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Abstract

We have investigated to develop novel vaccines against SARS CoV using ¢cDNA constructs encoding the structural antigen; spike protcin
(S). membrane protein (M), envelope protein (E), or nucleocapsid (N) protein, derived from SARS CoV. Mice vaccinated with SARS-N or
-M DNA using pcDNA 3.1(+) plasmid vector showed T cell immune responses (CTL induction and proliferation) against N or M protein,
respectively. CTL responses were also detected to SARS DNA-transfected type 11 alveolar epithelial cells (T7 cell clone), which are thought
to be initial target cells for SARS virus infection in human. To determine whether these DNA vaccines could induce T cell immune responscs
in humans as well as in mice, SCID-PBL/hu mice was immunized with these DNA vaccines. As expected, virus-specific CTL responsesand T
cell proliferation were induced from human T cells. SARS-N and SARS-M DNA vaccines and SCID-PBL/hu mouse model will be important
in the development of protective vaccines.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction SARS corona virus (SARS CoV) [1-3]. SARS has infected
more than 8400 patients in about 7 months in over 30 coun-

The causative agent of severe acute respiratory syndrome tries and caused more than 800 deaths. The deadly epidemic
(SARS) has been identified as a new type of corona virus, has had significant impacts on many health, social, economic

and political aspects. SARS is assumed to resurge in the near
future. However, no SARS vaccine is currently available for
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Corresponding author, Tol.: +81 72 252 3021; fax clinical use. Therefore, we have developed novel vaccine
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candidates against SARS CoV using cDNA constructs
encoding the structural antigens; S, M, E, or N protein. In im-
munized mice, neutralizing antibodies against the virusand T
cell immunity against virus-infected-cells were studied, since
these immunities play important roles in protection against
many virus infections. In particular, CD8" CTL plays an im-
portant role in T cell immunity dependent protection against
virus infections and the eradication of murine and human can-
cers[4,5]. Inthe present study, a type 1T alveolar epithelial cell
clone, T7, was used for analyzing precise mechanism of CTL
against SARS CoV membrane antigens, as the SARS-CoV
infects alveolar epithelial cell in the lungs [6]. Furthermore,
the SCID-PBL/hu model, which is capable of analyzing in
vivo human immune response, was also used because it is a
more relevant translational model for human cases [4].

2. Materials and methods

Three kinds of SARS CoV strains: HKU39849(1), TW-
1 and FFM-1(2) and their cDNAs were used. S, M, N or E
c¢DNA was transferred into pcDNA 3.1(+) vector and pcDNA
3.1(+)/vs-His Topo (QIAGEN K K, Tokyo, Japan). These
genes were expressed in eukaryotic cells and Escherichia
coli. pcDNA 3.1(+) vector, 50 pg each, containing SARS S,
M, N, or E DNA was injected i.m. (M.tibia anterior) into
C57BL/6 mice (female, 8 weeks CLEA Japan Inc, Japan)
and BALB/c mice (female, 8 weeks) three times, at an inter-
val of 7 days. Neutralizing antibodies against SARS CoV in
the serum from the mice immunized with SARS S, M, N or
-E DNA vaccines were assayed by use of Vero-E6 cell. CTL
activity against SARS CoV was studied using human type II
alveolar epithelial cells, T7, expressing SARS antigens [6].
PBL from healthy human volunteers were administered i.p.
into IL-2 receptor «y-chain disrupted NOD SCID mice [IL-
2R(—/—) NOD-SCID], and SCID-PBL/hu mice were con-
structed [4]. SARS DNA vaccines at 50 g were injected
i.m. into the SCID-PBL/hu mice. CTL activity of human
CD8-positive lymphocytes in the spleen from SCID-PBL/hu
was assessed using IFN-y production and 51Cr-release
assay [4,5].

3. Resulits

3.1. Induction of CTL against SARS CoV by SARS (N)
DNA and SARS (M) DNA vaccine

Spleen cells from C57BL/6 mice immunized with SARS-
S, -M, -N or -E DNA vaccine were cultured with syngeneic
T7 lung cells transfected with S, M, N or E ¢cDNA. pcDNA
3.1(+) SARS (N) DNA vaccine induced significantly CTL
activity (IFN-y production) against N cDNA transfected T7
cells (Fig. 1A). Similarly, SARS M DNA vaccine induced
SARS antigen M-specific CTL against T7 cells transfected
with SARS M DNA (data not shown).
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Fig. 1. Induction of CTL and T ccll prolifcration against SARS (N). (A) In-
duction of CTL against SARS (N) antigen in the spleen cells from C57BL/6
mice immunized with SARS (N) DNA vaccine. SARS (N) DNA using
pcDNAJ1(+) vector was injected i.m. into C57BL/6 mice three times, at
an intcrval of 7 days. CTL activity was asscssed by IFN-y production in the
culture of 1 x 10% spleen cells and 1 x 10* T7 lung alveolar type 11 cpithe-
lial cclls transfected with SARS (N) DNA at the E/T ratio of 100:1. IFN-y
production was asscssed by ELISA assay. (B) Augmentation of lympho-
cyte proliferation specific for SARS (N) DNA vaccine. | x 107 responder
cells from vaccinated mice were cultured with Mitomyein C treated 1 x 10°
T7 cells transfected with SARS (N) DNA for 48 h and then Bromodceoxy
Uridine (BrdU) was addcd. Proliferative responses were assessed by BrdU
assay.

3.2. Augmentation of lymphocyte proliferation specific

Jor SARS CoV antigens by the immunization with SARS

(M) DNA and SARS (N) DNA vaccine

The proliferation of splenic T cells stimulated by co-
culture either with T7 cells transfected with M DNA or
SARS M peptide (TW1 M102-116) was strongly augmented
by M DNA vaccine (data not shown). SARS N DNA vaccine
also induced proliferation of splenic T cells in the presence
of rccombinant N protein as well as N DNA-transfected
T7 cells (Fig. 1B). Thus, both SARS N DNA vaccine and
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Fig. 2. SARS (M) DNA vaccine inducces in vivo human T ccll proliferation
against SARS CoV in the SCID-PBL/hu human immune systems. 4 x 107
PBL from healthy human volunteers were administered i.p. into IL-2 receptor
y-chain disrupted NOD SCID mice [IL-2R (—/—) NOD-SCID], and SCID-
PBL/hu mice were constructed. Fifty micrograms of SARS DNA vaccine
was injected i.m. into these SCID-PBL/hu mice. 1 x 10° spleen cells from
these vaccinated mice were cultured with 10~50 pg of SARS M peptide for
3 days. Prolifcration was assaycd by BrdU.

