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HSV-TK Gene Transfer into Donor Lymphocytes
for Control of Allogeneic Graft-Versus-Leukemia

Chiara Bonini, Giuliana Ferrari, Simona Verzeletti,
Paolo Servida, Elisabetta Zappone, Luciano Ruggieri,
Maurilio Ponzoni, Silvano Rossini, Fulvio Mavilio,
Catia Traversari, Claudio Bordignon*

In allogeneic bone marrow transplantation (allo-BMT ), donor lymphocytes play a central
therapeutic role in both graft-versus-leukemia (GvL) and immune reconstitution. How-
ever, their use is limited by the risk of severe graft-versus-host disease (GvHD). Eight
patients who relapsed or developed Epstein-Barr virus-induced lymphoma after T cell-
depleted BMT were then treated with donor lymphocytes transduced with the herpes
simplex virus thymidine kinase (HSV-TK) suicide gene. The transduced lymphocytes
survived for up to 12 months, resulting in antitumor activity in five patients. Three patients
developed GvHD, which could be effectively controlled by ganciclovir-induced elimi-
nation of the transduced cells. These data show that genetic manipulation of donor
lymphocytes may increase the efficacy and safety of allo-BMT and expand its application

to a larger number of patients.

Allogeneic bone marrow transplantation is
the treatment of choice for many hemato-
logic malignancies (I, 2). It is now recog-
nized that the “allogeneic immune advan-
tage,” in addition to the effectiveness of
high-dose chemoradiotherapy, is responsi-
ble for the curative potential of allo-BMT
(1, 2). Although the nature of effector cells
has not yet been fully elucidated, transplan-
tation of allogeneic bone marrow produces
superior results compared to autologous or
syngeneic transplants (3). However, the
therapeutic impact of the allogeneic advan-
tage is limited by the risk of a potentially
life-threatening complication, GvHD. Se-
vere GvHD can be circumvented by the
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removal of T lymphocytes from the graft
(2). However, T cell depletion increases the
incidence of disease relapse, graft rejection,
and reactivation of endogenous viral infec-
tions (4). Thus, the delayed administration
of donor lymphocytes has recently been
used for treating leukemic relapse after allo-
BMT. Patients affected by recurrence of
chronic myelogenous leukemia, acute leu-
kemia, lymphoma, and multiple myeloma
after BMT could achieve complete remis-
sion after the infusion of donor leukocytes,
without requiring cytoreductive chemo-
therapy or radiotherapy (5). Other compli-
cations related to the severe immunosup-
pressive status of transplanted patients, such
as Epstein-Barr virus—induced B lympho-
proliferative disorders (EBV-BLPD) (6, 7)
or reactivation of CMV infection (8), also
benefited. However, severe GvHD repre-
sents a frequent and potentially lethal com-
plication of this delayed infusion of donor T
cells (9). No specific treatment exists for
established GvHD. We investigated the ge-
netic manipulation of donor lymphocytes,
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which could enable their selective elimina-
tion and abrogation of GvHD, thereby
making marrow transplantation more effi-
cacious, safer, and available to a larger num-
ber of patients.

(HSV-TK) has been successfully trans-
ferred into various cell lines to confer ganci-
clovir sensitivity, and its efficacy has been
demonstrated both in vitro and in vivo (10—
12). However, an absolute prerequisite for
the efficacy of this strategy is that all infused
donor lymphocytes carry the “suicide” gene.
For this purpose, we devised a simple strategy
on the basis of retroviral vector-mediated
gene transfer and expression in transduced
cells of a cell surface marker not expressed on
human lymphocytes, followed by positive
immunoselection of the transduced cells
(13). This strategy ensures that virtually
100% of the peripheral blood lymphocytes
(PBLs) carry the suicide gene (13).

