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FIG 5 Comparison of Gag,gs.o16-Specific or Gagy,; p4e-specific CTL re-
sponses in noncontrollers and controllers at week 12. (A) Gag,ge.,16-sPecific
CD8* T-cell frequencies in noncontrollers (NC; closed circles) and controllers
(G; open circles). (B) Gag,y,.o40-specific CD8* T-cell frequencies in noncon-
trollers and controllers. Gag,,_»40-specific CTL levels in controllers were sig-
nificantly higher than those in noncontrollers (P = 0.0034 by Mann-Whitney
test). The bars indicate the geometric mean of each group. Data on a noncon-
troller (I-1) and a controller (II-5) were unavailable.

specific IFN-vy induction. At week 2 (Fig. 4A), most animals in
groups I and II elicited both Gag,s.,16-specific and Gag,,; 40~
specific CTL responses, whereas group III animals induced
Gagy,o40-specific CTL responses dominantly. Remarkably, all
animals in group IV showed efficient Gag,¢._,;-specific CTL re-
sponses without detectable Gag,,;_,49-specific CTL responses at
week 2. These results indicate dominant Gag,e.,,¢-specific CTL
responses with delayed induction of Gag,,;.,4e-specific CTL re-
sponses postchallenge in group IV animals with prophylactic
Gag,6-216-specific CTL induction, and vice versa in group III an-
imals.

Atweek 6 (Fig. 4B), efficient Gag,s.,,¢-specific and Gag, 4, 549~
specific CTL responses were observed in all vaccinated animals in
groups IL, III, and IV, but not in group 1. Gag,e.,-specific and
Gag,y;.240-specific CTL responses were induced equivalently even
in groups III and IV. We also examined subdominant Gagse; 55,
epitope-specific CTL responses, which were undetectable at week
2 but became detectable at week 6 in most group IV animals (Fig.
4, graphs on left). At week 12 (Fig. 4C), however, different CTL
immunodominance patterns were observed among the groups.
Gagyy;.40-specific CTL levels were higher than Gag,_,,4-specific
levels in groups II and III but were reduced in groups I and IV.
Interestingly, comparison between the animals with persistent
viremia (referred to as noncontrollers) and those controlling SIV
replication (referred to as controllers) revealed significant differ-
ences in Gag,,, ,40-specific CTL levels, but not in Gag,og.14-
specific levels, at week 12 (P = 0.0034 by Mann-Whitney test)
(Fig. 5).

Selection of a CTL escape mutation. Next, we examined viral
genome gag sequences at weeks 5 and 12 after challenge to deter-
mine whether CTL escape mutations were selected in these ani-
mals (Table 2). At week 5, a mutation leading to an L-to-S substi-
tution at the 216th residue in Gag (1.216S) was selected in all the
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group II animals. This GagL216S change results in escape from
Gagygs.216-specific CTL recognition, as described previously (21).
All the group IV animals with Gag,e_,;6-specific CTL induction
also showed rapid selection of this CTL escape mutation at week 5.
Analysis at week 3 found the GagL216S mutation dominant in two
(II-2 and I1-5) group [T and two (IV-1 and IV-3) group IV animals
(data not shown). However, animals in group III showed no gag
mutations at week 5, except for one animal (III-5) selecting a
mutation leading to an L-to-F substitution at the 216th residue.
Later, at week 12, the Gag,o.,,6-specific CTL escape mutation,
Gagl216S, was selected even in group III animals. No animals
showed mutations around the Gag,,;_,4o epitope-coding region
even at week 12. These results indicate that selection of this
Gagyos-216-specific CTL escape mutation may be accelerated by
prophylactic vaccination inducing Gagy.,16-specific CTL re-
sponses. On the other hand, in group III animals with single
Gag,sy.040 epitope-specific CTL induction, selection of a
Gag,g6.216-specific CTL escape mutation was delayed but was ob-
served before selection of a Gag,,,_,4o-specific CTL escape muta-
tion, suggesting strong selective pressure by delayed Gag,o6.514-
specific CTL responses after SIV challenge.