M DNA vaccine were shown to induce T cell immune
responses against the relevant SARS CoV antigens.

3.3. SARS M DNA and N DNA vaccines induced human
T cell immune responses (CTL and proliferation) in
SCID-PBL/hu model

The M DNA vaccine enhanced the CTL activity and prolif-
eration in the presence of M peptide in SCID-PBL/hu mice
(Fig. 2). Furthermore, the SARS N DNA vaccine induced
CTL activity (IFN-y production by recombinant N protein
or N protein pulsed-autologous B blast cells) and prolifer-
ation of spleen cells in SCID-PBL/hu mice (Fig. 3). From
these results, it was demonstrated that SARS M DNA vac-
cine and N DNA vaccine induced human CTL and human T
cell proliferative responses.

4, Discussion

We have demonstrated that SARS (M) DNA and (N) DNA
vaccines induce virus-specific immune responses (CTL and
T cell proliferation) in the mouse systems using type II lung
alveolar T cell lines in clone target models [6]. These DNA
vaccines induced SARS-CoV-specific CTL and T cell prolif-
eration in vivo human immune systems using SCID-PBL/hu.
Gao et al. developed adenovirus based a SARS DNA vaccine
encoding S1 polypeptide was capable of inducing neutraliz-
ing antibody, while another SARS DNA vaccine encoding N
protein generated IFN-y producing T cells in rhesus monkeys
[7]. SARS S DNA vaccine which elicits effective neutral-
izing antibody responses that generate protective immunity
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Fig. 3. SARS (N) DNA vaccinc inducces in vivo human CTL against SARS
CoV in thc SCID-PBL/hu human immunc systems. 4 x 107 PBL from
healthy human volunteers were administered i.p. into 1L-2 receptor y-chain
disrupted NOD SCID mice [IL-2R (—/-) NOD-SCID], and SCID-PBL/hu
mice were constructed 50 pg of SARS (N) DNA vaccine or 50 pg of SARS
(S) DNA vaccine. 1 x 10° spleen cells from SCID-PBL/hu were cultured
with 10 pg of recombinant SARS (N) protcin for 72 h. IFN-y production in
the culture supernatant was assaycd using ELISA.

in a mouse model [8]. However its immunogenicity in
humans has yet to be established. Therefore, it is very
important to evaluate the efficacy of SARS DNA vaccineina
SCID-PBL/hu mice, which is a highly relevant translational
model for demonstrating human immune responsivencss.
Recently, SARS DNA vaccines capable of inducing human
neutralizing antibodies against SARS CoV have been estab-
lished by our SCID-PBL/hu model. It has been demonstrated
that Angiotensin-converting enzyme 2 (ACE2) is a functional
receptor for the SARS CoV [9]. A transgenic mouse with
human ACE-2 may be useful as an animal model of SARS.
Furthermore, ACE-2 transgenic SCID mice should be useful
as a human model for pre-clinical trial for SARS vaccings,
since ACE-transgenic SCID-PBL/hu model could analyze
the human immune responses against SARS infection in
vivo. The effect of combination immunization with such
SARS vaccines and neutralizing antibody dependent DNA
vaccine is now being studied. These DNA vaccines should
provide a useful tool for development of protective vaccines.
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The potential threat of smalipox bioterrorism has made urgent the development of lower-virulence vaccinia
virus vaccines. An attenuated LC16m8 (m8) vaccine was developed in 1975 from the Lister strain used in the
World Health Organization smallpox eradication program but was not used against endemic smallpox. Today,
no vaccines can be tested with variola virus for efficacy in humans, and the mechanisms of immune protection
against the major intracellular mature virion (IMV) and minor extracellular enveloped virion (EEV) popu-
lations of poxviruses are poorly understood. Here, we determined the full-genome sequences of the m8,
parental LC16mO (mO), and grandparental Lister (LO) strains and analyzed their evolutionary relationships.
Sequence data and PCR analysis indicated that m8 was a progeny of LO and that m8 preserved almost all of
the open reading frames of vaccinia virus except for the disrupted EEV envelope gene BSR. In accordance with
this genomic background, m8 induced 100% protection against a highly pathogenic vaccinia WR virus in mice
by a single vaccination, despite the lack of anti-BSR and anti-EEV antibodies. The immunogenicity and
priming efficacy with the m8 vaccine consisting mainly of IMV were as high as those with the intact-EEV
parental mQ and grandparental LO vaccines. Thus, mice vaccinated with 107 PFU of m8 produced low levels
of anti-B3R antibodies after WR challenge, probably because of quick clearance of B5R-expressing WR EEV
by strong immunity induced by the vaccination. These results suggest that priming with m8 IMV provides

Department of Virology 1" and Department of Pathology,* National Institute of Infectious Diseases, and Genetics Division™

efficient protection despite undetectable levels of immunity against EEV.

Variola virus (VAR), a member of the orthopoxvirus (OPV)
family, is the causative agent of smallpox and caused millions
of deaths before its eradication. Today, smallpox is again be-
coming a potential threat to humans, with abuse of VAR as a
bioterrorist weapon (10, 15, 20, 26, 30, 37, 40). The World
Health Organization (WHO) program for smallpox eradica-
tion indicated that vaccinia virus (VV) vaccination is the most
effective preventive measure against the discase. However,
WHO recommended discontinuing the vaccination in 1980
{35) due to rarc (around 20 cases/10° vaccinees) but severe
complications, such as postvaccinial encephalitis, progressive
vaceinia, and eczema vaccinatum with the primary vaccination
(4, 17, 34, 57). Thus, after a lag time of more than 20 years,
serious attempts have been urged to restart the development of
Jower-virulence vaccine strains (2, 3, 9, 43, 45, 50). A vaccinia
ACAMI000 clone has recently been established using cell cul-
tures from the Dryvax (NYBH strain) vaccine (50), but it may
induce myocarditis (4, 11). Modified vaccinia virus Ankara
(MVA) and NYVAC (modified Copenhagen strain) replica-
tion-incompetent viruses are cettainly safer but may require
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high vaccine doses or boosting with replication-competent vac-
cines {2, 9).