We used a retroviral vector (SFCMM-2)
(Fig. 1A) (13, 14) for the transfer and expres-
sion into human PBLs of two genes: The first
encodes a truncated (nonfunctional) form of
the human low-affinity receptor for nerve
growth factor (ALNGFR) (14); the second
encodes the HSV-TK-NEO fusion protein
(Fig. 1A). ALNGER is located on the cell
surface and allows rapid in vitro selection of
transduced cells by the use of magnetic immu-
nobeads. In addition, a surface marker allows
easy ex vivo detection and characterization of
the transduced cells by fluorescence-activated
cell sorting (FACS) analysis (13). The safety
and efficacy of this vector were extensively
tested in vitro and in vivo in small-animal
models (15). In this pilot clinical study, the
proportion of transduced donor lymphocytes
after one round of gene transfer was in the 20
to 50% range. The proportion of transduced
donor cells after one round of selection ranged
between 95.0 and 99.6% (16).

Twelve patients who experienced severe
complication after allo-BMT for a hemato-
logic malignancy or immunodeficiency par-
ticipated in this study. Here we report on the
first eight patients for whom an adequate
follow-up is available (Table 1). For the
treatment of leukemic relapse, SFCMM-2—
transduced donor lymphocytes were infused
at increasing cell doses, beginning at 10°
cells per kilogram of body weight to a total of
4 X 107 cells/kg. For the treatment of EBV-
BLPD, transduced donor lymphocytes were
infused at an initial dose of 1 X 10° cells/kg.
The higher initial dose was necessitated by
the rapid progression of this complication
and was suggested by the previous clinical
study (6). No toxicity or complication that
could be related to the gene transfer proce-
dure was observed in this study (17).

Extensive manipulation of the cells that
undergo ex vivo gene transfer by retroviral
vectors could potentially modify their im-
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mune repertoire and their activation status,
thus affecting their in vivo survival and
function. In all but one of the patients who
received transduced donor lymphocytes, ge-
netically modified cells could be repeatedly
detected in the circulation, in marrow aspi-
rates, and in tissue biopsies (18). The pro-
portion of transduced donor cells among
circulating lymphocytes ranged between
the level of detection by polymerase chain
reaction (PCR) (107*) and 13.4% (Fig.
1B). At various times of followup, some
patients had only low frequencies of circu-
lating transduced cells, below the level of
detection in FACS analysis. In these cases,

Fig. 1. Ex vivo detection of
transduced donor lym-
phocytes. (A) Schematic
map of integrated SF-
CMM-2 proviral genome,
indicating the HSVTK in- B

ex vivo—transduced donor cells could be
selected by culture in the presence of G418
(a neomycin analog), and selected cells ho-
mogeneously expressed the cell surface
marker (Fig. 1C). Additionally, the pres-
ence of transduced donor lymphocytes in
PBLs, BM samples, and GvHD lesion sites
could be confirmed by PCR analysis and
followed over time (Fig. 1D). The persis-
tence of transduced cells could still be
detected for more than 12 months after
the last infusion of transduced donor cells.
Persistence of antigen-specific responses
was also observed; in the patient treated
for an EBV-induced lymphoma, we detect-

A

ternal promoter (T). Solid a 2075
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(C), it is labeled as the logarithmic scale of green fluorescence. (D) (a and ¢) PCR analyses for the
presence of the HSV-TK sequence on various samples from patient 8. (a) Lanes 3 to 6, peripheral
blood samples obtained at monthly intervals beginning at day 3 from the second infusion (Fig. 3); lane
7, bone marrow sample obtained 23 days from infusion; lanes 1 and 2, negative controls; lanes 8 and
9, positive controls at two different levels of detection of positive cells (10~4 and 102, respectively).
(c) Lanes 1 and 3, two skin biopsy samples consistent for GvHD; lanes 2 and 5, negative controls;
lane 4, positive control. (b) PCR analysis from patient 2. Lanes 3 to 6, peripheral blood samples
obtained at monthly intervals beginning at day 4 from the second infusion (Fig. 4); lanes 1 and 2,

