
resolution) of HIV RT complexed with du- 
plex DNA (24). Within the intrinsic limi- 
tations of the experiments, our model is not 
inconsistent with most of the results describ- 
ing DNA binding to KF (5, 7, 8, 25). 

The angle of the DNA helix axis in cleft 2 
with respect to the polymerase cleft (cleft 1) is 
unexpected. If one constructs a model that 
preserves most of the observed contacts be- 
tween the duplex DNA and the protein, the 
model-built DNA requires a bend of about 80' 
to enter the polymerase cleft (Fig. 5). Such 
protein-induced bending of duplex DNA is 
not unknown. The crystal structure of a ca- 
tabolite gene activator protein-DNA com- 
plex shows that the DNA is bent by 90°, 
which is achieved primarily through two 
sharp, 43" kinks (26). Several recent electron 
microscopy studies suggest that DNA is great- 
ly bent (as much as 180") when bound to 
RNA polymerase (27) as well as to UvrB 
(28). 

We anticipate that the growing nascent 
strand of the DNA substrate can shuttle 
between the polymerase and the exonu- 
clease active sites (Fig. 5), as has been 
previously proposed ( 2 4 ,  29) and for 
which there is some evidence (6). The 
destabilization of duplex DNA that would 
result from the anticipated DNA bending at 
the polymerase active site would make the 
equilibrium between single- and double- 
stranded DNA at the primer terminus more 
sensitive to mismatched base pairs. It will 
be interesting to see whether those DNA 
polymerases that do not contain an editing 
function bind straight duplex DNA, as does 
HIV RT (23, 24), whereas those with an 
editing exonuclease bind bent DNA, as 
appears likely with DNA Pol I. 
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Preferential Migration of Activated CD4+ and 
CD8+ T Cells in Response to MIP-1 a and MIP-1 P 

Dennis D. Taub, Kevin Conlon, Andrew R. Lloyd, 
Joost J. Oppenheim, David J. Kelvin 

Recombinant human macrophage inflammatory protein-la (rhMIP-la) and rhMIP-lp 
were potent chemoattractants of human T lymphocytes. These rhMIP-1 cytokines attracted 
only T cells activated by monoclonal antibody to CD3 and did not attract unstimulated 
lymphocytes. Phenotypic analysis revealed that CD4+ T cells were capable of migrating 
in response to rhMIP-1 p, whereas rhMIP-la induced chemotaxis of predominantly CD8+ 
T lymphocytes. Activated naive and memory T cells also migrated in response to rhMIP-1 
cytokines. Furthermore, these cytokines enhanced the ability of T cells to bind to an 
endothelial cell monolayer. These results suggest that rhMIP-1 cytokines preferentially 
recruit specific T cell subsets during the evolution of the immune response. 

T h e  accumulation of leukocytes at sites of types. Recently, several host-derived cyto- 
inflammation is induced by the local pro- kines (chemokines) have been identified 
duction and secretion of chemotactic li- that stimulate chemotaxis in vitro and elicit 
gands by a wide variety of stimulated cell the accumulation of various types of inflam- 

matory cells in vivo ( I ) .  ~ e u t r o ~ h i l s  are 
D. D. Taub, A. R. Lloyd, J. J. Oppenheim, D. J. Kelvin, preferentially induced to migrate by inter- 
Laboratory of Molecular Immunoregulation, Biological 
Response Modifier Program, National Cancer Insti- leukin-8 [IL-8, also called neutro~hil at- 
tute, Frederick Cancer Research and Development tracting peptide-1 (NAP-I)], melanoma 
Center (FCRDC), Frederick, MD 21 702. 
K. Conlon, Laboratory of Experimental Immunology, 

growth stimulating activity (MGSA, also 
Biological Response Modifier Program, National Can- called GRO), NAP-11, and ENA-78, 
cer institute, FCRDC, Frederick, MD 21702. whereas monocytes are preferentially in- 
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duced to migrate by macrophage chemotac- 
tic activating factor [MCAF, also called 
monocyte chemotactic protein-1 (MCP-1) 1, 
RANTES, 1-309, MIP-la, and MIP-1P (1, 
2). Neutrophils and monocytes participate 
in acute and chronic nonimmunological in- 
flammatory reactions; T lymphocytes, how- 
ever, are crucial in delayed-type hypersensi- 
tivity responses. Purified RANTES (2), IL-8 
(3), IL-2 (4) ,  and IL-1 (4) have been report- 
ed to show in vitro T cell chemotactic 
activity. 

