
eage exhibits a n  overall structural-fhnc- 
t ~ o n a l  phenotype, hut has n o  completeli- spe- 
c ~ f i c  marker. Consei~uentlv,  there is 110 In 
vitro or in vivo nlodel of h.1 cell development 
available tor study. Icemeis et ill. ( 1 ) no\\- lead 
us for\varil on tn.o fronts: They identify a 
system in n-hich enterocytes can be 1ni1~1ced 
to switch to a n  hl  cell plienotype; and they 
demonstrate that the information available 
for this phenoti-pe switch is p ro~ , ide~ l  by 1ym- 
phocytes deril-ed fro111 the  Peyer's patches 
that underlie hI cells. T h e  next step will lie 
tlie ident~fication of the triggering molecule 
or rnolec~ilej. xh ich  coulil be used to tram 
siently allglnent ~ u ~ ~ c o s a l  antigen uptake, a n  
ability tliat could have a major impact on 
 neth hods anil effic~ency of oral vaccination. 

Although XI cells are com~ui t ted samplers 
oflumenal antigen at mucosal surtaces, other 
patl"i\rays for transepithelial delivery o t  in- 
gested antigen exist as a-ell. Enterocytes nor- 
mally c o n s t i t ~ ~ t e  ~ u o s t  of the  surface area o t  
the intestine, and it is poss~ble that antigen is 
s l~u t t l e~ l  directly across (transcellular) or be- 
tn-een (paracellular) this major cell popula- 
tion (see the figure). For example, transient. 
re\.ersible Increases in tight junction perme- 
ab111ty to lumenal pey~ti~les occur nat~rrally as 
a collsequence of activation of certain apical 
membrane transport systems (3). For es-  , , 

ample, enhanced peptide permeability o t  the 
paracellular pathnray by  activation of an  api- 
cal glucose transporter can successf~~lly en- 
hance immune resy~onsi~-eness to specific lu- 
menal antioens in a inode1 oflnast cell-meili- 
ated mucosal anaphylaxis (4) Other  torms of 
shorr-term perturbation of the tight 1~11lction 

L ,  

harrier, for example, by a cholera-derived 
t o x ~ n  (ZOT) ,  are likewise capable of en- 
liancing dellvery ot  peptides hy Kay of the 
paracellular pathway (5). 

Antieen movement across tlie enterocvte 
may also be a regulated event. Using cholkra 
toxin as a model 1.y ~vhicli movement of an 
apically hound protein can 1.e traced biochemi- 
(:ally, Lencer et 01. have demonstrated that 
rnodel enterocvtes are c a ~ ~ a b l e  ot  direct 
transcl-tosis of apically l~ound cholera toxin B 
sulx~nit (6). In addition, this B subunit, 'ivhich 
d~rects its 0x11 transcytosis, is a potent adjuvant 
tor orally iieli\.ereil antlgens (7) .  Indeed, under 
certaln condit~ons. enterocvtes themselves can 
directly present an t~gen  (8). Together, these 
o b s e ~ a t ~ o n s  suggest that del~vely of oral 1-ac- 
cines might also be enhanced by harnessing the 
transcellular pathway of tlie major enterocyte 
population tor antigen delivery and perhaps 
even in~tial  antigen processing. 

-4 key cons~dera t ion  concerning anti- 

gen delivery either across enterocl-tes con-  
verted to the 11 cell phenotype, or hv the 
paracellular or transcellular routes of 1111- 

moclitied enterocytes, is the  immunologic 
microenvironme~lt of t h e  in l~nediate  sul3- 
ep i the l~a l  space (see the  t igure).  I t  is doubt- 

t~11 tliat i ~ l d ~ ~ c t i o n  of new i\l cells alone, ~vitl i-  
out parallel induction of unilerl\-ing 1~111- 