In order to see the effect of rapid selection of the Gag,s 514
specific CTL escape mutation on SIV control, we compared
plasma viral loads at weeks 3 and 5 between groups II and IV
(referred to as group II+1V) with rapid selection of the GagL.216S

TABLE 2 Selection of a CTL escape mutation

Amino acid change for Gag residues?:

Group Macaque ID 206-216 241-249
Wk 5 Wk 12 Wk 5 Wk 12
1 1-1 None ND None ND
[-2¢ None 12168 None None
1-3 None 12168 None None
1-4 None None None None
I-5 None None None None
I-6 None None None None
1 1I-1¢ 1216S ND None ND
11-2# L216S ND None ND
1I-32 L216S ND None ND
11-42 1216S ND None ND
1I-52 1216S ND None ND
11 11114 None L216S None None
111-22 None L216S None None
111-3¢ None NA None NA
111-4¢ None NA None NA
I11-54 1216F L216S None None
111-6 None L216S None None
v v-12 L216S 12168 None None
1v-2 L2168 L2168 None None
v-3 L216S L216S None None
V-4 12168 L2168 None None
IV-5¢ L216S NA None NA

@ Animals that controlled SIV replication at week 12 (controllers).

b Plasma viral gag genome mutations were examined at weeks 5 and 12. Amino acid
substitutions in Gagyg6.2, and Gagy,;.,40 €pitope regions are shown. L2168 results in
viral escape from Gag,¢_,14-specific CTL recognition. It remains undetermined
whether L216F results in CTL escape. ND, not determined; NA, not determined
because Gag fragments were unable to be amplified from plasma RNA.
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FIG 6 Comparison of plasma viral loads at weeks 3 and 5 among four groups. (A) Plasma viral loads at week 3 in group I, I1, I, and IV animals. (B) Plasma viral
loads at week 5 in group I, II, I, and IV animals. (C) Comparison of ratios of plasma viral loads at week 5 to week 3 in group II+1V animals and group 11l animals.
The ratios in group III were significantly lower than those in group II+IV (P = 0.0030 by Mann-Whitney test). The bars indicate the geometric mean of each
group. (D) Scatter plots between plasma viral loads at weeks 3 and 5 in group II, III, and IV animals.

mutation and group III without the mutation at week 5 (Fig. 6).
Ratios of plasma viral loads at week 5 to week 3 in group III were
significantly lower than those in group II+IV (P = 0.0030 by
Mann-Whitney test) (Fig. 6C). To confirm this result, we exam-
ined the difference in week 3 viral loads between groups III and
I+IV by ANCOVA, with week 5 viral loads as a covariate. This
analysis revealed that week 3 viral loads controlled for by week 5
viral loads were significantly higher in group III than those in
group II+1V (Fig. 6D and Table 3); i.e., the decline in viral loads
from week 3 to week 5 was significantly sharper in group III than
in group II+1V, possibly reflecting viral escape from suppressive
pressure by Gag,e.,16-specific CTL responses in the latter group
during this period (from week 3 to week 5).

DISCUSSION

In the present study, we analyzed the impact of vaccination induc-
ing single Gag,g.,16 epitope-specific CTL memory on postchal-
lenge CTL responses and SIV control in 90-120-Ia-positive ma-
caques and then compared the results with those of vaccination
inducing single Gag,,,.,4o epitope-specific CTL responses. Our
results indicate that these prophylactic vaccinations result in dif-
ferent patterns of Gag,,e._,6-specific and Gag,,,_»40-specific CTL
immunodominance and cooperation after SIVmac239 challenge.

Unvaccinated 90-120-Ia-positive macaques (group I) showed
both Gag,s.,;6-specific and Gag,,;_,4o-specific CTL responses af-
ter SIV challenge. In group IV animals with prophylactic induc-

TABLE 3 ANCOVA on week 3 viral loads with week 5 viral loads as a covariate between groups I1I and II+1V

ANOVA Parameter S8 dfe MS¢ F Pvalue
Homogeneity of slopes of regression Group X slope 0.304 1 0.304 2.099 0.173
Residual 1.735 12 0.145
Total 2.038 13 0.157
Difference in week 3 viral loads with week 5 viral loads Effect and group 1.106 1 1.106 - 7.052 0.020
as a covariate between groups IIl and II+IV Residual 2.038 13 0.157
Total 3.144 14 0.225