To determine additional chemokines 
that may be involved in mobilizing human 
T cells that are antigen-responsive to sites 
of delayed-type hypersensitivity reactions, 
we compared the in vitro T lymphocyte 
chemoattractant effects of the recombinant 
human (rh) chemokines, MIP- l a ,  MIP- 1 P, 
platelet factor4 (PF-4), 1-309, IL-8, 
MCAF, transforming growth factor-p 
(TGF-P) , tumor necrosis factor* (TNF- 
a ) ,  and MGSA to those recombinant hu- 
man cytokines known to chemoattract T 
cells. The cytokines were assayed for their 
chemotactic activity on unstimulated (rest- 
ing) T cells or T cells that had been 
activated by incubation with monoclonal 
antibody to CD3 (anti-CD3) in a 48-well 
microchemotaxis chamber assay (3, 5-7) 
(Fig. 1). 

Activated T cells were stimulated to 
migrate most by rhMIP-la, rhMIP-1 P, and 
RANTES, although IL-2 was stimulatory 
(Fig. 1A) (4). Both rhMIP-la and rhMIP- 
l p  stimulated maximal chemotactic activi- 
ty at 10 nglml, with demonstrable activity 
at 1 ng/ml (Fig. 1B) (8). RANTES was 
more ootent: chemotaxis was maximal at 1 
nglml. Resting human T cells, in contrast, 
were not stimulated to migrate by rhMIP- 
l a  or rhMIP-1P, but RANTES was again 
effective (Fie. 1A). All other tested cvto- 
kines had i o  significant chemoattraciant 
activity on either stimulated or unstimu- 
lated T cells over a wide concentration 
range (9, 10). T cell migration to 
RANTES, rhMIP-la, and rhMIP-1P was 
dependent on a concentration gradient 
(chemotaxis); a checkerboard analysis indi- 
cated that <8% of the migration was due to 
chemokinesis (random migration) (I I). 

T cells consist of phenotypic subpopula- 
tions; CD4+ T cells generally have helper 
activities, and CD8+ T cells have cytotoxic 
and suppressive activities. To investigate the 
effects of MIP-la and MIP-1P on subsets of 
T lymphocytes, we fractionated peripheral 
T cells from several normal adult donors 
into CD4+ or CD8+ T cells (5, 12). Acti- 
vated CD4+ T cells migrated to rhMIP-1P 
and RANTES, whereas activated CD8+ T 
cells predominantly migrated in response to 
rhMIP-la and RANTES (rhMIP-1P had 
inconsistent effects on activated CD8+ lym- 
phocytes) (Fig. 2A). Resting CD4+ T cells 

were only stimulated by RANTES; rhMIP- direct effects on T lymphocytes, we tested 
la and rhMIP-1 P had no significant chemo- the chemoattractant response of a number 
tactic effect on unstimulated CD4+ or of CD4+ T cell clones to these chemokines 
CD8+ T cells. (1 3, 14). A representative tetanus toxoid 

To verify that these chemokines exert (TTx)-reactive T cell clone, 3E12, activat- 

Fig. 1. Human peripheral blood T lymphocyte A 
migration in response to RANTES, rhMIP-la, and 
rhMIP-lp. (A) Migration of resting and activated _p 80- ... 
T cells in response to RANTES, rhMIP-la, and $ . .. Resting T cells 
rhMIP-lp. Human T lymphocytes (typically Act ivated T cells 
>94% pure) were isolated from venous blood 
and either placed in culture (resting) or stimulat- 
ed on anti-CD3-coated plates (activated) for 8 
hours. Various cytokines were prepared in assay 
buffer and then added to the lower compartment 
of a 48-well microchemotaxis chamber. All cyto- 
kines used in this experiment were at a concen- 
tration of 10 nglml, with the exception of rhlL-la, 
rhlL-2, rhTNFa, and rhTGFp, which were all used 
at 10 Ulml. T cells were then placed in the upper 
compartment of the chamber and incubated for 
3 hours at 37°C. We measured lymphocyte mi- 50 - MIP-la 
gration by counting the number of cells attached 
to the lower surface of the filters in five high- 40 

- RANTES 

power (40x) fields, and each concentration of 
chemoattractant was tested in triplicate Results f 
are expressed as the mean number of migrating 30 

cells per high-power field (-cSD). (B) Dose- a 
response curves for activated lymphocyte mi- = 20 
gration to RANTES, rhMIP-la. and rhMIP-lp 4 
Points represent various concentrations of 10 
chemokine added to the lower wells of a micro- O 

chemotaxis chamber. Both resting and activated 0 T cells, separated from the chemokines by a Medium 0,1 1 10 100 
polycarbonate filter, were added to the upper 
compartments of the chamber as described Cytokine (nglml) 

above. Results are expressed as the mean number of migrating cells per high-power field (+SD) 
from a single representative experiment of 15 performed. 