phoid follicles, n.ould ha\-e the same ~LII IC-  

tional consequences for antigen delivery as 
~ v o u l ~ l  a normal Xl cell-lymphoid tollicle or- 
ganiration. Add~t iona l l~ . ,  because intestinal 
i i l l ~ l l ~ ~ ~ l e  responses may be c e l l ~ ~ l a r  or secre- 
tori- and can result in hotli ~n t l a~nmat ion  and 
tolerance, consideration ot  the  underlying 
imm~unolog~cal m~croenvironment to \q.hich 
a n  antigen 1s deli\.ered \q-111 be critical. For 
example, transgenic animals in which the 
junctions ofenteroc~-tes have been disrupted 
(by expression of a targeted, iloni~nant-nega- 
rive m~rtation o t  the cr~t ical  junctional orga- 
n i ~ i n g  protell1 E-cadherin) develop a mor- 
phologicallv detectable cellular imm~ine  re- 
sponse when j~r~lc t ions  in 170th the superti- 
cia1 (\-illus) and deep (crypt) mucosa are af- 
fected (1ikel.i- permitting paracellular leak of 
antigen throughout the  mucosa) (9 ) .  In  toll- 

trast, s i ~ u ~ l a r  perturbations restricted to the 
superficial mucoja display n o  conlparal~le 111- 

duction (>fan  immune response. These stuil- 
ies imply that expowre to lumenal antigen 
may have markedli- d~fferent  consequences 
depending o n  tlie mucosal subcomy~ar tme~~t  
in M-hich exposure takes place and empha- 
s1:e the  i~uportance of the  sul~epithelial mi- 
croenvironment in deternlin~llg immuno- 
logical responses. 

Cytokines and otlier soluble or cell suriace 
signals can drasticall!- modi$ the function of 
enterocytes, as well as the expression ot  
enterocyte su~face molec~~les tliought to 1.e in- 
tegral to epitlielial-imm~~~le cell interactions 
(1 3) .  It the t r i~ger  for the enterocl-te to h l  cell 
conversion shown h!- Kerneis et al. is a 
cytoliine, it ma!- turn out that l\-mphoc!-re-de- 
six-ed n~ediators alone can redirect vesicular 
traficki~lg patliw,avs in epithel~al cells, poten- 
tially proviilmg another w7ay to improve the 
etYiciency (>f oral \.accination. Strategies that 
expand t h ~ s  eff-~cienc- eno~rgh to allow 1.ulk 
movement of antigen may follow, a feature that 
\vould also perlnit improved oral drug d e l ~ v e ~ .  
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omerase and Wetrstransposons: 
Which Came First? 

Thomas H. Eickbush 

Evolut ion is opportunistic. Ne\v cellular 
mechanisnls can el-ol1.e from any genetic 

nlaterial available ~q-lthin a cell. This adapt- 
ability lneans that self  replicat~ng genetic el- 
ements, such as transposable e l e ~ n e ~ l t s  or vi- 
ruses (cellular paras~tes),  could he recruited 
for i i l~portant cellular f~~nc t ions .  But tliis op- 
port~unism could work I3oth wal-s. .A gene 
that supplies a cellular function could be- 
collie a parasite, ~f given the ability to  self- 
replicate. A n  llnportallt key to our under- 
standing of which scenario applies to telom- 
eres-specialized structures at the ends o t  
chromosomes-is prov~deil o n  paye 955 o t  
tliis Issue ( 1 ) and 111 a previous issue o t  Science 
( 2 ) .  Because conventional D N A  poly- 

The aut!izV IS in +be Z e u a r t ~ e - i  z i  3iolzgi LJ-versiri of 
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merases cannot conlplete the s\-nthesis of 
both strands of a blunt-ended D N A  tem- 
plate, early eukaryotes adopted the telo~nere 
as a mechanis~n to stal-ly iuaintain the  ends 
of linear chromosomes. T h e  nev; reports pro- 
vide a clear co~lnection betn.een telomerases, 
the enrymes that synthesize telomeres, and 
retrotransposons, sinall e le~nents  of D N A  
that can autonomousl!- move froin one part 
o t t h e  genome to anotlier. 