negative controls; lane 7, positive control.
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Table 1. Clinical characteristics of the eight patients described in the text. Disease status was assessed through examination of marrow aspirates and biopsy,
cytogenetic examination, and molecular analysis. EBV-BLPD was determined by serologic data and histologic evaluation as indicated. Exclusion criteria for
the infusion of transduced donor lymphocytes included the presence of aGvHD grade Il or higher and CMV reactivation requiring ganciclovir treatment. This
study was approved by the Institutional Ethical Committee (74, 37), and all patients gave informed consent. NHL, non-Hodgkin lymphoma; CML, chronic
myeloid leukemia; AML, acute myeloid leukemia; CmML, chronic myelomonocytic leukemia; EBV-BLPD, Epstein-Barr virus-induced B lymphoproliferative
disorder; CR, complete remission; PR, partial response; NR, no response; NE, not evaluable.

First infusion

' . Complication No. of lymphocytes Clinical

Patient Disease (weeks after BMT) égg%ﬁ;&er:) infused (x10° cells/kg) outcome GvHD
1 NHL EBV-BLPD (+7) 2 1.5 CR Acute
2 CML CML relapse (+28) 11 38.6 PR Acute
3 CML CML relapse (+84) 192~ 4.5 PR No
4 AML AML relapse (+45) 1 33 NR No
5 AML AML relapse (+14) 1 4.9 NR No
6 CML EBV-BLPD (+5) 1 0.5 NE No
7 AML AML relapse (+24) 2 111 CR No
8 CmML CmML relapse (+19) 4 20.5 CR Chronic

*Patient 3 recelved idrossiurea and interferon-a before the infusion of transduced donor cells.

ed transduced cells that exhibited EBV-
specific activity for the first time after
administration of donor cells. The fre-
quency of EBV-specific cells was
~1:1000, as compared to the frequency of
1:1300 that was detected in the donor
PBLs before and after ex vivo vector trans-
duction. This level was achieved after ad-
ministration of a small dose of donor cells
(Fig. 2 and Table 1). After administration
of ganciclovir to treat GvHD, we could

still detect this specific reactivity in the
peripheral blood of the patient at the re-
duced frequency of 1:3250. No linear cor-
relation was observed between the number
of infused transduced donor lymphocytes
and persistence or detection. Rather, the
intensity of antigen response and prolifera-

tion of donor cells seemed to affect levels of

detection. In particular, patient 1 reached
the level of 13.4% of positivity after a total
injection of only 10° cells/kg to treat EBV-

BLPD. Patient 8, who achieved similar levels
of positivity (11.9%), did so after receiving
an order of magnitude higher infusion of
cells to treat chronic myelomonocytic leuke-
mia (CmML) relapse. Other patients who
received even higher cell doses did not reach
similar levels of positivity. As expected, viral
antigens were able to induce a more rapid
and intense specific proliferation of trans-
duced cells than leukemic cells (19).

The in vivo function of genetically mod-

ified donor lymphocytes was revealed by
antitumor responses, immune reconstitu-

A, 1x10° cellsrkg B tion, and alloreactivity (20). In five out of
N 4OJ | the eight patients in this series GvL was
2 detected, with three complete responses
26 394 (Table 1). Three patients developed
§< o GvHD. The patients who achieved full re-
g a mission included patient 1, treated for an
@ g7 . 207 aggressive EBV-induced lymphoma, and pa-

2 134%  tient 8, treated for leukemic relapse (Figs. 2

36 S § A i and 3). These results were obtained in the

bsoooj =10 i 9.2% absence of any chemotherapeutic agent. A

. by 1% third patient (patient 7, Table 1) achieved

g 40004 % 5 . full remission after administration of genet-

E 3000 9 o Neg. ically modified donor lymphocytes and che-

2 2000 o1t 0 100 1000 motherapy. Patient 3 relapsed twice after

g Green fluorescence two subsequent allogeneic BMTs for CML

1000'4“. and could be maintained in CML chronic

o 78 e Fig. 2 (A) Clinical outcome of donorllymphocyte infusions in phase for over 5 years. During this period,