Fig. 2. Phenotype of T 501 A 
lymphocytes migrating 
to rhMIP-la, rhMIP-lp, 
and RANTES. (A) Re- 
combinant hMIP-la 
and rhMIP-1p selec- 
tively attract CD8+ and 
CD4+ T cells, respec- 
tively. Purified resting T 
cells were separated 
by negative selection 
into purified CD4+ 
(>94%) and CD8+ 
(>94%) T cell popula- 
tions (9). Both fraction- 
ated and unfraction- 
ated populations were 
placed in culture and 
left unstimulated or ac- 
tivated ,on anti-CD3- 

40 - 40 

30 Unfractionated .30 

P g 20 - 20 
G 

5 l o  -10 

I 0  -0 
C, 90 - 90 

CD45Ra+ 
E CD29+ 

Unfractionated 

coated plates. After 8 I 

Resting T cells Activated T cells 
hours of incubation, the 
cells were harvested and tested for activity in response to various concentrations of rhMIP-la, 
rhMIP-lp, RANTES, and MCAF. (B) Both rhMIP-la, rhMIP-lp, and RANTES attract activated 
CD45RA+ and CD29+ T lymphocytes. With the use of similar purification protocols as described 
above, highly enriched CD45RA+ (>94%) and CD29+ (>95%) T cell populations were either 
stimulated on anti-CD3-coated plates or cultured in medium for 6 hours. After incubation, the cells 
were harvested and tested for chemotactic activity. The results are expressed as the average 
number of cells counted in five high-powered fields (?SD). Data represent mean values ( G D )  of 
a single experiment of four performed. 
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ed with either TTx and syngeneic accessory 
cells or anti-CD3, showed significant T cell 
migration to rhMIP-1P and RANTES but 
not to rhMIP-la (Fig. 3). Of the five 
human T helper cell clones tested, four 
exhibited similar patterns of activity; how- 
ever, one clone was unresponsive to all 
chemokines tested (15). These data support 
the observation that rhMIP-lP, but not 
rhMIP-la, selectively attracts activated 
CD4+ T cells. 

The CD29+ subset of T lymphocytes is 
generally associated with memory T cell 
functions and is thought to consist of long- 

Chemokine 

Fig. 3. Recombinant hMIP-lp selectively pro- 
motes the locomotion of human CD4+ T cell 
clones. The human TTx-reactive T cell clone, 
3E12, was generated and tested for its ability to 
respond to various chemokines (14). The 3E12 
cells were either activated with (A) TTx plus 
syngeneic APCs or (B) anti-CD3-coated plates 
or placed in culture with medium for 8 hours. 
After incubation, the cells were harvested and 
tested in a chemotaxis assay with rhMIP-la, 
rhMIP-1 p,  RANTES, or rhMCAF. The results are 
expressed as the mean number of migrating 
cells per high-powered field (kSD). Data rep- 
resent mean values (?SD) of a single experi- 
ment of six performed. 

lived effector cells that are preferentially 
primed to generate immunologically medi- 
ated inflammatory responses (1 6). Activat- 
ed T cells that had been fractionated into 
nai've (CD45RA+) and memory (CD29+) 
T cell subsets both migrated to rhMIP-la, 
rhMIP-lP, and RANTES (Fig. 2B) (5, 12). 
Unstimulated T cells, whether of the naive 
or memory phenotype, did not respond to 
either rhMIP-la or rhMIP-1 P, but unstim- 
ulated memory T cells did migrate in re- 
sponse to RANTES. These results suggest 
that both the activation status and pheno- 
typic properties of T cell populations deter- 
mine whether they respond to rhMIP-la, 
rhMIP-lP, and RANTES. The increased 
responsiveness of T cells after activation 
could be a result of the T cells acquiring 
new receptors that render them responsive 
to rhMIP-la and rhMIP-lP, as demonstrat- 
ed by the increase in specific binding sites 
for both MIP-la and MIP-1P after T cell 
activation with anti-CD3 and phorbol es- 
ters (9, 17). 