Eukaryot~c telomeres are conlposed of 
t a n d e ~ u  arrays ot  short nucleotide sequences 
(3) .  T h e  prohable ~uechanisnl of telomere 
sequence addition was first revealed by iden- 
tification of the R N A  suhunit of telonlerase 
and the demonstration that tliis R N A  pro- 
vides tlie template for nucleotide addition 
(4). A short reglon of the RN,4 su1.unit 1s 
repeatedly copled n-it11 the  3' 11ydroxyl a t  the 
D N A  termmus as aprlmer. Because the  puta- 
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tive polymerase for telomere sequence addi- trampsons are related by both the similarity low that there is considerable uncertainty 
tionusesanRNA template, it was postulated of their catalytic mechanisms, in which in the location of this branch (6). Second, 
that this catalytic component could be simi- the 3' hydroxyl group of a DNA end is used this rooting implies that the mitochon- 
lar to the reverse transcriptases encoded by to prime reverse transcription, and the drial and bacterial reverse transcriptases 
retroviruses and retrotransposable elements. phylogenetic relation of their sequences. evolved from eukaryotic elements. Con- 
In a beautiful series of experiments that used This relation is further strengthened by vincing arguments can be made to suggest 
a direct biochemical approach in Euplotes the remarkable instance in which non-LTR that the prokaryotic-mitochondria1 ele- 
aediculatus and a genetic approach in Sac- retrotransposons have apparently replaced ments are more ancient than eukaryotic 
charomyces cerevisiue, the first elements ( 1 1 ). 
telomerase catalytic subunits were An  alternative rooting of the 
identified (2). The S. cerevisiue pro- reverse transcriptase tree, which 
tein was also implicated as a cata- does not require a transfer of se- 
lytic subunit in an independent quences from eukaryotes to 
study (5). By sequence homology prokaryotes, simply uses the 
this subunit has now also been prokaryotic retroelements to root 
identified in Schi~osaccharomyces the tree of eukaryotic reverse 
pombe and in humans, suggesting transcriptases (right panel of the 
the universality of this subunit figure). This rooting implies that 
and the mechanism of telomere non-LTR retrotransposons gave 
addition (1 ). rise to the telomerases. Thus in 

Sequence comparison of these early eukaryotes a parasite was 
telomerase catalytic subunits re- recruited by the cell to supply 
vealed that they do indeed con- an important function. The D. 
tain the conserved domains com- melamgaster case can be viewed as 
mon to all known reverse tran- a recent example of a similar 
scriptases (1,6). By molecularphy- event. In order to support this ori- 
logenetic analysis, these domerase A phylogenetic tree of retroelements. The tree in the left panel has ginoftelomerase, itwouldbenec- 
sequences fit snugly within a phy- been rooted by using RNA-directed RNA polymerases (1). The tree in essary to show that non-LTR 
logenetic tree of all known re- the right panel has the same topology, but the RNA-directed RNA poly- retrotransposons date back to the 
verse transcriptases (see the fig- merase sequences are removed and the prokaryotic-mitochondria1 origin of eukaryotes. Resolving 
ure). ~h~ major branch on which retroelements root the eukaryotic retroelements. The length of each box the ultimate origin of reverse 