8, sum of squares.
b df, degrees of freedom.
¢ MS, mean squares.
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tion of single Gagyys,¢ epitope-specific CTL responses,
Gagyps.216-specific CTL responses were induced dominantly but
Gag,,;.249-specific CTL responses were undetectable at week 2. In
contrast, Gag,y;_,4e-specific CTL responses were induced domi-
nantly at week 2 in group IIL. Both groups showed Gag,o.516
specific and Gag,,; p40-specific CTL responses equivalently at
week 6. It may be difficult to compare these results with those in
group II animals inducing whole Gag antigen-specific CTL and
CD4+ T-cell responses before challenge; the group I animals elic-
ited Gagys..16-specific and Gag,y, p40-specific CTL responses
equivalently at week 2. Our results indicate that prophylactic vac-
cination results in dominant induction of vaccine antigen-specific
CTL responses and may delay CTL responses specific for viral
antigens other than vaccine antigens (referred to as nonvaccine
antigens) after viral exposure.

A significant difference between groups III and IV is the pat-
tern of selection of CTL escape mutation. All group IV animals
showed rapid selection of a Gag,oe_,1¢-specific CTL escape muta-
tion, while most group III animals showed no gag mutation at
week 5 but selection of the Gag,¢_,6-specific CTL escape muta-
tion later, at week 12. Thus, prophylactic vaccination may affect
the patterns of viral genome diversification, possibly accelerating
selection of CTL escape mutations. Interestingly, Gag,s; s40-
specific CTL mutations were not detected even at week 12 in group
III animals, although a previous study observed not only the
Gagyg6.216-specific CTL escape mutation (GagL216S), but also a
Gag,y; s40-specific CTL escape mutation (GagD244E) in the
chronic phase of SIV infection in 90-120-Ia-positive macaques
(9). These results indicate that delayed, naive-derived Gag,y.5;6-
specific CTL responses, as well as preceding Gag,,,_,4o-specific
CTL responses, exert strong suppressive pressure on SIV replica-
tion in group III animals, implying cooperation between vaccine
antigen-specific and non-vaccine antigen-specific CTL responses
for virus control.

Rapid selection of the Gag,oq_,;6-specific CTL escape mutation
(GagL216S) in group II and delayed selection of this muta-
tion without a detectable Gag,,, ., 4o-specific CTL escape mutation
(GagD244E) in group III suggest that the virus with GagL216S
(SIVmac239Gag216S) replicates more efficiently than the virus
with GagD244E (SIVmac239Gag244E) under both Gag,og.516-
specific and Gag,,,.,40-specific CTL responses. Our previous
competition assay did not find a significant difference in viral
fitness between these mutant viruses. Possibly, escape of
SIVmac239Gag216S from Gag,ge_p;6-specific CTL pressure may
be more efficient than that of SIVmac239Gag244E from
Gag,4;._p40-specific CTL pressure.