One of the safest replication-competent vaccines, a vaccinia
virus LCI6mS strain (m8), was developed and established in
the early 1970s with cell culture systems (24, 25) through a
temperature-sensitive and low-virulence LC16mO intermedi-
ate clone (mO) from the Lister (Elstree) original strain (LO)
that was used worldwide in the WHO program. The m8 virus
exhibited the Towest levels of neurovirulence and the mildest
adverse events among several vaccine strains, such as NYBH,
CVI, and EM63, in monkeys, rabbits, and cortisone-induced
immunocompromised mice (24, 38, 39). Its antigenicity was s
high as that of the LO vaccine, not only in animals, but also in
approximately 50,000 Japanese children vaccinated from 1973
to 1974 (over 90,000 doses in 1974 and 1975) with no reports of
severe complications (24, 57). Based on these studies, cell
culture-derived m8 was licensed in 1975 in Japan as a second-
generation smallpox vaccine, but it has never been confronted
with VAR.

Recent progress in molecular genetics has demonstrated
that m8 has a single-nucleotide deletion creating a termination
codon at amino acid (aa) position 93 in the BSR envelope (en)
gene (47). Several papers have indicated that the destruction of
B5R contributes to attenuation of poxviruses (12, 36, 44, 40,
47, 54). In turn, the B5R Env protein was suggested to function
as an antigen that induces neutralizing antibodies (NAbs) to
the extracellular enveloped virion (EEV) form of poxviruses
(12, 19, 44). EEVs are frec virions released from infected cells
and may cause long-range dissemination of infection, although
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they comprise less than 19% of the virus population, the ma-
jority being the intracellular mature virion (IMV) form (12, 41,
44). In addition, BSR is also a component of viral particies on
the cell surface termed cell-associated enveloped virions,
which are more abundant than EEV and are important for
cell-to-cell spread (44). Consequently, the spread of these VVs
seems to be prevented by anti-BSR NAbs.

However, little is as yet understood regarding the mecha-
nisms of immune protection against EEVs, cell-associated en-
veloped virions, and IMVs of poxviruses. Thus, a concern has
arisen that the B5R truncation and other possible mutations
introduced into m8 during processes of attenuation of the LO
vaccine reduce the generation of the enveloped virions and
therefore might make the attenuated m8 vaccine less protec-
tive or nonprotective against VAR (5, 44, 45). No vaccines,
however, can be tested for efficacy against VAR in humans.
Alternatively, intranasal infection with a mouse-adapted and
highly pathogenic vaccinia virus Western Reserve (WR) strain
provides & mouse model well suited for evaluating protective
efficacy (2, 32. 50, 51).

Here, we determined and compared the full-genome se-
quences of the licensed m8, parental mO, and grandparental
LO strains to examine whether m8 has inherited the intact
genome of LO or acquired other alterations in the EEV-re-
lated genes. We also examined antibody responses to BSR,
EEV, and IMV in mice after a single vaccination with m§, mO,
and LO and evaluated the protective efficacy against intranasal
WR challenge in vaccinated mice. The results suggest that the
genes, except for B5R, of m8 are similar to those of LO and
that conscquently, the immunogenicity and protective cfficacy
of m8 are similar to those of LO.

MATERIALS AND METHODS

Cells and viruses. RK13 cells were grown in Eagle’s minimum csseatial me-
dium (MEM) supplemented with 109 heat-inactivated fetal bovine scrum
(FBS). Hel.a cells were cultured in Dulbeceo’s modified MEM containing 5%
FBS. High five (Tn3) inscet cells were cultured at 26°C in TCH00 medium (JRT
Bioscicnee, Inc.) supplemented with 109 FBS. LO. mO, m8, and WR strains of
VYV (kind gifts from S. Hashizume) were propagated and titrated on RKI3 cell
monolayers (58). The WR virus used was sclected by sensitivity to S-bromo-2-
deoxyuridine before propagation. When a VV THD-J strain was used as a high
producer of EEV, the virus was freshly prepared, titrated, and inoculated into
cells (41).

Purification of viral DNA. RK 13 cclls infected with m&, mO, or LO virus were
harvested and disrupted by sonication in 10 mM Tris (pH 8.0)-1 mM EDTA
builer. Cell debris and nuclei were removed from cell lysates by low-speed
centrifugation, and viruses were recovered by centrifugation at 15,000 X g for 40
min. Virions suspended in 0.1X Tris-EDTA were purificd by centrifugation on
369 sucrose cushions and then on 20 to 407 lincar sucrosc density gradicents, as
described previously (29). After cach centrifugation step, virion precipitates were
resuspended by sonication to avoid virion aggregale formation. Genomic virus
DNA was extracted from purificd virions with sodium dodeeyl sulfate-proteinasce
K and then with phenol-chloroform as described previously (42).

Sequence aualysis of the complete viral DNA genomes. Purificd viral DNA was
fragmented with a HydroShear recirculating point-sink flow system (Gene-
Machines). DNA fragments of 1.5 to 2.5 kbp were recovered by 0.8% agarose gel
clectrophoresis, blunt ended, and cloned into pUC18. The inscrts of the shotgun
clones were amplificd by PCR with primers (3'-CAGTCACGACGTTGTAAA
ACGAC-3' and 5'-GTGTGGAATTGTGAGCGGATAAC-3') and Ex Taqg
polymerase (TaKaRa Bio. Inc.). The amplificd DNAs were scquenced with &
BigDye Terminator v3.1 Cycle Sequencing Kit on PRISM 3700 automated DNA
sequencers (Applicd Biosystems). The net virus nucleotide sequences were col-
lected with PHRED/PHRAP softwire and then assembled and cdited with
Sequencher 4.0 software (GeneCodes Corp.) (13, 14). Primer walking was done
for filling gaps and for confirming the order and lengths of the preassembled
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cantigs, as well as the approximately 6-kbp inverted terminal repeats (ITRs) of
hoth genome ends. As the terminal hairpin loops were not sequenced, the
feftmost nucleotide of the assembled sequences was arbitrarily designated hase
number 1. The final DNA sequences of m8, mO. and LO were represented at
more than 9.2, 7.8-, and 8.9-fold redundancy, respectively, at each hase position,
Open reading frames (ORFs) were identified using National Center for Biotech-
nology Information BLAST and compared to the GenBank files of the noare-
dundant protein sequence database, including OPVs and the vaccinia Copenha-
gen (CPN) strain (21). When there was a large gap between ORFs, mini-ORFs
(maore than 33 aa) were tentatively predicted for m& and mO. Noncoding regions
were examined for putative carly, intermediate, and late promoters with MEME
version 3.4 and MAST version 3.0,

