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Replication of HIV-1 in Dendritic Cell-Derived 
Syncytia at the Mucosal Surface of the Adenoid 

Sarah S. Frankel,* Bruce M. Wenig,* Allen P. Burke, 
Poonam Mannan, Lester D. R. Thompson, 

Susan L. Abbondanzo, Ann M. Nelson, Melissa Pope, 
Ralph. M. Steinmant 

Human immunodeficiency virus-type 1 (HIV-I) replicates actively in infected individuals, 
yet cells with intracellular depots of viral protein are observed only infrequently. Many cells 
expressing the HIV-1 Gag protein were detected at the surface of the nasopharyngeal 
tonsil or adenoid. This infected mucosal surface contained T cells and dendritic cells, two 
cell types that together support HIV-1 replication in culture. The infected cells were 
multinucleated syncytia and expressed the S100 and p55 dendritic cell markers. Eleven 
of the 13 specimens analyzed were from donors who did not have symptoms of acquired 
immunodeficiency syndrome (AIDS). The interaction of dendritic cells and T cells in 
mucosa may support HIV-1 replication, even in subclinical stages of infection. 

H I V - 1  undergoes active replication in in- tion have yet to be identified. 
fected individuals even during periods of To investigate possible additional sites 
clinical well-being ( I ,  2). It is important to of virus replication, we examined specimens 
identify sites of viral replication during the of adenoidal lymphoid tissue from 13 indi- 
period of subclinical infection to under- 
stand pathogenesis and identifv better ther- 
apies. ~ l t h o i ~ h  lymph nodes are major res- 
ervoirs for extracellular virions, actively in- 
fected cells containine HIV-1 transcri~ts " 
are infrequent and cells with intracellular 
viral protein are rare (3-9). Macrophages 
containing intracellular HIV-1 transcripts 
and Gag (p24) protein have been detected 
in the brains of infected individuals (lo), 
but the specimens were from patients with 
terminal AIDS and the infected macro- 
phages were present only in association 
with neurodegenerative changes that occur 
in some patients. The paucity of produc- 
tively infected cells may mean that very few 
cells are responsible for viral replication in 
vivo or that active sites for HIV-1 replica- 
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viduals, aged 20 to 42 years, two of whom 
were female. A detailed list of the ~at ients  
is available on request. Each had undergone 
surgery between 1989 and 1995 to remove 
an enlarged adenoid, but the initial patho- 
logical analysis did not show changes asso- 
ciated with standard adenotonsillar infec- 
tions or neoplasms. Further microscopic 
analvsis at the Armed Forces Institute of 
Pathology revealed marked enlargement of 
the lvm~hoid follicles (B cell areas) and , . 
multinucleated giant cells. The latter are 
characteristic of chronic infections, but rel- 
evant organisms (tuberculous, fungal, para- 
sitic, or viral) were not detected ( I  1 ). 

Within and just beneath the mucosa of 
the 13 specimens, cells were present that 
stained markedly for intracellular HIV-1 
p24 antigen (12) (Fig. 1, B through E). The 
p24-positive cells either were large and ir- 
regularly shaped with a few nuclei or were 
"giant cells" with large numbers of nuclei 
and fewer dendrites. Weaker and diffuse 
staining for p24 was also observed in the 
underlying lymphoid follicles or germinal 
centers (Fig. 1B). The latter deposits likely 
represent extracellular antigen that was re- 
tained as antibody-coated virions on the 
surface of follicular dendritic cells (3, 6, 8 ,  
13). Infected cells were not detected in the 
adenoids of two HIV-1-negative controls 
(Fig. 1A). In situ hybridization with radio- 

Fig. 1. lmmunostaining of adenoidal lymphoid tissue for HIV-1 p24 protein. (A) Positive cells were not 
detected in the adenoid of uninfected individuals. Brackets indicate the mucosal epithelium that lines 

~hysioiogy and Immunology. ~ockefeller university, New invaginations or plications of the surface (*). (B through E) Infected cells (brown) were present in and just 
York, NY 10021, USA. beneath the mucosa (M) of all the HIV-1-positive specimens studied. Weak p24 staining in the germinal 
'These authors contributed equally to this research. centers (GC) of the underlying lymphoid tissue is apparent in (B). HIV-J-infected syncytia, or multinucle- 
tTo whom correspondence should be addressed. ated giant cells, are evident at higher magnification in (D) and (E). . 
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labeled antisense, but not sense, probes 
(Lofstrand) confirmed the presence of many 
infected cells, including giant cells, within 
and beneath the adenoid mucosa. However. 
in situ hybridization was not required to 
detect infected cells because the p24 stain 
was marked and discrete. 