¢ a patient affected by EBV-BLPD. Patient 1 underwentaBMT 11 qonor cells disappeared from the marrow

10 from her HLA-identical and MLC-compatible brother for a 4"}, circulation. After the long interval

£3 high-grade lymphoma in second remission. After supcessful ) hronic vh '1 CML pr = ssed to
22 engraftment, the patient developed EBV-BLPD confirmed by ' CTORIE Phase, the Drogressec

(S l morphological examination of a laterocervical node biopsy gccelfnated phase and was treated by the

ol and by in situ hybridization for EBV RNA in the nuclei of the  infusion of transduced donor lymphocytes

(total dose, 4.5 X 10° cells/kg). This was
followed by conversion to chronic phase
and by the reappearance of donor chimer-
ism, as monitored by the progressive con-
version of the blood type from B to the
donor type A (21). In this patient, the
increase of the donor blood type erythro-
cytes closely followed the appearance of
circulating transduced donor lymphocytes.

Thus, the procedures associated with ex
vivo gene transfer of the marking and thera-

neoplastic cells. A myeloaspirate and a bone marrow biopsy
showed overt infiltration of the bone marrow by lymphoid
paratrabecolar nodules causing marrow failure. The patient received a total dose of 1.5 X 10° cells/kg
(6). In the 2 weeks after administration of donor cells (arrow), all clinical symptoms associated with
EBV-induced B cell proliferation regressed as shown by body temperature decrease (a). At the time of
regression of clinical symptoms, a sharp increase in PBL counts was observed (b). Circulating trans-
duced donor lymphocytes were almost exclusively CD3*CD8* lymphocytes (>90% of total mononu-
clear cells from day +10 to day +15), with high proliferation index. Meanwhile, a hematological
reconstitution occurred, shown by an increase in the number of circulating platelets (c). During this time,
marked donor cells increased progressively in the patient’s peripheral blood up to 13.4% of total
mononuclear cells (B). (a) Negative control; (b to d) three blood samples obtained at day 3, 10, and 20
after infusion. The proportion of positive cells is indicated.

Days
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peutic genes by the SFCMM-2 vector pre-
served the in vivo potential of allogeneic
PBLs and their antigen-specific reactivity.
Additionally, this observation was further
confirmed in a small series of patients in
which genetically modified and unmodified
donor PBLs were used. In a patient with mod-
erate skin GvHD, it was possible to determine
by immunostaining and PCR that both cell
populations positive and negative for the cell
surface marker ALNGEFR were contributing to
the lymphocyte infiltrate present in the lesion
(22).

Two patients in this series developed acute
GvHD and were treated with ganciclovir (23)

(Table 2). Patient 2 relapsed 6 months after
allo-BMT and was treated by increasing doses
of transduced donor cells. Marked cells could
be detected in the peripheral blood by FACS
analysis and PCR. After the third infusion of
transduced donor lymphocytes (total of 1 X
10° cells/kg), values of the patient’s bilirubin
and liver function enzymes rapidly increased
(Fig. 4). A liver biopsy revealed acute GvHD,
and the patient was treated with ganciclovir
(10 mg/kg per day). All transduced donor
lymphocytes and all GvHD clinical and bio-
chemical signs then disappeared (Fig. 4 and
Table 2), in the absence of any local or sys-
temic toxicity. Elimination of transduced do-
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Fig. 3. Clinical outcome in a patient affected by chronic myelomonocytic leukemia (CmML) relapse
treated by the infusion of donor lymphocytes. Patient 8 underwent BMT from her HLA-identical MLC-
compatible brother but relapsed 3 months after transplant, as revealed by cytogenetic analysis, followed
by a decrease in peripheral blood counts and marked morphologic myelodisplastic bone marrow. The
patient received a total of 2 X 107 cells/kg donor lymphocytes. Marked cells could be easily detected by
FACS analysis (Fig. 1B) and PCR (Fig. 1D} in the peripheral blood (reaching a peak at 11.9% of circulating
mononuclear cells) and in bone marrow (reaching a peak at 5.3%). Infusions (arrows) were followed by
a hematological reconstitution, as shown by the increase in the number of circulating (leukocytes and
platelets. Bone marrow cytogenetic analysis revealed a progressive decrease in the number of host
hematopoietic cells (shaded area), and 100% donor engraftment (unshaded area) was observed after

four infusions.