corresponds to the divergence within that group. The amino acid se- transcriptases will be difficult be- the telomerases reside 'Ontains quences of the seven domains common to all reverse transcriptases 
the eukaryotic retrotrans~osable were used to generate the tree (6). Arrows at the bottom indicate the CauSeofthelowlevelof sequence 
elements without long-terminal three independent origins of viruses from LTR retrotransposons. identity among polymerases. In 
repeats (known as the non-LTR the meantime, the discovery that 
retrotransposons), group I1 introns, Maurice- telomerase for telomere addition. Dro- the catalytic subunit of telomerase is a re- 
ville plasmid of mitochondria, and the re- sophila melanogaster does not contain typi- verse transcriptase fuels the argument that 
verse transcriptase associated with cal telomerase repeats, but maintains its retrotransposons have had major influences 
multicopy single-stranded DNA (rns-DNA) telomeres as a result of the non-LTR retro- in shaping eukaryotic genomes. 
of bacteria. All members of this non-LTR or transposons TART and HeT-A, which tar- 
prokaryotic branch of the tree have get the ends of chromosomes (9). References and Notes 
retrotransposition mechanisms that differ Non-LTR retrotransposons and telo- 
radically from those used by the LTR- merases appear evolutionarily related, but l: 1 ~ " , " ~ , " ~ ~ ~ ~  ~&~~~~~~~~ (lgg7). 
retrotransposons and retroviruses, which are which came first in early eukaryotes? There 3, E, H, Blackburn and J, W, Szostak, Annu, Rev, 
located on the other major branch of the are two approaches to rooting the evolution- Biochem. 53, 163 (1984). 
tree. Consistent with their phylogenetic lo- ary tree of reverse transcriptase sequences 4. C. W. Greider and E. H. Blackburn, Nature 337, 

cation, the critical step of telomere addition (6). The first would be to use another poly- 33l (l989); G. L. Yu, J. D. Bradley, L. D. Attardi, 
E. H. Blackburn, ibid. 344, 126 (1990); D. is strikingly similar to the retrotransposition merase sequence as the ancestral outgroup. Shippen-Lentz and E, H. Blackburn, Science247, 

mechanism used by the non-LTR retro- Assuming that our current DNA world 546(1990), 
transposons and the group I1 introns. Al- evolved from an RNA world, RNA-directed 5. C. M. Counter, M. Meyerson, E. N. Eaton, R. A. 
though non-LTR retrotransposons do not in DNA polymerases would most likely have Weinberg. Proc. Natl. Acad. Sci. U.S.A., in 

press. general insert at the ends of chromosomes, evolved from an RNA-directed RNA poly- 
6, Y, Xiong and T, H, Eickbush, EMBO J, 9, 3353 they use an encoded endonuclease that merase. Consistent with this assumption, (1990); T, H, Eickbush, in The Biol- 

cleaves within chromosomal DNA. This RNA-directed RNA polymerases have ogy or vi,,ses, s, s. Morse, ~ d .  (Raven, New 
newly generated DNA end is then used as greatest sequence similarity to reverse tran- York, 1994), pp. 121-157. 
the primer for reverse transcription so that scriptases (10). If these RNA polymerases 7. D. D. Luan, M. H. Korman, J. L. Jakubczak, T. H. 

the cDNA is polymerized directly onto the root the tree (left panel of the figure), the 
8, ~ ~ ~ ~ ~ ~ r ~ ~ ~ ;  ~!,~~g~~g (lggs,, target site (7). This process has been termed structure of the first retroelement is unclear. 9, H, Biessmann ibid, 663 (1990); R, W, 

target-primed reverse transcription. Group 11 However in this rooting, telomerases pre- Levis, R. Ganesan, K. Houtchens. L. A. Tolar, F. 
introns use a variation of this mechanism, in ceded the non-LTR retrotransposons, sup- Sheen, ibid. 75, 1 (1993). 
which the RNA subunit is also used as a porting a scenario in which a cellular gene in 10. 0. Poch. 1. Sauvaget, M. Delarue, N. Tordo, 

catalyst in the endonuclease cleavage, but early eukaryotes gave rise to a parasite. Two J. 8, 3867 (lg8'). 
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the target-primed reverse transcription step arguments shake this rooting of .the tree. (1993), 
is the same (8). First, the Sequence similarity between 12. 1 thank the members of my laboratory, in particu- 
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