
R E P O R T S 

results are consistent with this model, but in 
addition demonstrate that ongoing TCR trigger
ing is required to sustain the signaling process. 
We have shown here that CD28 participates in 
the organization of the immune synapse by 
recruiting rafts into it (23). The fact that cross-
linking of the rafts produced levels of costimu-
lation comparable to that of CD28 engagement 
suggests that the costimulatory effect of CD28 
in resting T cells is mediated to a large extent by 
its effect on raft redistribution. 

Recent evidence suggests that membrane 
compartmentalization between rafts and non-
rafts is required for efficient T cell activation 
(24). The recruitment of rafts to the site of 
TCR engagement may represent a general 
mechanism by which costimulation can in
crease the signaling process. This may result 
from increased recruitment of kinases and 
segregation of phosphorylated substrates 
from phosphatases (25). 
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these cells have the ability to regenerate the 
entire hematopoietic system. A number of in 
vitro assays have been established to detect 
pluripotent human hematopoietic cells (1). 
However, these in vitro assays are unable to 
evaluate the long-term in vivo repopulating 
capacity that is a hallmark of HSCs. The 
NOD/SCID mouse (2) has been used to eval
uate human HSCs in vivo (3). CD34+ prim
itive cells that have the capacity to initiate 
long-term multilineage engraftment in these 
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mice have been operationally defined as 
SCID-repopulating cells (SRCs) (4). 

Retroviral vectors, derived from oncoret- 
roviruses such as the murine leukemia virus 
(MLV), have been the most widely used vec- 
tors for gene transfer because the vector ge- 
nome integrates into the chromosomes of tar- 
get cells, resulting in stable expression of 
transgenes (5). Although retroviral vectors 
have proven efficient for transducing mouse 
HSCs, this finding has not been easily trans- 
latable to large animals or humans (6). This 
lack of success possibly reflects the quiescent 
nature of human HSCs and the requirement 
of cell division for retroviral integration. Al- 
though retroviral transduction is efficient for 
human hematopoietic progenitor cells that 
have been stimulated to divide by cytokines, 
exposure to cytokines can lead to differenti- 
ation of the HSCs, possible loss of homing 
abilities, and probable reductions in long- 
term repopulating capacity (7). 

We and others have developed HIV vectors 
that can transduce nondividing cells (8, 9). The 
HIV vector was pseudotyped with the vesicular 
stomatitis virus G glycoprotein (VSV-G) to 
ensure a broad host range and facilitate concen- 
tration of virus to high titers. HIV vectors me- 

Fig. 1. Maintenance of CFP+ human cells in the 
PB of NODISCID mice transplanted with HIV 
vector-transduced CD34+ cells. Mononuclear 
cells were isolated from mice at indicated times 
after transplantation. The percentages of CFP+ 
cells in human PB cells were assessed by two- 
color flow cytometry with an antibody to hu- 
man CD45 (leukocyte common antigen). Rep- 
resentative results from four mice transplanted 
with HIV vector-transduced CD34+ cells and 
all mice (n = 6) transplanted with MLV vector- 
transduced CD34+ cells are shown. ., mouse 
number 84, HIV (MOI 60); 0, mouse number 
95, HIV (MOI 60); 0, mouse number 10, HIV 
(MOI 300); 0, mouse number 92; '1, all MLV 
(M01 60 and 300) 

Fig. 2. CFP expression 
in human lymphoid 
and myeloid cells from 
the BM of NODISCID 
mice transplanted with 
HIV vector-transduced 
CD34+ cells. Represen- 
tative flow cytometric 
analyses of BM cells 
from mice transplanted 
with mock- or HIV vec- 
tor-transduced CD34+ 
cells (mouse number 
95) are shown. Both 
mice had similar levels 
of human cell engraft- 
ment. Presented values 
are the percentages of 
total human cells. 

diate efficient and stable transduction of post- 
mitotic cells in brain, liver, muscle, and retina 
(8, 10). Therefore, HIV vectors may facilitate 
the transduction of quiescent human HSCs. In 
this study, we evaluated whether HIV vectors 
could transfer genes into human CD34+ cells 
that provide for long-term repopulation of 
NOD/SCID mice. 

CD34+ cells were isolated from human 
umbilical cord blood and maintained in se- 
rum-free medium before transduction (11). 
To minimize cycling and to maintain the in 
vivo repopulating capability, we transduced 
CD34+ cells by means of a simple protocol 
in the absence of any exogenous cytokines. 
CD34+ cells were transduced for 5 hours 
with VSV-G-pseudotyped HIV vector that 
contained the green fluorescent protein (GFP) 
gene under the control of the internal cyto- 
megalovirus (CMV) promoter at a multiplic- 
ity of infection (MOI) of 60 or 300 (12). For 
comparison, VSV-G-pseudotyped MLV vec- 
tor containing the same CMV-GFP expres- 
sion cassette was used. 