Fig. 4. Values of bilirubin
and liver function en- l

6.6

zymes in patient 2, who
developed acute GvHD
after the infusion of
transduced donor lym-
phocytes. Long arrows,
infusions of transduced
donor cells; short arrow,
timing of the liver biopsy
performed to detect
acute GvHD (biopsy).
The gray area indicates
the period of the four in-
fusions of ganciclovir (10 0

2000 -

1000

ALT (@) and AST (0) (tU/liter)

5.5 (x10° cells/kg)

|

Biopsy

Bilirubin (m) (mg/dl)

. A 0

mg/kg per day). 0

1722

— T
100 200 300

Days

nor cells preceded normalization of liver en-
zymes with similarly sharp kinetics (Fig. 4 and
Table 2). Indeed, after 1 day of treatment,
genetically modified cells decreased below the
level of PCR detection (10™%) and remained
below this level until a second infusion of
transduced cells was administered 21 days lat-
er. Because no immunosuppressive drug was
administered to this patient, the complete
abrogation of the severe liver GvHD could be
attributed exclusively to the expression of the
TK transgene. Four weeks after the infusion of
donor lymphocytes, patient 1 progressively
developed signs of acute GvHD, confirmed by
a skin biopsy. The intravenous administration
of two doses of ganciclovir (10 mg/kg) resulted
in progressive rapid reduction from 13.4% to
below PCR detection (Table 2). The treat-
ment was followed by the disappearance of
clinical signs of skin GvHD. About 3 weeks
after infusions of HSV-TK—transduced cells,
patient 8 presented chronic GvHD involving
skin, oral mucosa, and lungs. Immunohisto-
chemical analysis and PCR revealed the pres-
ence of genetically modified cells in the biop-
sy. This patient was then treated with ganci-
clovir (10 mg/kg per day) for 7 days, resulting
in improvement of clinical conditions and a
decrease of GvHD signs. The correlated re-
duction in the proportion of circulating trans-
duced donor cells to 2.8% was achieved in the
first 24 hours (Table 2). Complete elimina-
tion of genetically modified donor lympho-
cytes could not be obtained despite extended
treatment.

Although fluctuations in the numbers
of circulating transduced lymphocytes
were observed at various times of followup,
reduction of circulating transduced donor
lymphocytes comparable to that described
in these three patients was never observed
in any of the patients in the study in the
absence of ganciclovir treatment. This is
best compared to the lack of any sponta-
neous remissions of a grade Il or higher of
GvHD in the 258 patients treated with
donor lymphocytes in the EBMT (Europe-
an Bone Marrow Transplantation) inter-
national collaborative study (24).

The two treated patients who had
achieved full remission before ganciclovir
administration remained in full remission
after elimination of donor lymphocytes by
ganciclovir. Thus, the transfer of the HSV-
TK gene by the SFCMM-2 vector may pro-
vide a tool for in vivo modulation of allo-
reactivity and effective and specific treat-
ment of acute GvHD in the absence of any
immunosuppressive drug.

As anticipated, no local or systemic toxic-
ity was observed that could be related to the
gene transfer procedure or to ganciclovir ad-
ministration. No significant modifications of
the total counts of leukocytes, PBLs, natural
killer cells, or other T cell subsets could be
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Table 2. Effect of ganciclovir treatment on elimination of genetically modified donor lymphocytes and on

GvHD.
Proportion of ALNGFR + PBLs (%)

. GvHD Clinical

Patient (grade) Preqanciclovir 24 hours outcome
9 after ganciclovir

1 Acute skin (II/111) 13.4 <104 CR*

2 Acute liver (lll) 2.0 <1074 CRt

8 Chronic (extended) lung, 11.9 2.8 PR

skin, G.I.