Our analysis revealed that the decline of plasma viral loads
from week 3 to week 5 in group II+IV with rapid selection of the
Gagl216S mutation was significantly less than that in group III
without the mutation at week 5, possibly reflecting viral escape
from suppressive pressure by Gag,,e.,,6-specific CTL responses in
the former groups around weeks 3 to 5. Even the comparison
between groups II and III, both showing dominant Gag,,; 540~
specific CTL responses at week 2, revealed a significantly sharper
decline in the latter (P = 0.0087). Thus, our results suggest three
patterns of Gag,g.,16-specific and Gag,,, ,49-specific CTL coop-
eration for virus control after SIVmac239 challenge. First, as ob-
served in group II, dominantly induced Gag,yg._,,6-specific and
Gag,,,.240-specific CTL responses both work against wild-type
SIV replication around week 2, but then a mutant virus escaping
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from the former CTL responses is selected, and the responses work
against this mutant virus replication. Second, as observed in group
111, dominantly induced Gag,4;_,4s-specific CTL responses work
against wild-type SIV replication around week 2 and then contrib-
ute to virus control, together with delayed, naive-derived
Gag,o6.216-specific CTL responses. Third, as observed in group IV,
dominantly induced Gag,ge.,16-specific CTL responses work
against wild-type SIV replication around week 2, but then a mu-
tant virus escaping from Gag,s.,;¢-specific CTL responses is se-
lected, and delayed, naive-derived Gag,,;_,4o-specific CTL re-
sponses instead work against this mutant virus replication. Viral
loads at week 3 in group III looked higher than those in group IV,
implying that Gag,o_,;6-specific CTL responses may exert a
stronger suppressive effect on SIV replication in the acute phase
than Gagy,,_,40-specific CTL responses. However, viral loads at
week 5 in group III looked lower than those in group IV, and the
comparison between the two groups showed significantly less de-
cline in the latter (P = 0.0303). It is speculated that the third
pattern observed in group IV is prone to failure in virus control.
Indeed, two of five animals in group IV failed to control SIV rep-
lication. Even if vaccines are designed to express multiple anti-
gens, of the vaccine-induced CTLs generated, only several
epitope-specific cells may recognize the incoming HIV because of
viral diversity and host MHC polymorphisms (18), and coopera-
tion of these vaccine antigen-specific and non-vaccine antigen-
specific CTL responses would be required for viral control. Thus,
our results may imply a rationale of inducing escape-resistant,
epitope-specific CTL memory by prophylactic AIDS vaccines.

In summary, this study showed dominant induction of vaccine
antigen-specific CTL responses and delay in non-vaccine antigen-
specific CTL responses in the acute phase of SIV infection, clearly
describing the impact of prophylactic vaccination on CTL immu-
nodominance and cooperation after virus exposure. Our results
indicate that the patterns of cooperation of vaccine antigen-
specific and non-vaccine antigen-specific CTL responses affect vi-
rus control and selection of CTL escape mutations. These findings
provide great insights into antigen design in the development of a
CTL-inducing AIDS vaccine.
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Cytotoxic T lymphocyte (CTL) responses exert a suppressive effect on HIV and simian
immunodeficiency virus (SIV) replication. Under the CTL pressure, viral CTL escape muta-
tions are frequently selected with viral fithess costs. Viruses with such CTL escape muta-
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tive escape mutation toward higher viral fitness. Thus, multiple viral genome changes under
CTL pressure are observed in the chronic phase of HIV/SIV infection. HIV/SIV transmission
to HLA/MHC-mismatched hosts drives further viral genome changes including additional
CTL escape mutations and reversions under different CTL pressure. Understanding of viral
structure/function and host CTL responses would contribute to prediction of HIV evolution
and control of HIV prevalence.
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INTRODUCTION

Virus-specific CD8™ cytotoxic T lymphocyte (CTL) responses
play a central role in the control of HIV and simian immun-
odeficiency virus (SIV) replication (Borrow et al., 1994; Koup
et al., 1994; Matano et al., 1998; Jin et al., 1999; Schmitz et al.,
1999; Goulder and Watkins, 2008). CTLs recognize viral antigen-
derived peptides (epitopes) presented by major histocompatibil-
ity class I (MHC-I) molecules on the surface of viral-infected
cells. Under the CTL pressure, viral mutations in and around
epitope-coding regions which result in viral escape from CTL
recognition are frequently selected with the cost of viral fit-
ness (Phillips et al., 1991; Borrow et al.,, 1997; Goulder et al,,
1997; Price et al., 1997). Thus, analysis of structural and func-
tional constraints in viral proteins could facilitate determination
of effective CTLs that can limit viral escape options, contribut-
ing to immunogen design in development of CTL-inducing AIDS
vaccines.

We previously developed an AIDS vaccine using a Sendai virus
vector expressing Gag (SeV-Gag), which induces Gag-specific CTL
responses efficiently. Our analysis showed vaccine-based con-
trol of a SIVmac239 challenge in a group of Burmese rhesus
macaques possessing the MHC-I haplotype 90-120-In (Matano
et al., 2004; Kawada et al,, 2008). Gagyos—216 (IINEEAADWDL)
epitope-specific CTL responses exert a suppressive effect on SIV
replication and select for a CTL escape mutation, GagL216S, lead-
ing to a leucine (L)-to-serine (S) substitution at the 216th amino
acid (aa) in Gag capsid (CA) with viral fitness costs (Kobayashi
et al., 2005). Our studies starting with this finding revealed viral
genome changes in persistent SIV infection, providing insights
into HIV/SIV evolution.