Additional experiments were designed to 
determine whether rhMIP-la, rhMIP- 1 P, 
and RANTES influence the adhesion of T 
lymphocytes to endothelium. Purified periph- 
eral blood T cell subpopulations were treated 
with various concentrations of rhMIP-la, 
rhMIP-lP, and rhRANTES at 37°C for 6 
hours on uncoated or anti-CD3-coated 
plates. After washing, lymphocytes were in- 
cubated with human umbilical cord endothe- 
lium pretreated with an optimal concentra- 
tion of rhIL-la for the binding assay. All 
three of these cytokines augment adhesion of 
stimulated, but not unstirnulated, T lympho- 
cytes to IL-la-treated endothelium (Fig. 4). 
Once again, MIP-la preferentially promoted 
the adherence of CD8+ T lymphocytes, 
whereas MIP-1P acted on CD4+ lympho- 
cytes. No significant change in T cell adher- 
ence was observed with any chemokine on 
unactivated endothelium or with unstimu- 
lated T lymphocytes. Thus, the ability of 
rhMIP-la, rhMIP-IP, and RANTES to reg- 
ulate the adherence of T lymphocytes to 
vascular endothelium is an important initial 
step in the migration toward sites of antigenic 
challenge. 

Fig. 4. Recombinant human MIP-la, MIP-lp, and RANTES 100 
induce adhesion of stimulated T cell subsets to IL-1 a-treated 90 
human umbilical vein endothelium. Both fractionated and .g 80 
unfractionated populations were labeled with 5iCr and pre- g 70 
incubated on anti-CD3-coated plates or uncoated plates = 60 
with optimal concentrations of rhMIP-la, rhMIP-lp, and 
rhRANTES for 8 hours at 37°C. After incubation, T cells were f40 
added to a rhlL-la-treated confluent monolayer of human 30 

umbilical vein endothelium for 1 hour at 37°C. After washing, ' 20 

bound cpm were measured. Percentage adhesion was cal- $10 

culated according to the following formula: percentage ad- O 

hesion = measured cpm/[(total cpm - spontaneously re- - ,- w 

leased cpm) x 1001. Data represent mean values (?SD) of a 6 5 
single representative experiment of five performed. 

= d 
Chemokine 

After exposure to antigen, antigen-pre- 
senting cells (APC) present in tissues emi- 
grate from the challenged tissue into the 
draining lymphatic system (1 6, 18). Once 
within the regional lymph nodes, which are 
the sites of sensitization, antigen-specific T 
cells are activated by these migrant APC 
populations, resulting in the expression of 
new chemokine receptors (9, 17). These 
antigen-activated T cells then reenter cir- 
culation, now capable of directional migra- 
tion into an inflammatory site. T cell infil- 
tration into the challenged area probably 
involves a process of sequential endothelial 
adhesion and then release of T cells, to 
allow transendothelial passage, followed by 
adherence to extracellular matrix proteins 
via integrin molecules (1 6, 18). Our find- 
ings lead to the prediction that MIP-la, 
MIP-lP, or RANTES participate in attract- 
ing the appropriate T cell subsets to an 
inflammatory site. MIP-la and MIP-1P 
may have critical roles in differentially de- 
termining the nature of the lymphocyte 
response to disparate antigenic stimuli. In 
support of this hypothesis, recent analysis of 
human T cell migration in a chimeric SCID 
(severe combined immunodeficiencv dis- 
ease) mouse model reconstituted with hu- 
man T cells revealed that RANTES and the 
rhMIP-1 cytokines induce CD3+ T cell 
infiltration into sites of injection. 
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Requirement for Tyrosine Kinase p56ICk for Thymic 
Development of Transgenic ~6 T Cells 

Josef Penninger, Kenji Kishihara, Thierry Molina, 
Valerie A. Wallace, Emma Timms, Stephen M. Hedrick, 

Tak W. Mak* 
The Src-related protein tyrosine kinase p56Ick is essential for antigen-specific signal trans- 
duction and thymic maturation of T cells that have an cup T cell receptor (TCR), presumably 
by physical association with CD4 or CD8 molecules. To evaluate the requirement for p56Ick 
in the development of T cells that have 78 TCRs, which generally do not express CD4 or 
CD8, p56ICk mutant mice were bred with TCRy8 transgenic mice. Few peripheral cells that 
carried the transgenes could be detected in p56Ick-I- mice, although 70 percent of 
thymocytes were transgenic. Development of transgenic y8+ thymocytes was blocked at 
an early stage, defined by interleukin-2 receptor a expression. However, extrathymic 
development of CD8acufTCRy8+ intestinal intraepithelial lymphocytes appeared to be 
normal. Thus, p56Ick is crucial for the thymic, but not intestinal, maturation of $3 T cells and 
may function in thymic development independently of CD4 or CD8. 