Transduction efficiencies were first assessed 
by in vitro assays. A portion of transduced 
CD34+ cells was cultured for 5 days in serum- 
free medium containing recombinant human 

F-q--F-+-+ 

6 8 10 12 14 16 18 

Weeks after transplantation 

stem cell factor (SCF), interleukin-3 (IL-3), and 
IL-6 (13). Under these conditions, about 60% 
of the cells retained the CD34+ phenotype 
while cells were expanded about 18-fold. 
CD34+ cells tmnsduced with either HIV or 
MLV vector showed comparable numbers of 
GFT+ cells at an MOI of 60 and 300 [mean + 
SE: 35 2 5% and 54 2 8% (HIV vector) and 
33 + 16% and 50 + 22% (MLV vector) for 
MOI of 60 and 300, respectively], as deter- 
mined by flow cytometry. A fivefold increase 
in MOI yielded a 1.5-fold increase in transduc- 
tion efficiency for either HIV or MLV vector, 
suggesting that a higher MOI would provide 
little gain in transduction efficiency. To deter- 
mine the transduction efficiency of colony- 
forming cell (CFC) progenitors, we plated 
transduced CD34+ cells in methylcellulose 
with cytokines (14). GFP+ CFC colonies, in- 
cluding burst-forming unit-erythroid (BFU-E), 
colony-forming unit-granulocyte, macrophage 
(CFU-GM), CFU-granulocyte, erythroid, mac- 
rophage, megakaryocyte (CFU-GEMM), and 
high proliferative potential4FC (HPP-CFC) 
colonies, were scored by fluorescence micro- 
scopy at days 14 and 21. The number of GFF" 
CFC colonies transduced with the HIV vector 
was 12-fold higher at an MOI of 60 (12 + 1%) 
and eightfold higher at an MOI of 300 (17 + 
3%) than that of GFP+ CFC colonies trans- 
duced with the MLV vector. These results in- 
dicate that the HIV vector was more efficient 
than the MLV vector for transduction of 
CD34+ progenitors that generate CFCs. No 
adverse effect of transduction on cell viability 
and proliferation was observed in these in vitro 
assays. 

To assess the transduction efficiency of 
SRCs in the CD34+ cell population, we 
transplanted transduced CD34+ cells into 
sublethally irradiated NODISCID mice (15). 
Mice were serially bled from 7 to 22 weeks 
after transplantation to monitor GFP+ human 
cells in the peripheral blood (PB). The per- 
centage of GFP+ human cells in the PB was 
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Table 1. HIV, but not MLV, vectors can transduce human CD34+ cells that give rise to lymphoid and myeloid lineages in engrafted NODISCID mice. 

Human cell GFP+ human cells in (%): GFP gene in 

Weeks after engraftrnent in BM 
CFP+ CFC G F P  CFC Transduced CFC 

Vector MOI* number? transplantation (%I colonies$ colonies§ coloniesll (%) 
BM Spleen P8 ("/.I 

HIV 60 86 8 46 17 15 20 22 14 33 
924 9 41 12 10 13 19 5 23 
84 15 43 3 17 13 12 0 12 
95 15 33 27 16 15 67 20 74 

7 16 45 4 9 5 52 14 59 
93 17 5 6 14 12 36 7 40 
88 22 5 1 9 11 11 27 8 33 

5 22 28 2 4 2 20 7 26 
Mean ? SET: 37 ? 5 1 0 2 3  1 2 2 2  1 1 2 2  3 2 2 7  9 2 2  38 2 7 

87 9 46 1 17 11 3 14 17 
8 9 28 1 4 4 4 ND# 2 4  

92 15 30 15 22 14 77 57 90 
10 16 74 1 9 10 7 21 27 
85 17 46 1 9 9 14 0 14 

9 22 42 4 3 3 14 0 14 
Mean + SE: 44 + 6 4 + 2  1 1 2 3  9 2 2  2 0 2 1 2  1 8 2 1 0  28 + 13 

MLV** 60 all (n = 3) 9,16,16 4, 11, 56 0 0 0 0 0 0 
300 al l  (n = 3) 9, 16, 16 42,9,34 0 0 0 0 0 0 