With the exception of one individual 
who refused HIV-1 testing, all of the pa- 
tients exhibited serum antibodies to HIV-l. 
However, only 2 of 13 patients had experi- 
enced symptoms of AIDS, most denied 
high-risk behavior, and 11 were unaware 
that they were infected. Therefore, this ac- 
tive replication of HIV-1 was occurring in 
otherwise asymptomatic individuals. 

The infected dendritic cells (DCs) and 
syncytia in the adenoid resembled cells that 
are derived from skin and support HIV-1 
replication in culture (14). Like skin, the 
nasopharyngeal epithelium was stained 
with antibodies to keratin (15) (Fig. 2, A 
and B). Many DCs were also identified with 
antibodies to the SlOO protein (16) (Fig. 
2C). The infected cells were located within 
and just beneath this keratinized surface 
(Fig. 2, A and B). Unlike skin, the mucosal 

surface of the adenoid possesses two distinct 
features: (i) The surface forms many shallow 
plications (Fig. 2C), which enhance the 
accessibility of the lymphoid organ to stim- 
uli from the pharynx (17), and (ii) the 
mucosa contains not only DCs but also 
many T and B lymphocytes (1 7, 18). 

We determined the phenotype of the 
giant cells within and beneath the mucosa, 
all of which were strongly positive for p24 
antigen (Fig. 1, D and E). The giant cells 
stained strongly for SlOO (Fig. 3A), which 
is present in DCs but not other types of 
white blood cells (16). The giant cells also 
stained moderately for the p55 actin-bun- 
dling protein (Fig. 3B) that is present in 
mature or activated DCs but not other types 
of white blood cells (19). Numerous irreg- 
ularly shaped p55-positive cells were appar- 
ent in the vicinity of the syncytia (Fig. 3B), 
which we assume to be mature DCs. The 
staining of adenoid giant cells with antibod- 
ies to SlOO and to p24 was specific for 
HIV-1-infected mucosa; neither type of an- 
tibody stained macrophage giant cells from 
HIV-1-negative leprosy patients or the 
lung macrophages from HIV-1-positive tu- 

Fig. 2. lmmunostaining of adenoinal tissue with antibodies to keratin (A and B) or to S100 (C). (A and B) 
The HIV p24-positive profiles (arrows) are present within and beneath the epithelium of the adenoid, 
which is stained blue with antibodies to keratin. (C) The adenoid epithelium contains many S1 00-positive 
DCs (brown), especially at the depths of the plications (P). 
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berculosis patients (20). 
Our observations reveal three new fea- 

tures of HIV-1 infection in situ: 
1) Many heavily infected cells are evi- 

dent in individuals who are clinically well. 
Most of the organs we examined were from 
asymptomatic individuals, and all had cells 
that were strongly positive for intracellular 
viral protein. 

2) The cells in which HIV-1 actively 
replicates in situ express markers of DCs 
(S100 and p55). Productively infected DCs 
in the epidermis, which is homologous to 
the nasopharyngeal epithelium, have rarely 
been observed in previous studies (21 ). We 
confirmed the absence of intracellular p24 
labeling in 12 lymph nodes and 12 skin 
specimens from other HIV-1-infected indi- 
viduals (20). However, skin differs from ad- 
enoid mucosa in that T cells are rare within 
the epithelium, and most of the DCs are 
immature in phenotype and function. That 
is, the DCs lack high concentrations of ma- 
jor histocompatibility complex class I1 and 
accessory molecules, marked T cell stimula- 
tory function, and the p55 actin-bundling 
protein. When DCs are allowed to emigrate 
from cultured explants of human skin, the 
cells acquire markers of mature, immuno- 
stimulatory cells (22), including p55, and 
form conjugates with CD4+ T cells (1 4,22). 
When in contact in vitro, the T cells and 
activated DCs efficiently support HIV-1 
replication (14). By extension, we propose 
that the adenoid mucosa promotes the in- 
teraction of T cells with DCs that are acti- 
vated repeatedly by persistent environmen- 
tal stimuli in the nasopharynx. 