*Complete remission was revealed by clinical observation of complete regression of all skin GvHD signs. tComplete

remission was revealed by the disappearance of all physical and biochemical signs of liver GvHD (Fig. 4 and

text).

FPartial remission of the severe obstructive bronchiolitis was revealed by physical evaluation and spirometric

analysis. Amelioration of skin GvHD, but not of oral mucosa, was also observed. In oral mucosa, persistence of chronic
GvHD and of genetically modified cells was confirmed histologically and by PCR, respectively. In patient 1 and 2, given
the complete elimination of clinical signs of aGvHD, a biopsy immediately after ganciclovir treatment was considered
inappropriate and was not performed. However, followup biopsies performed later as part of the patients’ monitoring
were consistently negative for the presence of the transgene (PCR) and for GvHD.

detected in patients who had received ganci-
clovir treatment for GvHD. This confirms
that lymphocytes do not produce the in vivo
bystander effect observed in other cell types
(10, 12). The only unwanted effect observed
in this study was a specific immune response
to HSV-TK-NEO in one patient who had
received genetically modified cells late after
transplant, after return to immunocompe-
tence (25). The immune response was ex-
pressed only to the HSV-TK-NEO fusion
protein. No immunity to the cell surface
marker ALNGFR was detected in any patient
(25).

This study confirms the therapeutic poten-
tial of donor T cells in the context of allo-
BMT (5, 6). Because it is not yet possible to
differentiate between GvL and GvHD effec-
tor cells and to predict which patients will
develop the more severe grade of GvHD after
an unmodified allo-BMT (26), immunosup-
pressive prophylaxis remains an absolute re-
quirement. This immunosuppression and the
more intense regimens associated with GvHD
that arise despite prophylaxis significantly
limit the benefit of allo-BMT, eliminating or
reducing the allogeneic advantage (27). No
specific treatment yet exists for established
GvHD, and immunosuppressive regimens car-
ry significant side effects and limited efficacy
(28). In this context, the transfer of a suicide
gene for selective and specific elimination of
effector cells of GVHD provides a new tool to
combine the benefits of allo-PBLs with the
possibility of eliminating GvHD without tox-
ic effects. However, the extensive manipula-
tion of the cells that undergo ex vivo gene
transfer could potentially modify the clinical
outcome produced by transduced donor PBLs
as compared to unmodified counterparts, re-
sulting in abrogation or reduction of the allo-
geneic advantage, or exacerbation of GvHD.
Therefore, the long-term survival and immu-
nocompetence of transduced PBLs observed
in this study is crucial not only for this model
but also for all other applications involving ex
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vivo gene transfer into polyclonal lympho-
cytes (29). Because the mechanisms underly-
ing GvHD, GvL, and antiviral responses are
likely to be different and to involve different
effector cells, the preservation of an intact
immune repertoire as well as all functional
properties in transduced PBLs is of crucial
relevance. We propose that optimal effects
achieved were attributable to the rapid posi-
tive selection system for transduced cells al-
lowed by the cell surface marker (13). Ganci-
clovir-mediated elimination of HSV-TK-
transduced cells was efficacious in the pres-
ence of acute GvHD. In only one case of
chronic GvHD was ganciclovir treatment not
fully effective. Transduced cells isolated ex
vivo from this patient showed unmodified
sensitivity to ganciclovir, suggesting that in
vivo resistance could indeed be due to the
activation state of the genetically modified
lymphocytes. This is supported by the well-
known cell replication—dependent activity of
HSV-TK (30). If confirmed in extended clin-
ical studies, these results will expand the
number of candidate patients benefiting from
T lymphocyte—depleted allo-BMT, by allow-
ing the use of less-compatible marrow donors.
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Dealing with Database Explosion:
A Cautionary Note