PCR analysis. DNAs from LO and mO viruscs were analyzed by PCR at six
randomly sclected loci of LO diversity, numbers L0202, 10403, 10638, 10640,
L1000, and L1100, using combinations of the LO- or mO-specific forward prim-
ers and the common reverse primers, PCR mixtures were heat denatured at 95°C
for 3 min and subjected to 30 cycles of 94°C for 20 s, 63°C for 40 s, and 72°C for
1 min. When the loci L0403 and L1000 were amplified, annealing was done at
61°C. The primers used were as follows: 1.0O-0202 (5'-AGCTATTCTACCATA
GCAAAT-3'), mO-0202  (5'-AGCTATTCTACCATAGCAGAA-3'),  and
R-0202 (5'-CTTGGTTGGTAGAAATGCGG-3'); LO-0403 (5'-TCTAGATAA
AATCACTGACTTTC-3'), mO-0403 (5'-TCTAGATAAAATCACTGACTTT
T-37), and R-0403 (5'-AGGAATATGTATAAATGCGGG-3'); LO-0638 (5'-C
ATATTAGTAGTTCTGCGCAAT-3"), mO-0638 (5 -CATATTAGTAGTTCT
GCGTAAG-3Y),  and  R-0638  (5-CATTATGGTGGCTAGTGATG-3'):
LO-1640 (5'-CACCTCTACCGAATAGAGTA-3'), mO-1640 (5'-CACCTCTA
CCOAATAAAGTT-3"), and R-0630 (5-GATCTAAATAGAATGCCGACC-
3 LO-1000 (5'-TTAATAGTTGATAGATACGCATTT-3'), mO-1000 (5'-AA
TAGTTGATAGATACGCGTTC-3"), and R-1000 (5'-CATTTATAACACTGT
ACTAAC-3),  and  LO-1100  (5-GAACTTCAGGCTGGTGAATC-3),
mO-1100 (5'-AGAACTTCAGGCTGGTAAATT-3"), and R-1100 (5'-CCATTA
GTATCCATATACCATG-3).

Comparison of EEV env-related genes. The BSR gene and other EEV env-
related genes, A33R, A34R, A36R, A56R, and FI3L, of a calf lymph Lisier
vaceine (ListerVAX), mQ, and IHD-J were amplificd by PCR, sequenced, and
compared in amino acid alignment with the VV CPN (GenBank M35027). WR
(GenBank AY243312), and MVA (GenBank, U94848) strains and also with
other OPVs: VAR (strain Bangladesh-1975; GenBank 1.2257Y), monkeypox vi-
rus (MPV) (strain Zaire-96-1-16; GenBank AF380138), and cowpox virus (CPV)
(strain GRI-90; GenBank X94355).

Preparation of BSR and vaccinia vivus antigens. The cctodomain of B3R was
amplificd from ListerVAX DNA by PCR using primers BSR-Hisl-Bgl (5'-AGA
TCTACATGTACTGTACCCAC-3") and BSR-ECTT-Bgl (S'-AGATCTATTCT
AACGATTCTATTTCTTG-3') and cloned into pGEM-Tecasy (Promega). The
BSR-cet insert was excised from the resultant pTe-Lis-B5R-cet and ligated into
a pAcYMI baculovirus transfer plasmid. pAcMel-His, modificd with the metitin
stgnal sequence and a six-His tag. A recombinant AcHis-Lister-BSR-cct haculo-
virus was constructed as described previously (33). Lysates of Tnd inscct cells
were prepared with 1% NP-40 4 days after AcHis-Lister-B5SR-cet infection. The
lysutes were clarificd by centrifugation, and the recomhinant BSR protein was
purilicd by Ni column (Invitrogen) chromatography. For VV antigens, Hela
cells were infected with LO, harvested 4 days after infection, and lysed with 1%
NP-40). The lysates were clarified by centrifugation.

Tests for immunogenicity and protective efficacy. All anbnal experiments were
approved by the Tnstitutional Animal Care and Use Committee of the National
Institute of Infectious Discases. Groups of 15 6-week-old female BALB/c mice
were vaceinated with 1° or 107 PFU of m8, mO, or LO or with PBS. On day 21,
five mice from each group were sacrificed to test for prechallenge antibody
responses, and the other mice were challenged intranasally with 10° PFU of WR
in 20 ul PBS (51). The mice were ohserved for clinical signs, exumined for
bodywceight, and sacrificed 14 days after WR challenge to test for postchallenge
antibody responses. The immunogenicity of the recombinant BSR protein was
confirmed by subcutancous injection of BALB/c mice three times cach with
mixed-in aluminum adjuvant and with the BSR antigen adsorbed to Ni-agarose
beads, The immunized mice were challenged with WR as described above 12
days after the last booster injection.

Anti-B5R and anti-vaccinia virus antibody ELISA. Enzyme-linked immu-
nosorhent assay (ELISA) plates were coated with BSR or VV antigen and
blocked with 59 skim milk. Dilutions of scrum samples were reacted to the
plates. and bound antibodies were detected with horseradish peroxidase-conju-
gated goat anti-mouse immunoglobulin G (IgG) (Zymed Laboratory), followed
by a substrate (ABTS; Roche Diagnostics). The cutoff optical density at 405 nm
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FIG. 1. ORF map of the LC16m8 and LC16mO strains. The ORFs transcribed rightward and leftward are presented above and below the
horizontal centerlines, respectively. The major difference between the two strains is boxed. Putative functions of ORFs were evaluated or predicted
by a BLAST search of the GenBank database and are expressed in different colors. The double-headed arrows indicate the regions of the ITRs

of the left and right ends.

(ODygs) vadue of 0.2 was calculated from the average OD, plus three times the
standard deviation, for five mock-immunized mouse sera,

Virus neutralization and comet inhibition assays, 1O virus (100 PRU/I00 pl
determined on HeLa cells) was mixed with serially diluted mouse serum at 37°C
for 1 hand then overnight at 4°C. FleLa cells in 24-well plates were infected with
the serum-treated virus, cultured for 4 days, and stained with 0,19 crystal violet.
The serum dilutions yiclding 4 50% plaque reduction were defined as IMV-
neutralizing antihody titers. Comet-inhibiting activity in serum was examined as
an indication of anti-EEV antibody responses (1): RKI13 cells in 12-well plates
were infected with THID-J virus (100 PFUjwcll), incubated for 2 days in 2%
FBS-Dulbecco’s modificd MEM containing mousc scrum dilutions, and staincd
with crystal violet, The lengths of comets formed from primary plagques were
measured under a microscope.