LOSS OF VIRAL FITNESS BY ESCAPE MUTATIONS AND ITS
RECOVERY BY COMPENSATORY MUTATIONS

In contrast to the SIVmac239 challenge experiment, 90-120-
In-positive vaccinees failed to control a challenge with another

pathogenic SIV strain, SIVsmE543-3 (Hirsch et al, 1997),
which has the same Gagyos-216 amino acid sequence with SIV-
mac239. SIVsmE543-3 has a different amino acid (glutamate [E])
from SIVmac239 (aspartate [D]) at Gag residue 205, and this
GagD205E change resulted in escape from Gagpos-216-specific
CTL recognition, leading to failure in control of SIVsmE543-
3 replication in 90-120-Ia-positive vaccinees (Moriya et al,
2008).

Theoretically, Gagzos-216-specific CTL responses can select for
either GagD205E or Gagl.216S mutation. SIVmac239-infected 90-
120-Ia-positive macaques, however, select the latter Gagl216S
mutation but not GagD205E in a year postchallenge. This
suggests a possibility that the GagD205E substitution in SIV-
mac239 results in larger reduction of viral fitness than GagL216S.
Indeed, our analysis in vitro revealed much lower replicative
ability of the virus with this GagD205E substitution, SIV-
mac239Gag205E, compared to the wild-type SIVmac239 (Ina-
gaki et al,, 2010). On LuSIV cells, which contain a luciferase
indicator gene under the control of the SIVmac239 long ter-
minal repeat, SIVmac239Gag205E infection showed significantly
lower luciferase activity compared to wild-type SIVmac239, indi-
cating suppression of the early phase of this mutant virus
replication.

Further passage of SIVmac239Gag205E-infected culture super-
natants in vitro found an additional mutation, GagV340M, result-
ing in a valine (V)-to-methionine (M) substitution at the 340th
aa in Gag. Interestingly, SIVmac239 has V while SIVsmE543-3
has M at the Gag residue 340. SIVmac239Gag205E340M showed
similar replication kinetics with wild-type SIVmac239, indicat-
ing compensation for loss of viral fitness in SIVmac239Gag205E
by addition of the GagV340M substitution. Thus, CTL escape
mutations resulting in loss of viral fitness could be selected
with compensatory mutations. Figure 1 is a schema indicat-
ing the interaction between escape and compensatory muta-
tions.
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A B (]

amino acid X at residue xx amino acid U at residue xx amino acid U at residue xx
wild type CTL escape mutation CTL escape mutation

amino acid Y at residue yy amino acid Y at residue yy amino acid V at residue yy
wild type wild type compensatory mutation

viral fitness ++++ viral fitness +/- viral fitness +++

FIGURE 1 | Schema of recovery of viral fitness by a
compensatory mutation. (A) Functional interaction between amino
acid X at residue xx and Y at residue yy in wild-type viral protein is
critical for viral replication. {B) A CTL escape mutation leading to an

amino acid change from X to U at residue xx results in loss of viral
fitness. (C) An additional compensatory mutation leading to an amino
acid change fromY to V partially or fully restores viral function and
replication.