*Multiplicity of infection for CD34+ cells. ?Results from three independent experiments are shown. :The percentage of human GFP+ CFC colonies, obtained from BM cells, 
in total human CFC colonies observed. §The percentage of CFP gene positive CFC colonies in GFP- CFC colonies as determined by PCR. IlThe percentage of total transduced 
CFC colonies was calculated as follows: (% GFP+ CFC colonies) + (% GFP gene positive CFC colonies in G F P  CFC colonies)(100 - % GFP* CFC colonies)1100. TStandard error 
of the mean. #ND, not done. **Because all humans cells were GFP- by flow cytometry and PCR analysis, all results are grouped for MOI. 

determined by two-color flow cytometry 
(16). Most mice showed high levels of hu- 
man cells in the PB, and the majority (295%)  
of these human cells were CD19+ B cells, 
reflecting the dominance of B cell lyrnpho- 
poiesis in this model (17). Representative 
results shown in Fig. 1 demonstrate that 
CD34+ cells transduced with the HIV vector 

gave rise to GFPt human cells in the PB of 
engrafted mice and that the proportion of 
GFP+ human cells remained roughly con- 
stant until the animals were killed. GFP' 
human cells were present in the PB for up to 
22 weeks (see Table l) ,  the longest engraft- 
ment time period analyzed, demonstrating 
sustained production of human cells with in- 

tegrated vector. In contrast, none of the mice 
(n = 6) transplanted with MLV vector-trans- 
duced CD34* cells had detectable GFP+ hu- 
man cells in the PB (Fig. l), although these 
mice had numbers of human cells in the PB 
similar to those of mice transplanted with 
HIV vector-transduced CD34' cells. 

GFP expression in human myeloid and lym- 

flg. 3. GFP gene de- A HIV MLV 
I- tection and w M 5  W W92 11 13 17 18 

C Fluarescence 

in BM cells and CFC 
colonies derived from 
engrafted NODJSCID 
mice. (A) PCR analysis 1 
of BM cells from en- 
grafted mice to deter- 
mine the presence of 6 BFV-E CNQM 
the CFP gene. Cenom- + - + 
icDNAizolatedfrom . M I  ; z 3 4 s i r  i 2 3 4 5 e 7 ;  
BM cells of NODfSClD -a ~ F P  
mice transplanted with 
CD34+ cells infected 

- -I7 
w ~ e i t h e r H N o r M L V ~  I-" 
-==%='by 
PCR with primers that 
amplified a 417-bp fragment of the CFP gene. The presence of DNA was 
confirmed by PCR with primers that amplified a 307-bp fragment of 
human f3-globin gene. The number of the mouse analyzed is indicated 
above each lane. M, size markers. (B) PCR analysis of CFC colonies to 
determine the presence of the CFP gene. Individual BFU-E and CFU-GM 
colonies derived from BM cells of engrafted NODISCID mice were am- 
lyzed by PCR as described above. Representative results obtained from 
mwse  number 86 are shown. GFP+ (+) and GFP- (-) colonies were 
determined by fluorescence microscopy. (C) Expression of GFP in CFC 
colonies derived from BM cells of mice transplanted with HIV vector- 
transduced CD34+ cells. CFC colonies derived from BM cdlr of engrafted 
mice were analyzed by fluorescence microscopy. GFP+ BFU-E, CFU-GM, HPPCK: 
and HPP-CFC colonies are shown. Original magnifications were x t 5  for 
BFU-E and Xl2.S for CFU-GM and HPP-CFC. 
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phoid lineages in the bone mairow (BM) and 
spleen of engrafted mice was evaluated at var- 
ious time points after transplantatioil(16). High 
levels of human cell engraftment were evident 
in the BM of most of the mice (see Table 1). 
Representative flow cytometq results of BM 
cells from a mouse transplanted with HIV vec- 
tor-transduced CD34+ cells are shown in Fig. 
2. About 27% of human (CD45+) cells in the 
BM expressed the GFP gene. GFP expression 
was detected in CD19+ B cells. the predoini- 
nant population, and CD14+ inyeloid cells. In 
addition to differentiated human cells, GFPC 
CD34+ cells were detected. suggesting that 
irnnlahre GFPf cells were maintained in the 
BM. The results from three separate expeii- 
meilts are sunlma~ized in Table 1. These results 
document the presence of GFPf human cells in 
the BM (range 1 to 27%), spleen (range 3 to 
22%), and PB (range 2 to 20%) of all mice (n = 
14) transplanted with HIV vector-trai~sduced 
CD34+ cells. There was no substantial differ- 
ence beh7een an MOI of 60 and 300. On the 
other hand, no GFPC human cells were detect- 
ed in all mice (n  = 6) transplanted with MLV 
vector-transduced CD34+ cells. In addition. 
polymerase chain reaction (PCR) analysis of 
genomic DNA ffom BM cells revealed the 
presence of the GFP gene only in the BM cells 
from mice transplanted with HIV vector-trans- 
duced CD34+ cells (Fig. 3A). 