Histopathology and immunohistochemistry (IHC). The mouse nasal tissucs
were fixed in 10% buffered formalin and embedded in paraffin, Paraffin block
sections were stained with hematoxylin and cosin (HE). VV antigens were
immunohistochemically detected with a labeled-streptavidin-biotin  complex
staining system (DAKOQ). Rabbit polyclonal antibodies raised by LO infection
were used as a primary antibody. A catalyzed signal amplification mcthod
(DAKO) was also used to detect VV antigens with enhanced sensitivity.

Nucleotide sequence accession numbers, The complete sequences of the vac-
cinia virus m8, mQ, and LO strains have been deposited in GenBank under
accession numbers AYG78275, AYG78277, and AYG678276, respectively, The env
gene sequences of THD-J were deposited in DDBJ: A33R-A34R (accession no,
ABI91187), A36R (accession no. AB191188), AS6R (accession no. AB191189),
B3R (accession no. AB191190), and Fi3L. (accession no. ABI91191). As there
were slight differences between the ListerVAX and compiled shotgun 1.O se-
quences, ListerVAX virus sequences were deposited in DDBJ as follows: BSR

(accession no, ABIY1251), AS6R (clone 1) (accession no. AB191252). and AS6R
(clone 3} (accession no. AB101253).

RESULTS

Complete genome sequences of m8, mO, and LO. Genomic
DNA was prepared from purified m8, mO, and LO virions,
shotgun sequenced, and confirmed by primer walking, As m8 and
mO are clonal viruses, their genome sequences were easily as-
sembled to 189,158 and 189,157 bp, respectively, and were ana-
lyzed with reference to the GenBank files, including the vaccinia
virus CPN strain (21). Comparison of the m8 and mO genomes
indicated that their gene structures and organizations were almost
the same (Fig. 1 and Table 1). Notably, there were only six point
mutations between m8 and mO (Fig. 2A). Three of them were in
noncoding regions, probably in promoter regions. A single-ami-
no-acid substitution was found in 4 ORFs out of 286 putative
major, minot, and mini-ORFs: a T-to-G mutation caused the
change from Ile to Leu in the LC16MO098L. (F12L. for CPN) gene,
and an A-to-T mutation caused the replacements of Thr with Ser
in the LCI6MI05R (A ORF T for CPN) gene and Ser with Arg
in the LC16MO12L (AS54L for CPN) gene. The most remarkable
change was a deletion of G in the LC16M243R (BSR for CPN)
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(N (2) (3) . {(4)5) (6)
LC16mO, A , - - A G |
Lciem8 | ¢ ‘ A TT . l
B
(1 9631 (5) 162319

LC16mO  GIACACAATCAATCATATTAaATACCATTAATAATGCAAGC

LC16mO  AGAATTTGCTGACTGTATGTACTATTIITITACATTIACTACA

[Ci6m8 GTACACAATCAATCATATTACATACCATTAATAATGCAAGC LC16mE  AGAATTTGCTGACTGTATGT t CTATTTTTTACATTACTACA
'
9631 162321
(2) LC16m230R: Tumor necrosis factor receptor (A ORF T for CPN})
42591 LC16mO  1-MDIKNLLTVC TIFYITTLATADIPTPPPTGHVTRENILIRGIINVVIGVH-50
LC16mO ATTACTCATGTAACCTACTAt AATGATAGTTCGIGTACTAG LC16mB  1-MDIKNLLTVC SIFYITTLATADIPTPPPTGHVTRENILIRGIINVVIGVH-50
L[E16m8 ATTACTCATGTAACCTACTAGAATGATAGTTCGTGTACTAG \

42591
LC16m059L: Putative EEV maturation protein (F12L for CPN)

LC16mO  260-LILNFLDWIKDIMTSTRTI/VGYMSNLFDIPLLTVYWPNN-300

1"

LC16m231L: Hypothetical protein {A54L for CPN}
LC16m0  1-MPRWWRSRYICRSQCSNVKN S TYSQAILYIHLLILSYTTITKSFFKTLNH-50

G KO TS TR LV G YMONLFOIPLLTVYWPNN 200 LC16mS  1-MPRWWRSRYICRSQESNVKN RTYSQQILYIHLLILSY TTITKSFFKTLNH-50
= - . I
280 2
(3) (6) 171277
1268401126841 LC16mO  TATATGATAAGCCATTATAGE AMGTGAATTCCACCATGACA
: )
1 AAATAAGTCATTTATATATT * AAAAATGTCACTATTAAAGA m g 3
I A A TEATT TATATATT 2 A T T A AT TANAGA LEi6mE  TATATGATAAGCCATTATAC: AAGTGAATTCCACCATGACA
128841 171278-171279
4) LC16m243R; EEV membrane protein;

156532-156533

LC16mO  ACAGGGAAACGGATGTATAA tTTTTTTTATAGCGTGAAGGA
{C16m8 ACAGGGAAACGGATGTATAA t TTTTTTTATAGCGTGAAGGA

156534

Part of plaque-size/host range protein precursor {BSR for CPN}

LC16m0O  97-MTLSCNGETKYFRCEEKNGNTSWNDTVTCPNAECQPLQLEHGSCQPVK-144
LC16m8

1-MTLSCNGETKYFRCEEKNGNTSWNDTVTCPNAECQPLQLEHGSCQPVK-48

FIG. 2. Differences in nucleotide sequences between the LC1om8 and LC16mO strains. (A) The locations (1 to 6) of nucleotide point niitations
in the genomes are shown schematically. (B) The nucleotide changes are shown in boldface lowercase letters. The resultant amino’ acid changes
in ORFs are indicated by shaded boldface italics in loci (2. 5, and 6). Putative gene functions and the ORFs corresponding to the CPN strain are

also shown.

gene, which generated a termination codon and truncated the
B5R Env protein of m8 EEV at amino acid position 93 (Fig. 2B),
as described previously (47).