3) Viral replication occurs predominant- 
ly in syncytia in infected nasopharyngeal 
tissue. Syncytium formation, as judged by 
the behavior of HIV-1 on addition to certain 
cell lines, is a feature of only some viral 
isolates and is regarded as a late sequela of 
HIV-1 infection (23). We do not have ac- 
cess to the virus from this group of patients, 
all of whom are residents of the United 
States without a significant travel history, so 
we are unable to determine if the viruses 
with which they are infected would be clas- 
sified as syncytium inducing or non-syncy- 
tium inducing with standard cell lines. How- 
ever, syncytia were a standard feature of in- 
fection within the mucosa of the adenoid 
even in asymptomatic disease. Syncytia re- 
producibly develop in vitro when HIV-1 is 
added to mixtures of DCs and T cells, even 
with virus that is non-syncytium inducing 
with cell lines. The syncytia express both 
DC and T cell markers and are the main sites 
in which p24 antigen and budding virions 
are present (14). We have not succeeded in 
identifying the CD3 T cell marker in muco- 
sal syncytia, although many CD3+ T cells 
were in contact with or near the syncytia, as 
visualized with rabbit polyclonal antibodies 



to CD3 (217). T h e  T cell markel- may be 
ilo\vll-1.2glllateii-rg~lte atter ~ L I S I L ~  wit11 DCs, or the 
L X . ;  may s~mply reciuire contact with T cells 
to >upport v~riil l - ep l i~~ i t io l~ .  

Efti~rts can nun. he directed to i leterm~ne 
\vhether DCs n.1t11in the luanv lvm~3lioid , A 

LJrgan, of the phal-ynx. c~,llectively termeLl 
W;iI1le~er's ring, consistently reprerent a 
major kite fur HIV-1 repl~cation early in 
Ll~seaie. Infant, n.Ilu sa.allo\v v i r ~ ~ s  fr1.o111 
mothers L l ~ ~ r ~ n g  birth or breast feeiiinq alio 
may he infected initiallv 111 tlleie tissue,. 
Otller estralympllo~d site5 in n.ll1c11 DCs 
anL{ T cell5 may interact anil promote 
HII.-l  r ep l~ca t i i~n  inil~lcie ~ntlameii genital 
sul-face, and the aftel-ent l v m ~ l l a t ~ c s  that , A 

o r ~ g i ~ l a t e  fro111 just i.ene,ith the ml~cosa. 
S i m ~ a n  i m m ~ ~ n o ~ l e f ~ c i e ~ l c v  virus DNA has 
been iletecte<l in 13res~1m~t1ve DCs illst he- 
neath the  uterine mucosa <>f mirnkeys that 
a-ere acutell- ~ni;.cte<l n - ~ t h  the Y I ~ L I S  intra- 
vaginally (24).  Fllrther ar te~l t ic~n ti) tissues 
that contain interact~ng DCs anLl T cells 
mal- pror.ide insigllt inti) crlt icd sites for 
HI\'-1 replication in situ. 
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Equilibrium-Point Csntrsl Hypothesis 
Examined by Measured Arm Stiffness 

During MultijoinB Movement 
Hiroaki Gsmi and Mitsus Kawato 

For the last 20 years, it has been hypothesized that well-coordinated, multijoint move- 
ments are executed without complex computation by the brain, with the use of springlike 
muscle properties and peripheral neural feedback loops. However; it has been technically 
and conceptually difficult to examine this "equilibrium-point control'' hypothesis directly 
in physiological or behavioral experiments. A high-performance manipulandum was de- 
veloped and used here to measure human arm stiffness, the magnitude of which during 
multijoint movement is important for this hypothesis. Here, the equilibrium-point trajectory 
was estimated from the measured stiffness, the actual trajectory, and the generated 
torque. Its velocity profile differed from that of the actual trajectory. These results argue 
against the hypothesis that the brain sends as a motor command only an equilibrium-point 
trajectory similar to the actual trajectory. 

H u m a n s  c,in extenJ their arlus tLnx-aril a 
r.1slla1 target eft;)rtle\sly. Hii\\-ever, recent 
ituJ1es in robotics (1 )  anii c o m ~ x ~ t ~ i t i o n a l  
neurnscience ( 2 )  have re\-ealeil that be- 
cause i)f ~ lonl inear  i ~ ~ t e r a c t i o ~ l  f\)rces be- 
t~veen  the arm's man\- \iegrees of freeidom, 
co~llplez c o ~ l l p ~ ~ t a t ~ o n ~ r e  requ~reil to yen- 
crate the lllotor commanils necess~iry to rc- 
a l i x  a iles~~-eil triliectorv faitllf~~lly. Al- 
though this statement is generlilly true re- 
garilin? the ~vllule coml3utatii)nal m~ichin- 
ery incluil~ng the hrliin, the spinal conl, 
refles lon13s, ; i~l i l  111~clei.. a \viilely acceptei1 
premise is that the brain ,~\-oiilr s l ~ c h  corn- 
ples c i )myutat io~~s hecause it can rely o n  
the  henetic~,il elahtic propertie> ~ n l l e r e ~ ~ t  111 