To detem~ine the percentages of GFPf my- 
eloid and'eiytlroid progenitors in the BM of 
engrafted mice, we perfolmed CFC assays in 
methylcellulose cultures that only support out- 
growth of human progenitors (14). As shown in 
Fig. 3C, multiple lineages of humail CFC col- 
onies, including BFU-E. CFU-GM, and HPP- 
CFC colonies, delived fiom BM cells of mice 
transplanted with HIV vector-transduced 
CD34+ cells expressed GFP (range 3 to 77%) 
(see Table 1). The presence of the GFP gene in 
the GFPf CFC colonies was verified by PCR 
analysis of randomly selected colonies (Fig. 
3B). In contrast. no GFPf CFC colonies were 
detected from mice transplanted with MLV 
vector-transduced CD34+ cells, further con- 
filming the flow cytometric analysis of PB. 
BM. and spleen cells. 

To address whether HIV vector integra- 
tion correlated with GFP expression, we ran- 
domly isolated individual G F P  CFC colo- 
nies and analyzed them by PCR for the pres- 
ence of the GFP gene (18). Although there 
were some GFP- colonies containing the 
GFP gene (Fig. 3B), the majority of GFP- 
colonies did not contain the GFP gene (see 
Table 1). Thus, a large proportion of CFCs 
transduced with the HIV vector did express 
the GFP at a level detectable by fluorescence 
microscopy. On the basis of the results from 
fluorescence microscopy and PCR analysis of 
CFC colonies. the average percentage of 
trallsductioil of CFC colonies from mice 
transplanted with HIV vector-transduced 

CD34+ cells was 38 i 7% (range 12 to 74%) 
at an MOI of 60 and 28 i 13% (range 4 to 
90%) at an MOI of 300 (Table 1). These 
results, together with data from PB longitu- 
dinal studies, demonstrated that the CMV 
promoter in the HIV vector call function 
properly in differentiated myeloid, eiythroid. 
and lymphoid human cells with little silenc- 
ing. The lack of expression of GFP in CFC 
colonies containing the GFP gene may have 
resulted from positioilal effects of the provi- 
ral integration site. Alternatively, these colo- 
nies expressed GFP at levels not detectable 
by fluorescence microscopy. HIV vector-me- 
diated trailsduction had no adverse effect on 
human cell engraftment in NODISCID mice 
or colony-forming ability of progenitor cells 
as compared with mock transduction. 

On the basis of human transplantation stud- 
ies. human HSCs are known to be included in 
the CD34+ cell population. A il~~mber of 
groups have provided strong evidence that the 
LinPCD34+ C D 3 8  cell subpopulation con- 
tains SRCs, and it has been proposed that this 
subpopulation contains HSCs (3). It has also 
been shown that SRCs were transduced by 
retroviral vectors only when cytokine prestimu- 
lation was used (19). In contrast, our results 
demonstrate that HIV vectors can mediate effi- 
cient transduction of SRCs without cytokiile 
prestimnulation. Although several groups have 
recently shown, by in vitro assays, that CD34+ 
cells call be transduced (20), we have estab- 
lished here the ability of HIV vectors to trans- 
duce human hematopoietic cells capable of 
long-term repopulation in vivo. Increases in 
MOI did not improve the transduction efficien- 
cy of SRCs, suggesting that there is a subpopu- 
lation of SRCs that is refractory- for transduc- 
tion with HIV vectors under the conditions we 
used. Recent studies have shown that the 
L i n C D 3 4  cell population also has long-tem~ 
repopulating capacity and may be a precursor 
of Lin-CD34+ HSCs (21). Therefore, it would 
be of interest to determine whether HIV vectors 
can transduce these LinPCD34- cells and ~ o s -  
sibly confilm the proposed role of these cells in 
the hierarchy of the hematopoietic system. Fi- 
nally, a potential problem for the application of 
HIV vectors to human studies is safety. In this 
regard, recent improvements, including self-in- 
activating vectors, packaging constructs elimi- 
nating all accessory genes. and inducible pack- 
aging cell lines, could further minimize the lisk 
(22). The use of HIV vectors provides a previ- 
ously unexplored basis for the study of hema- 
topolesis and for human gene therapy wit11 the 
use of HSCs. 
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Acetogenesis from H, Plus CO, 
by Spirochetes from 

