  increase in T 
cell numbers in the local  environment  during  active  disease. 
Additional  analysis of the functional  properties of these  T 
cells  showed  that  there was an  increased  number of IL-4+ 
and IL-5+ cells  (37). These findings  were  paralleled by low 
numbers of IFN-y-producing  T  cells. 

The present study focused  on  the  changes in the  distri- 
bution of certain  T  cell  populations  that  accompanied sen- 
sitization  to RW, when allergen was administered via the 
airways. One obvious change involved the distribution of 
T  cell  subsets  expressing  different TCR-VP elements. This 
analysis  indicated that different  populations of Vp- 
expressing  T  cells were selectively  expanded in the PBLN 
and  spleens of RW-sensitized mice. In PBLN, the  major 
increase was in Vp8.2 T  cells  followed by an  increased 
frequency of Vp13 and VpS. 1  T  cells.  In  addition to  Vp8. 1 

and Vp8.2 T  cells, an increase in frequency of Vp8.3-, 
Vp9-, and Vpl4-expressing cells  was  found in the spleens 
of sensitized  animals.  After in vitro  stimulation of cells 
from sensitized  animals with RW, a  similar pattern of Vp  
expression was observed in responding  T  cell  lympho- 
blasts,  namely Vp8.1,  Vp8.2,  Vp8.3,  Vp9, and Vp14 cells. 

Ragweed  contains  a  number of different  allergenic 
epitopes  (9, 14). It is possible  that each of the  T  cell epitopes 
stimulates  a  different  VP-expressing  T  cell  subset,  account- 
ing  for the number of subsets  that  increased  after Ag stim- 
ulation.  This does not account for the  differences in the 
pattern of VP-bearing  T  cells  found to be stimulated in 
PBLN and  spleen. One explanation for such  differences 
may be that different  populations of APC located in PBLN 
and  spleen  have  different  properties  for Ag processing, 
leading to the presentation of different T cell  epitopes  to the 
TCR.  The presence of specialized APC in different  loca- 
tions has been  suggested by other  investigators (38). 

More  importantly, it appeared  that  each of the T cell 
subpopulations  expanded  after  sensitization  exhibited  a 
unique pattern of help for the  production of Ig by primed 
B  cells in vitro. The functional  properties of the T  cell 
subpopulation  were  examined in an  allergen-driven  system 
in which the T cells  originated from RW-sensitized mice, 
the  B  cells  were  primed to the allergen, and RW was present 
in the  culture.  Under  these  conditions, Vp8.2 T  cells  pro- 
vided help  for IgE and IgGl production,  and Vp9 T  cells 
stimulated IgE to  a  lesser degree but  stimulated IgGl to  a 
degree  similar  to that of Vp8.2 cells. Vp14 T cells  stim- 
ulated  IgG2a, but not IgG1,  and Vp8.1 T  cells did not stim- 
ulate IgE or IgGl. T  cells from nonsensitized  animals 
showed  little  capacity  to  provide  help  for  Ig  synthesis  under 
these  conditions. These data  indicated  that IgE production 
was  primarily  stimulated by sensitized Vp8.2 T  cells. This 
was the subset that also  demonstrated  the  highest degree  of 
expansion in PBLN after  sensitization  to RW. The pathways 
that may be used by these  T  cells to regulate  Ig  production 
by B  cells are still unclear. Since  IgE and IgGl production 
are known to be dependent on the  production of IL-4 while 
other  IgG  subclasses may be regulated by other  IL, it is 
possible  that  different  T  cell  subsets  differ in their  pattern 
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of cytokine production. It is unlikely,  however, that a  re- 
stricted  profile of IL production is strictly  aligned  with  a 
certain VP-bearing T  cell population. 