Almost all of the m8 ORFs best matched those of OPV,
mainly the vaccinia virus CPN strain. Therefore, m8 and CPN
were strikingly similur in their genomic organizations and ORF
orientations (Fig. 1 and Table 1) (21). The m8 virus retained
192 out of 198 major CPN ORFs (60 out of 65 minor CPN
ORFs), including other EEV em-related genes, A33R, A34R,
A36R, AS6R, F12L, and FI13L. Only a few differences were
observed. CPN C21L/B27R and C19L/B24R were absent in the
ITR regions of m8, although they appear to be nonessential
and presumably do not represent functional genes (21). The
m§ genome lacked nonessential ORFs C13L, BIYR, and B20R
of unknown function in the regions neighboring the ITR ter-
mini and A25L in the central coding region, which encodes a
short fragment (63 aa) (21) homologous to an A-type inclusion
protein of CPV (1,284 aa) (18). ORF LCI6M191L (502 an),
however, corresponded to CPN A26L, also encoding a trun-
cated homologue (322 aa) of the CPV inclusion protein (18, 21).

As LO had no history of virus cloning, nucleotide polymor-
phisms were observed at 1,264 sites in the genome putatively
assembled by 4,913 sequencing reactions. This diversity was
mapped from L0001 to L1264 along the whole genome (Fig.
3A; see Table S1 in the supplemental material). Sequences of
the only marginal region spanning the diversity numbers from
L1121 to L1124 (150 bp) reveuled at least eight genotypes in
LO, whercas mO possessed the “AT-G” genotype, which was

the sume as the LOGY-57 clone in the region (Fig. 3C). Fur-
thermore, PCR analysis of other randomly selected loci dem-
onstrated that mO-specific primers amplified template LO
DNA, but not vice versa (Fig. 3B). These results indicate that
1O consists of a huge divergent virus population but likely
contains the ancestors of mQO. Because of the diversity of LO,
however, it was impossible to exactly assign its consensus full-
genome sequence and all ORFs. Thus, the LO shotgun se-
quences with major hits were tentatively assembled, compiled
as an artificial genome scquence. and deposited in GenBank.

Analysis of the EEV env-related genes. The evolutionary
relationships of the EEV env-related genes in Lister-related
viruses were further analyzed by sequencing of PCR amplicons
from ListerVAX, another batch of mO and m§, and WR and
1HD-1, which were stored in our laboratory. Because the mO
and m8 sequences were identical except for B3R, the resultant
amino acid alignments of A33R, A34R, A36R. AS6R, FI3L,
and B3R of ListerVAX and mO were presented with reference
to those of CPN and compared to other VV strains and OPVs
deposited in GenBank (Fig. 4). ListerVAX had the sume
amino acid alignment in A33R as wild-type (wt) VV CPN or
WR. On the other hand, mO A33R had two amino acid sub-
stitutions: Asn at amino acid position 165 (Asn'®) was unique
to mO, but Thr'*' was found in mO and MVA, and also in
VAR, MPV, and CPV of OPV (Fig. 4A). A34R was rather
conscerved in OPV, and no substitution was observed between
ListerVAX and mO. Interestingly, however, Lys'® scems to be
specific to VV (Arg'™ for VAR, MPV, and CPV), and aa 110
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20 T T 7 7
~ | ’ i 1 ‘ 3
3 ; i :
B 15 : : - -
c i i
0 ;
3 :
g
< 10 4 : ; ;
= .
c i
kY] B !
o H H
S 54 - ; : En s IE
K| ’ I I I I 1 I | ]
@ H . 3 il i i
: i It AL
0 Bl i i g il i i i A i
50 100 150 189
(kb)
b T
B @ O (bp)
20 50 100 150 170 170,750 170,800 170.850 170,900
N S N N USRI S Yy Y IS U N S T N N O VO OO OO N A A O O
A A 4 A A A A A
L0202 L0403 L0838 ) heag L1000 L1100 L1121 L1122 L1123 L1124
Variation Name L1121 L1122 L1123 L1124
Variation L0202 L0403 10638 L0640 L1000 £1100 {Variation) (AIG)  (TIC) (Al (AIG)
T Lister LC16mQO  Lister LC16mO Lister LC16mO Lister LC16mO Lister LC16mO  Lister LC16mQ Cione N
—————— e one Name
S 8 8§ v 89332 8 a3 g S 3§ 3 8283 2g8¢g LO27-93 G T A A
pmer 5 5 5§ $3§F 8858 22288858 Egc e LOT440 s 1 - a
5 Q Q Q [=] 5 O 5 o] 5 O A o 3 O . [=) 5y O 3 1009-57 A T G
€383 ¢¢9 9 S E 9 E2 E9% B9 EQ &S S L006-28 A T A
¥ 1o % L R % 5 ' R CRE 2 LO11-41 A T A A
L010-75 A T A G
LO24-27 A c A G
LO20-31 A c A
LC16mO A T G

F1G. 3. Polymorphism of the

Lister strain genome. (A) Nucleotide sequence variations are presented in each 500-bp tength along the central

coding region of the Lister genome. (B) Six divergent loci, L0202, L0403, L0638, L0640, L1000, and L1100, were randomly selected. LO and mQ
genomic DNAs were amplified at the selected sites by PCR with the forward primers specific for LO or mO and the common reverse primers.
(C) The marginal (150-bp) region spanning diversity numbers L1121 1o -1124 of LO virus DNA were cloned, sequenced, and classified into cight

genotypes. The genotype of LC1omO is also shown.

(Asn or Asp) may classify OPV into two groups (Fig. 4B).
Similarly, A36R was almost conserved in VV strains but diver-
gent in other OPVs. ListerVAX, mO, WR, and IHD-J strains
of VV, however, had a common Glu'*“-to-Lys'* substitution
from CPN. An additional Met'™-to-1le'%* change occurred in
mQ, although this was also the case in VAR (Fig. 4C).