T h e  molecular requirements for t h e  develop- 
m e n t  o f  T C R y S f  lymphocytes are poor ly  
characterized (1). T h y m i c  development of 
TCRcxP cells unfolds in stages defined b y  
expression of CD4 a n d  CD8 (2). Ear ly  
CD4-CD8- precursors become CD4+CD8+ 
cells a n d  f inal ly mature into CD4+ o r  CD8+ 
single-positive cells. Specific recogni t ion of 
self ma jo r  histocompatibi l i ty complex (MHC) 
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molecules b y  t h e  TCRolpe thymocytes is t h e  
prerequisite for t h y m i c  selection events a n d  
matura t ion  t o  single-positive lymphocytes 
(2). Besides t h e  specific ant igen receptor, 
CD4 a n d  CD8 molecules are crucia l  for thy -  
m i c  selection a n d  matura t ion  o f  TCRcxPf 
lymphocytes (3). 

Ant igen-speci f ic  s t imu la t ion  o f  T cells 
results in t h e  ac t i va t ion  of p r o t e i n  tyrosine 
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kinases a n d  subsequent tyrosine phosphory l -  
a t i o n  o f  several in t racel lu lar  substrates (4). 
T h e  Src-related p r o t e i n  tyrosine kinase 
p56kk (5) i s  essential for ant igen- induced 
signal t ransduct ion med ia ted  b y  TCRaP- 
CD3 complexes (6). Because p56kk is  phys- 
i ca l l y  associated w i t h  t h e  cytoplasmic por -  
t i ons  o f  CD4 or CD8 molecules (7) ex- 
pressed o n  TCRolP+ cells, ac t i va t ion  o f  olPf 
T cells is probably modu la ted  b y  CD4 or 
CD8 molecules b y  means of p56kk (8); m i c e  
rendered def ic ient  for p56kk b y  homologous 
recombina t ion  h a v e  a b l o c k  in t h y m i c  de- 
ve lopment  o f  TCRolPf cells a n d  few 
TCRolPf cells are present in t h e  l y m p h  
nodes a n d  spleens o f  these m i c e  ( the n u m b e r  
of TCRolPf cells in p56kk-1- m i c e  i s  5 to 
15% o f  t h a t  in p56"k+1- a n d  p56kk+1+ c o n -  
trols) (Fig. 1) (9). However,  t h e  r o l e  o f  
p56kk in signal t ransduct ion a n d  in t h e  
development o f  T C R y S f  lymphocytes, 
w h i c h  general ly do not express CD4 o r  CD8 
accessory molecules, i s  not k n o w n  (1). 

T o  evaluate t h e  requirement for p56kk in 
t h e  development o f  y8+ T cells, w e  crossed 
t h e  p56kk m u t a t i o n  (9) i n t o  m i c e  t h a t  ex- 
pressed a transgenic (tg) y8 TCR 
(V,11.3J81C,/Vy2JylC,1) (10, 11). In 
these mice, approximately 70% o f  per ipheral  
T cells express t h e  tg yi3 TCR, as assessed by 
sta in ing w i t h  a fluoresceinated m o n o c l o n a l  
an t ibody  (mAb) to V,2 (Fig. 1) (1 1, 12). 
T h e  t o t a l  n u m b e r  o f  T lymphocytes in t h e  
l y m p h  nodes a n d  spleens of tg+1+p56kk+1+ 
m i c e  was equivalent  t o  t h e  numbers f o u n d  in 
tg-'-p56kkf I+ wild- type mice.  T h e  t o t a l  
n u m b e r  of T cells in t h e  spleen a n d  lymph 
nodes o f  heterozygous tgf 1-p56Gkf I- m i c e  
was similar to t h a t  in tgf1+p56kkf1+ mice,  
a l though t h e  n u m b e r  of cells t h a t  expressed 
Vy2 was s l ight ly  lower  (-60% of t h e  t o t a l  
n u m b e r  of T cells). 

In contrast  t o  p56kkf1f a n d  p56kkf1- 
mice,  Vy2+ T lymphocy tes  were near ly  
absent f r o m  t h e  spleen, b lood,  a n d  l y m p h  
nodes o f  tg+1-p56kk-1- mice ,  w h i c h  thus  
resembled tg-p56kk-1- animals (Fig. 1). In 
addi t ion,  t h e  t o t a l  per iphera l  T c e l l  n u m b e r  
in tg+i-p56"k-1- a n d  tg-i-p56"k-1- m i c e  
was reduced as described (Fig. 1) (9). Thus,  
tg VYZf lymphocytes were absent in t h e  
per iphery  o f  p56"k-deficient mice,  a n d  t h e  
presence o f  rearranged T C R y S  transgenes 
c o u l d  n o t  restore n o r m a l  numbers  o f  pe- 
r i p h e r a l  T cells. 

T h e  Val lVy2 TCR expressed in these tg 
m i c e  was o r ig ina l l y  c l o n e d  from a B A L B / c  
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