Carol J. Bult et al. (1) report the first entire
archea genome sequence of Methanococcus
jannaschii (Mja). Because the initial gene

assignments were conservative (I, 2), we
anticipated that much interesting biological
information would be missing. We searched

Table 1. New ORFs in M. jannaschii (Mja) identified on the basis of similarity. ORFs were identified after
purging out protein coding regions reported for the organism (7) and searched using BLASTX against
the combined SwissProt+PIR+Genbank translations database through the NCBI Network BLAST
server using a score cutoff of 60, as described previously (6). Corresponding matching protein, matching
species-Methanococcus vannielii (Mva), Bacillus subtilis (Bsu), Haemophilus influenzae (Hin)—5' start
position, + or — strand, length of the ORF in amino acids (AA), 5' to 3 flanking ORFs, and the Poisson
probability estimates are provided for each ORF. Other details available at www.golgi.harvard.edu/
bhatia/neworfs/mja/tablel.html

) Flanking ORFs
) . Matching . Length

ORF Matching protein species Start 5 (AA) __—5, 5 p
M1 30S Ribosomal protein S14 Mva 415652+ 55 469 470 1071°
M2 Yqgp protein Bsu 540515+ 190 610 611 107°
M3  Amido phosphoribosyl transferase Mija 1301085— 362 1352 1351 10°°
M4 Unknown Mja 1230530— 255 1283 282 10718
M5 Asparagine synthetase Bsu 994621+ 318 1055 1056 10726
M6  Modification methylase Mija 1153501 — 81 1208 1206 107'2
M7  Modification methylase HINCII Hin 1277783+ 286 1327 1328 10735
M8 Helicase Bsu 1548365— 182 1573 1572 10°%
M9  Unknown Mija 1329000+ 58 1380 1381 10712

Table 2. Identification of potential frameshift(s) by similarity. Highly significant BLAST matches, of similar
genes in alternative coding frames, were classified as frameshifts, manually assembled, and confirmed.
Effect of the frameshift (extension or truncation) and length of the ORF as a result of the frameshift are
also provided. M10 through M14 have suffered a single frameshift event, while M15 has apparently
undergone a second frameshift. Other details available at www.golgi.harvard.edu/bhatia/neworfs/mja/
table2.html
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the database for additional open reading
frames (ORFs), and found 15 ORFs: four
within intergenic regions (M1 through M4,
Table 1); five overlapping with previously
identified ORFs (1, 2) but that read off in a
different frame (M5 through M9, Table 1);
and six that are extended or truncated as a
result of potential frameshifts (M10 through
M15, Table 2).

Although the potential frameshifts we
describe might be bona fide, it cannot be
ruled out that they represent actual se-
quencing artifacts. Erroneous sequences in
public databases are a substantial problem
and have been estimated to be in the
range of 0.37 to 2.9 errors per 1000 nucle-
otides (3), making data interpretation
sometimes difficult. This is especially true,
for example, in studies that utilize protein
and DNA sequence information to esti-
mate evolutionary distances (4). It is not
known how the error rate in this study (1)
compares with error rates in the database,
but a previous study suggests that error
rates generally vary between 1 in 5000 to
1 in 10,000 nucleotides (5).

The issue of sequencing artifacts is im-
portant and is expected to be a continuing
problem in the future, considering the
heightened surge of genome sequencing
projects from model organisms, as well as
from the human genome sequencing
initiative.
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Frameshift
. . Matching , Length
ORF Matching protein species Start 5 (AA) Length P
Effect
(AA)
M10 Restriction modification enzyme Mija 128577— 359 extension 583 1079
subunit M1

M11 Transposase Mja 276289+ 91 truncation 38 1074
M12 Polyferredoxin Mija 457630— 410  extension 567 10740
M13  Unknown Mija 14344 — 72 truncation 16 107%°
M14  Unknown Mija 202169+ 177  truncation 50 1078
M15  Unknown Mja 809431+ 32  extension 131 10720
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