As for AS6R, ListerVAX was a mixture of wt-like VV (clone
3) and an mO-type mutant (clone 1) that possessed a 5-aa
deletion from Ala™% to Asp> and a conversion of Tyr™” to
Cys™”, which may be an ancestor clone of mO. Another dif-
ference between ListerVAX and mO was aa 19, which was Phe
and Ser in ListerVAX and mO, respectively (Fig. 4D). Lys™”
in FI13L was unique to the Lister family viruses, whereas it was
Arg™! in other VVs and OPVs, supporting the Lister lineage
of mO. FI3L Pro® and Ser® of ListerVAX and mO, respec-
tively, seem to be within the divergence of OPV, because there
was Pro” in MVA and IHD-J and Ser® in CPN, WR, VAR, and
MPYV (Fig. 4F). BSR is located close to the right-terminal end,
and therefore, it was most divergent among the EEV env
genes. ListerVAX differed from the compiled shotgun LO
sequence in 3 nucleotides. However, the differences resulted in
one amino acid substitution, from He® to Val®, which also
occurred in other OPVs. There were four amino acid changes

in B5R between ListerVAX (1le®?, Asn®, He'™?, and Val**)
and mO (Val™, Asp®, Mct'™, and He™™) (Fig. 4E).

Altogether, these results confirm the notion that mO. and
consequently m8, are the progeny of LO and not so divergent
from LO, wt VV, or OPV, except for B3R.

Antibody responses by vaccination. The truncated m8 and
intact LO B5R proteins were compared for antigenic activity in
initial experiments. BALB/c mice were subcutaneously immu-
nized six times with the recombinant B5R proteins adsorbed to
aluminum adjuvant or Ni-agarose beads. The mice were chal-
lenged by intranasal infection with 10" PFU of mouse-patho-
genic WR virus 20 weeks after the first immunization and 12
days after the lust booster injection. The LO B3R protein
partially protected mice from death, with a survival rate of 78%:
after the appearance of severe clinical symptoms, such as ruf-
fled fur, hunched posture, and weight loss, peaking at around
7 to 9 days after challenge. However, mice receiving the trun-
cated m8 protein similarly developed symptoms, lost body-
weight, and died (1009%) within 9 days (data not shown). These
results confirm the immunogenicity of the intact BSR protein
and also suggest a lack of antigenic activity of the truncated
B3R protein.

Thus, B5SR-defective m8 was compared with B3R-intact mO
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FIG. 4. Comparison of amino acid alignments of the EEV Env-related proteins in six vaccinia virus strains and other OPVs. The numbers at
the top of each panel indicate the amino acid positions of the EEV proteins of vaccinia virus CPN strain. The asterisks and dashes show conserved
and deleted amino acids, respectively. with reference to CPN. The vaccinia viruses compared are CPN, Lister (call lymph Lister vaccine), LC16mO,
WR, IHD-J, and MVA strains. Variola, monkeypox, and cowpox viruses shown for reference are Bangladesh-1975, Zaire-96-1-16, and GRI-90
slrains, respectively.
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FF1G. 5. Protection against lethal WR challenge by vaccination with LCTomS. Groups of 6-week-old BALB/c mice were subcutancously
vaccinated and intranasally challenged as for Table 2. (A) Levels of antibodies in pre- and postchallenge sera of individual mice. Sera were
examined by ELISA for vaccinia virus- and B3R-specific antibodics, and the results are shown with QD5 values at 1:400 and 1:100 dilutions,
respectively, The horizontal bars indicate the averages. (B) Histopathology by HE staining and THC by peroxidase staining of the nasal tissuc
colfected from nonimmunized and vaccinated mice 9 and 14 days after challenge infection, respectively. (C) Survival and (D) bodyweights of mice
after WR chailenge. The mice had been vaccinated with 107 (open symbols) or 107 (solid symbols) PFU of LCI6m8 (11 and 8), LC16mO (2 and
@), or Lister (2 and A) strain or PBS (). To avoid confusion. the average bodyweight * standard deviation is shown in separate panels in

comparison with the PBS group. The crosses indicate the deaths of mice.

and LO for the ability to prime or induce anti-B5R and anti-
EE

V antibody responses before and after pathogenic-WR in-
fection. BALB/c mice were vaccinated subcutancously with a
low (10° PFU) or high (107 PFU) dose of the vaccine strains.
On day 21 after vaccination, one-third of the mice were bled to
determine prechallenge antibody levels, and the other mice
were challenged intranasally with 10° PFU of WR. Sera were

TABLE 2. Antibody responses in vaccinated mice at pre- and postchallenge infection”

collected 14 days later to test for postchallenge antibodies.
Representative ELISA antibody levels in individual mice are
shown in Fig. 5A, and the results of antibody responses exam-
ined are summarized in Table 2. ELISA antibody levels at
prechallenge were low against VV antigens and undetectable
against the BSR protein in all vaceinated mice. The titers and
scroprevalences, if any were present, tended to be higher in 107

Vaccination (day 0)

Prechallenge (day 21)

Postchallenge (day 35)

1gG ELISA (positive/total)

IgG ELISA (positive/toal)

Strain (ngrtc) Y p— NAb in(l;(i;:ﬂil?(lm I Y NAD in%(i:?iq&!m
y Ami-vaccinia virus” Anti-B5R” Anli-vaceinia virus® Anti-B3R"
PBS 0.10 (0/5) 0.08 (0/5) <41 <1y ND* ND ND ND
Lister 10° 0.20 (3/5) 0.09 ((5) <4 <10 1.78 (10/10) 0.56 (10/10) 4 <210
107 100 (3/5) 011 ((/5) 16 <10 2.42 (10/10) 1.006 (10/10) 64 <)
LCIomO 10° 0.19(2/5) 0.09 (0/5) <4 <10 1.60 (10/10) 0.83 (10/10) 16 <10
107 0.52 (4/5) 0.10 (0/5) 4 <10 318 (10/10) 1.03 (9/10) 64 <10
LCI6mS 10° 0.39 (2/5) 0.08 (0/3) <4 <10 2.08 (10/10) 0.85 (10/10) 64 < H)
107 0.53 (4/5) 0.08 (0/3) <4 <10 3.14 (10/10) (.21 (3/10) 64 <210

“ Mice vaceinated with a single dose were challenged intranasally with 10° PFU of WR strain on day 21 and sacrificed on day 35,
" Averages of OD 5 vitlues at a 1100 dilution.

¢s of OD s values at a 1:400 dilution.

¢ The highest serum dilutions yiclding a 50% plague reduction or inhibitory comet formation.
“ND, not determined.
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PFU vaccination groups than in those vaccinated with 107
PFU. Comet inhibition activity in sera, which is an indicator of
anti-EEV antibodies, was negative in each of the vaccinated
groups. NAb titers to VV, that is, IMV, were also low or
undetectable; titers as low as 1:4 and 1:16 were detected only
in groups of mice immunized with 107 PFU of mO and LO,
respectively (Table 2).