Termite Guts 
J. R. Leadbetter, T. PI. Schmidt, J. R. Graber, J. A. Breznakt 

Pure cultures of termite gut spirochetes were obtained and were shown t o  
catalyze the synthesis of acetate from H, plus CO,. The 16s ribosomal DNA 
sequences of two  strains were 98 percent similar and were affiliated with those 
of the genus Treponema. However, neither was closely related t o  any known 
treponeme. These findings imply an important role for spirochetes in termite 
nutrition, help t o  reconcile the dominance of acetogenesis over methanogenesis 
as an H, sink in  termite hindguts, suggest that the moti l i ty of termite gut 
protozoa by means of attached spirochetes may be based on interspecies H, 
transfer, and underscore the importance of termites as a rich reservoir of novel 
microbial diversity. 

There are few, if any, habitats on Earth in 
which spirochetes are such major members of 
the microbial community as in the gut of 
termites (I). As many as half of the pro- 
karyotes in termite guts are spirochetes (2 ) ,  
which range in size from small cells (0.1 to 
0.2 y m  by 3 ym) to much larger ones (1 by 
100 km). However, since they were first 
observed by Leidy over a century ago (3) ,  
none had ever been obtained in pure culture. 
Recent analyses of spirochetal 16s ribosomal 
RNA (rRNA)-encoding genes (1 6S rDNA) 
amplified by polymerase chain reaction 
(PCR) from termite guts revealed that they 
were affiliated with the treponemes. but none 
were closely related to any known species of 
Treponema (2, 4, 5). 

We established enrichment cultures of spi- 
rochetes from hindgut contents of Zoofen~iopsis 
arzgusticollis (Hagen) (Isoptera; Temopsidae) 
by using an anoxic medium under H, plus CO, 
(6). The medium contained rifarnycin and 
phosphomycin (two drugs to \vhich many spi- 
rochetes are resistant), as well as bromoethane- 
sulfonate to inhibit the grou.th of H,-consum- 
ing methanogens (7). During 10 to 12 weeks of 
incubation at 23OC, growth of a mixture of 
spirochetes (each 0.2 to 0.3 ym by 5 to 15 ym 
in size) was accompanied by consumption of 
H, and CO, and by formation of up to 30 mM 
acetate (8). Little or no spirochetal gro\vth or 
acetate production occurred if the H, in the 
headspace was replaced by N,. Two spirochete 
strains were isolated from an enrichment in 
which spirochetes outnumbered nonspirochetal 
bacteria by about 50 to 1. 

Strains ZAS-1 and ZAS-2 were similar in 
morphology and size (0.2 y m  by 3 to 7 ym) 
(Fig. 1A). Both had two periplasmic flagella 

(each inserted at opposite ends and overlap- 
ping for most of the length of the cells) 
interposed between the protoplasmic cylinder 
and the outel sheath (Fig 1, B and C) The 
nucleotide sequences of the 16s  rDNAs of 
ZAS-1 and ZAS-2 were 98% similar and 
were affiliated with those of the genus Trepo- 
nema (Fig. ID). Consistent with this assign- 
ment were the presence of phylum- and ge- 
nus-level "signature" nucleotides in the in- 
ferred 16s  rRNA sequences (9) However, 
neither strain was closely related [that is. bore 
>97% sequence similarity (lo)] to any 
known species of Treponema. Phylogeneti- 
cally, they grouped within a cluster of 16s  
rDNA clones from not-yet-cultured termite 
gut trepoilemes that ranged from 89% similar 
(clone NL1) to 97% similar (clones RFS3 and 
RFS25) and that included a clone (ZAS89; 
95% similarity) from Z. arzgustrcollis (11). 
The most similar sequences fiom cultivated 
relatives were from Spzrochaeta caldarla and 
S stenostvepta (92 to 93% similarity), two 
anaerobic spirochetes that are currently as- 
signed to the genus Sprvochaeta because they 
are free-living but that group within the 
treponemes on the basis of 16s  rFWA se- 
quence (2, 4, 5, 8).  These results implied that 
ZAS-1 and ZAS-2 represented at least one 
new species of Tveporzemn. However. we are 
postponing assignment of a species epithet or 
epithets until more is known about them. 

ZAS-1 and ZAS-2 grew poorly in the 
medium used for enrichments ( 6 ) .  At 23°C 
their doubling time was 2 1 0  days and cell 
yields were < lo8  cells/ml. Growth was 
markedly improved in a medium containing 
yeast autolysate (YA) and a cofactor solution 
(12) and by increasing the incubation temper- 
ature In 4YACo medium at 30°C. ZAS-1 
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