ml~scles anil peripheral rrfles 100~3s. Sumer -  
O L I ~  tllei3ries anil moilela 11ar.r her11 i1er.t.l- 
opeil alc~ng thehe lines (3-61% and jollle c , ~ n  
be >~~m~l la r i : e~ i  a5 the I;)llo\vinn control 
schrme: T h e  llrai~l senils a11 "eq~1ilil3ri~11l- 
po111t tr,ijectory," whicll is similar tn the 
i1251reii t~-ajecti)r\-. ti3 the periphery as 
m o t ~ ) r  c o m m a ~ ~ i l .  Tlle e i l l ~ i l i h r i ~ ~ ~ l ~ - y o ~ ~ l t  
tr:~jecti)ry is a time series of eil~~ili l)rium 
points, e a c l ~  of n-111~11 \vould he rea1i:i.d 
I3eca~ise o t  1112 111ec11:111icallr- stable elastic 
propertie5 o f  the ~llllscles ;ind reflexes 1f the 
IIILJ~L)I- colll~lla~lii at so111e i ~ l s t a ~ l t  \\.ere 
maint,iineil indefinitely. Eecai15e the limll 

H. Goni.  UTT Basc qesearci- ~ a b s ,  Itifctmat~on Scet-ce 
2esearci- L.ab Wakatrya 3-1 \:lcrticsatc. A~S.IJI Ka,ia- 
gal!da-pref. ,apai-, E-t--~a I gc,-i~mZ l?ea.bl I titt jp 
1.4. Ka:.,ato. ATF H.tman ln:orrnat~ct- Prccess1,ig 2e- 
search Labs, H~ka r~ca  2-2 Se'lta-c?o Sotak~'-g.tt-. 
K,.ctc-pte' , ,span E-n-a  Itav,atcCl-11; air co 12 

n-ill real i~e  a trajectory that is simil,ir to the 
equilibrium-pc~111t tr,i!ectory anid because it 
1s known (7) that arm r n o ~ e r n e ~ ~ t s  are \\ell 
, iL3pros~~~lateii  137. s11np1e ")mt?t"e a ~ r \ ' e s ,  it 
follo\vs that the equilil3ri~11l1-po1llt trajecto- 
ry- should be simple too. Thehe sinlple equi- 
l~brilrrn-pi)~nt traiecti)ries can be pla~lneii 
\\-itlli)ut conlplex computation. 

Felv researchers iloubt that the sprlng- 
A b 

like properties of the neurom~~sc l~ la r  system 
are c ~ f  illlporta~lce in 1llai1lta11111lg stci131e 
pi>stllre (8). Tlle crucial ilueition. ho \ve~er ,  
1s ho\v far t h ~ s  system 13y itselt sutfices to 
ge~ le r~ i t e  mi)\re~llent.  W e  in \ . e s t~~a ted  
\vhetl~er the  e i l ~ ~ i l i l ~ r i ~ ~ r n - p o i ~ ~ ~ t  trajectory 
reconstrl~cteii from h l~mans  a.,is similar to 
their ,ictuallv rc.al~zeil tra~ecti~ries.  one o t  
the nlajor ass~unptionr ot  the eq l~ i l~br i~u~ l l -  
point control l ~ y ~ ~ i i t l l e s ~ s  (9). 

Severlil sirnuliitic~~l studies c~)~lilucteii  to 
inr7rs t i~ate  this illlestio~l (4-6, 117) re\.ealeil 
the c r i t~c~ i l  ~ m ~ ~ u r t a n c e  of the marnirl1i1e of 
arm stiftness Lil~~.ing movement. That  IS, if 
the arm stifheis i l u r i ~ ~ g  mc~\~ement  is l a r ~ e  
[on average, 67.9 S mlrad IC)r the shouliler 
,inil 7S .O S m/rail k)r the  elbii\v in (411, tllen 
the e c l ~ ~ i l ~ h r l ~ ~ ~ ~ ~ - p u i l ~ t  tralectory is si~nilar to 
the actucrl o11e, anil comylcx ci)mputations 
are tl~lls not necessary. 0 1 1  the uther l~ani l ,  if 
the arm q t ~ f f ~ ~ e s s  is small [19.5 S m/raii for 
the shoulder anil 15 I i  nllrad fol- the elhon- 
111 (li:)], the tu70 tralectnrles ;ire very d~fizr- 
tint anii C O I I ~ I ~ ~ I ~ ~ I ~ I O I ~  is ~ l e c e s r ~ r v  l ; ~  calcu- 
lating this complicatei1 eclu1lil3r1~11l1-p~1i11t 

traiecti3rv. T h l ~ s ,  it 1s critical to measure ,irm 