Upon lethal challenge with virulent WR, however, high lev-
els of anti-vaccinia virus ELISA antibodies were induced in all
groups of mice vaccinated with m&, mO, and LO. Substantial
levels of anti-BSR antibodies were also detected in all groups,
except for that receiving 107 PFU of m8, where only 3 out of 10
mice developed anti-B5R antibodies (Fig. SA and Table 2).
Therefore, mice immunized with 107 PFU of m8 produced
signiticantly (P < 0.0008) lower levels of anti-B5R antibodies
after WR infection than did those immunized with 10° PFU of
m8, 107 PFU of mO, or 107 PFU of LO (Fig. 5A), when
compared by an unpaired Student’s ¢ test. The lethal challenge
with WR did not elicit comet inhibition activity against EEV in
vaccinated mice but induced and/or augmented NAb titers to
IMV ranging from 1:4 to 1:64 (Table 2). Levels of antibodies
after WR challenge were higher in mice immunized with 107
PFU than in those immunized with 107 PFU, indicating that
mice were eftectively primed with a higher dose of vaccine and
boosted by WR infection. The exception was anti-BSR anti-
body titers in groups receiving B5R-detective m& (Table 2 and
Fig. 5A), probably because B5R-expressing EEV of WR was
more quickly cleared before eliciting anti-B5R antibodies by
stronger immunity induced with 107 PFU of m8 than with 107
PFU of m8.

Pathological findings. The immunogenicities of the m8, mO,
and LO vaccines were evaluated by histopathological and im-
munohistochemical analyses of the nasal tissue of mice, the
primary infection site for pathogenic WR. The specimens from
mice mock vaccinated with PBS demonstrated massive de-
struction and necrosis of the mucosal epithelium of the nasal
cavity. The severe necrosis of olfactory epithelial cells was
widespread in the nasal-cavity tissue (Fig. 5B, HE). VV anti-
gens were distributed widely and intensively, colocalizing at the
damaged areas of the epithelium (Fig. 5B, IHC). In contrast to
nonimmune mice, severe epithelial destruction was rarely ob-
served in the nasal cavities of mice vaccinated with a lower
dose (10° PFU) of m8, mO, or LO. Their nasal specimens
showed intact tissue morphology without evidence of recovery
from tissue necrosis. In addition, no VV antigens were de-
tected in nasal mucosal epithelial cells when examined by en-
hanced immunohistochmical staining (Fig. 5B, IHC). Similarly,
no pathological changes were detectable after intranasal WR
challenge in mice vaccinated with a higher dose (107 PFU) of
m8&, mO, or LO (data not shown).

Protection by m8, mO, and LO vaccines. The immunological
and histopathological studies described above suggest that m8
is as effective as mO and LO against pathogenic-OPV infec-
tion. Therefore, the protective efficacies of the m8, mO, and
L.O vaccine strains were further estimated in additional WR
challenge experiments. Groups of 10 BALB/c mice vaccinated
as for immunogenicity studies were examined for survival rate
(Fig. 5C) and bodyweight loss (Fig. 5D) after intranasal inoc-
ulation with 10° PFU of WR. As this WR dose represented 10
LDy, tor 6-week-old BALB/c mice (data not shown), the non-

1. Viror.,

immunized mice receiving PBS developed clinical symptoms,
lost bodyweight, and died within 9 days after WR challenge. In
contrast, none of the mice in the m8, mO, or LO vaccination
group died (Fig. 5C). Vaccinated mice developed only a tran-
sient and slight loss of bodyweight, peaking at 3 or 4 days after
challenge. but looked healthy without rufffed fur. inactivity. or
respiratory distress and promptly gained weight thereafter
(Fig. 5D). Notably, there were no significant dilferences in
bodyweight between the low-dose (10° PFU) and high-dose
{107 PFU) vaccination groups nor among the m8, mO, and LO
vaceination groups (Fig. 5D).

DISCUSSION

In this study, we suggest that an attenuated vaccinia virus m8
strain that was licensed in 1975 in Japan as the sccond-gener-
ation smallpox vaccine is as efficacious as the first-generation
LO vaccine that was used worldwide in the WHO smallpox
eradication program.

The m8 vaccine was not used in a large population in arcas
of endemicity because smallpox was almost eradicated when it
was developed. Today, no vaccines under development or in
human trials can be tested for protective efficacy against small-
pox by infection of humans with the causative virus, VAR,
However, a pathogenic vaccinia virus WR strain provides an
alternative small-animal model suited for evaluating protective
immunization (2, 32, 50, 51). VV has rather low infectivity for
mice, but WR is an exception, because it is adapted to mice by
repeated passages in the mouse brain (27). Intranasal inocu-
lation with as little as 10° PFU of WR elicited severe illness
and 50% death in BALB/c mice, although they were less sus-
ceptible to VV infection than C57BL/6 and C3H/He mice
(unpublished data). Thus, BALB/c mice vaccinated with the
LO and LO-derived vaccine strains failed to develop definite
erythema or pustules at the inoculated skin sites, which is
classified as a “take” that is indicative of viral replication and
therefore successful immunization in other vaccinia virus-sen-
sitive hosts, such as humans, cows, and rabbits. Anti-BSR,
-EEV, or -IMV antibodies were certainly undetectable or at
low levels in vaccinated BALB/c mice. Nevertheless, the m8,
mQO and LO vaccines all protected mice comparably and com-
pletely against challenge with 10° PFU of WR. Notably, a
single subcutancous vaccination with m8 primed mice to ren-
der them as protective as vaccination with mO and 1O, even at
a low dose (107 PFU). Furthermore, with an increased WR
challenge dose (107 PFU), 100% of mice vaccinated percuta-
ncously with m§ (10° PFU) survived, while they lost significant
weight temporarily and comparably to those vaccinated with
the LO or NYBH strains (unpublished data) that had been
used in humans.

OPVs are known to be highly cross-reactive among them-
selves in immune protection. Indeed, the m8 vaccine protected
monkeys against MPV challenge (unpublished data), as ve-
cently described for the MVA vaccine (9). On the basis of
these historical and experiential facts, CPV is thought to have
been used in 1798 as the first human vaccine against VAR, and
VV became the smallpox vaccine in the modern era. Similarly,
OPVs are genetically highly conserved. Complete OPV ge-
nome scquences from VV, VAR, CPV, MPV, ectromelia virus,
and camelpox virus have recently been investigated for phylo-
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