Based  on  our  findings that V p  8.2 T cells  stimulated  IgE 
and  IgG 1 production to  the highest degree  and  showed  the 
greatest expansion in  local draining  lymph nodes,  this  T cell 
population  was  selected for in vivo  transfer  experiments. 
The results of these transfer  experiments indicated that 
Vp8.2 T cells  from RW-sensitized  mice, but not from non- 
sensitized controls,  transferred the  capacity to induce RW- 
specific  IgE/IgGl responses and increases  in AR in  non- 
sensitized  recipients. Vp8.2 T cells  from sensitized and 
nonsensitized mice  were  treated in an identical fashion.  The 
purification was  accomplished by panning, and  hence  ac- 
tivation  with anti-Vp8.2  antibodies,  followed by an ex- 
pansion  in IL-4- and IL-2-containing medium.  One  advan- 
tage of this  method is that the  T cells  are activated  at  the 
end of the  purification  period, and this  activation  may  be 
one of the  requirements for providing help  for B cells  (24). 
Although all recipients  received  a single RW challenge im- 
mediately after the  cell  transfer,  anti-RW  antibody  titers 
were stimulated only after transfer of Vp8.2 T cells  from 
sensitized mice,  whereas these responses were not observed 
after transfer of cells  from  control, nonsensitized animals. 
These  data imply  that  the  stimulation of IgE  and increased 
AR is not a  general functional capacity of all activated 
Vp8.2 T cells, but is  dependent  on T cells that encountered 
the  allergen  previously. 

These  data  are very similar  to what we have reported 
after sensitization to OVA via the airways ( 1  l), and  to  some 
degree  after sensitization through the skin (J. Saloga,  H. 
Renz, G. L. Larsen,  and E. W. Gelfand, manuscript in prep- 
aration). In these  studies, we identified  a  T cell population 
that also  expressed the Vp8.2 receptor and that stimulated 
IgE production and transferred  increased AR in vivo. The 
RW system is another  example of the  specific  role Vp- 
expressing T cells play  in  the  regulation of AR. In both 
allergen-dependent  systems, T cells  from  the  same V p  fam- 
ily played a  central role in the  stimulation of IgE produc- 
tion. This  finding raises the  question as to  whether  the  ap- 
pearance of this  population  in two independent systems was 
coincidental  or  whether Vp8 T cells  carry specific func- 
tional  properties  that enable them to direct the  immune 
system into  similar  pathways, in this case the  production of 
IgE. At the present  time,  there is no evidence that the  ex- 
pression of the  TCR, particularly of specific TCR-VP  el- 
ements, is coupled  to the functional  capacity or the  cytokine 
profile  secreted  by  these  cells. It is possible,  however,  that 
the recognition of Ag  or allergen by the  TCR provides  a 
signal or  sets of signals that drive the  T cells in  a  certain 
direction,  e.g., to  produce IL-4 or alternatively, IFN-y. 
These possibilities are the focus of current experiments in 
the  laboratory. 

It is unclear  what  role  T cells  have in the modulation of 
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AR. This  could be  via  a  direct  interaction of the  T  cells  with 
the neuroimmunologic  control  system of airway smooth 
muscle or that  increases  in AR are  linked to  the presence 
of IgE  or  IgGl in an indirect fashion.  Studies in humans 
suggest a  link between  IgE and airways hyperreactivity. A 
recent  study demonstrated the  significant  correlation  be- 
tween  serum  IgE titers and the degree of airway  hyperre- 
activity (39). In addition,  a number of different  animal  stud- 
ies  utilizing in vitro  as  well as in  vivo systems suggested 
a  positive  interrelationship between  development of re- 
aginic  antibodies and the development of increased AR 
(40-44). However,  the mechanisms through  which  these 
antibodies  regulate AR  remain to be delineated. 

In conclusion, this  study further  documents the  role of 
certain VP-expressing T cells in the regulation of allergen- 
specific IgE  and  IgGl production  and  the development of 
increased AR.  Furthermore, the data indicate  that  different 
T  cell  populations,  activated  by  allergen  sensitization, dif- 
ferentially  regulate  Ig  isotype  production. Studies  are  cur- 
rently  underway to delineate the functional pathways 
through  which  these  T cell populations exhibit their dif- 
ferential  activities. 
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