GAG CA INTERMOLECULAR INTERACTION

The Gag CA is comprised of the N-terminal (NTD) and the C-
terminal domains (CTD) (Momany et al., 1996; Gamble et al.,
1997; Berthet-Colominas et al., 1999). Modeling of CA monomer
structure showed that the Gag 205th residue is located in the helix
4 of CA NTD and the 340th is in the loop between helices 10 and
11 of CTD. A possibility of intramolecular contact between Gag
residues 205 and 340 is not supported by this modeling. However,
CA molecules are known to form hexamer lattice in mature virions
(Ganser et al., 1999; Li et al., 2000; Ganser-Pornillos et al., 2007,
2008; Pornillos et al., 2009). Modeling of CA hexamer structure
revealed that the Gag 205th residue is located in close proximity
to the 340th of the adjacent CA molecule. The molecular model
of CA hexamers incorporating the GagD205E substitution sug-
gested shortening of the distance between Gag205 and Gag340
residues, which appeared compensated by GagV340M substi-
tution. Thus, there may be intermolecular interaction between
Gag residues 205 and 340 in CA hexamers. This is consistent
with our results obtained by viral core stability assay. The core
stability was reduced by the GagD205E substitution but recov-
ered by the GagV340M substitution. Loss of viral fitness by
GagD205E and its recovery by GagV340M implies a structural
constraint for functional interaction between CA NTD and CTD
involved in the formation of CA hexamers. In addition to pre-
vious reports on intramolecular compensation for loss of viral
fitness by CTL escape mutations (Friedrich et al,, 2004a; Crawford
et al., 2007), our results present evidence indicating intermolecular
compensation.

REPLACEMENT OF A CTL ESCAPE MUTATION WITH AN
ALTERNATIVE ESCAPE MUTATION TOWARD HIGHER VIRAL
FITNESS :

As stated above, SIVmac239-infected 90-120-Ia-positive macaques
usually select the Gagyos-ai6-specific CTL escape mutation,
GagL 2168, but not GagD205E in a year postchallenge. After that,
however, we found that the GagD205E mutation together with
GagV340M became dominant instead of GagL216S in a 90-120-
Ia-positive macaque (Inagaki et al., 2010). In this macaque, neither
GagD205E nor GagV340M was detected until week 123 after SIV-
mac239 challenge, but both became detectable at week 137 and
were dominant at week 150. In contrast, the GagL216S mutation
dominant until week 123 was undetectable at week 150. Thus, in
this animal, SIVmac239Gag216S, whose replicative ability is lower
than wild-type SIVmac239 but higher than SIVmac239Gag205E,
became dominant under Gagaos-216-specific CTL pressure in the
early phase, while in the later phase, this mutant virus was replaced
with STVmac239Gag205E340M, whose replicative ability is similar
with the wild-type. This indicates replacement of a CTL escape
mutation with an alternative escape mutation toward higher
viral fitness in the chronic phase, implying persistent Gagyos-216-
specific CTL pressure for more than 2 years after selection of the
CTL escape mutation.

MULTIPLE VIRAL GENOME CHANGES UNDER CTL PRESSURE
In another study (Kawada et al., 2006), we observed accumu-
lation of multiple CTL escape mutations in viral genomes in
SIV-infected macaques. SeV-Gag-vaccinated animals possessing
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MHC-I haplotype 90-120-Ia elicited Gagas—16-specific CTL
responses and controlled viral replication with rapid selec-
tion of the Gagl216S mutation after SIVmac239 challenge.
Among these SIV controllers, two animals (V3 and V5) accu-
mulated additional gag mutations and showed reappearance
of plasma viremia around week 60 postchallenge. Both ani-
mals first selected a Gagpsp49 epitope-specific CTL escape
mutation leading to a GagD244E (aspartic acid [D] to glu-
tamic acid [E] at the 244th aa in Gag) substitution, and then,
a Gagszs-3g0 epitope-specific CTL escape mutation leading to
a GagA373T (alanine [A] to threonine [T] at the 373rd) or
GagP376S (proline [P] to S at the 376th) substitution dur-
ing the period of viral control. At the viremia reappearance,
SIVmac239Gag216S244E2471312V373T with five gag mutations,
1.216S, D244E, 1247L (isoleucine [I] to L at the 247th), A312V (A
to V at the 312th), and A373T, became dominant in one of them
(V5),and SIVmac239Gagl45A216S244E376S with four gag muta-
tions leading to V145A (V to A at the 145th), L216S, D244E, and
P376S became dominant in the other (V3). These viruses with
multiple gag mutations showed lower replicative ability in vitro
than SIVmac239Gag216S carrying single Gagl216S mutation.
Indeed, STVmac239Gag2165244E2471.312V373T carrying five gag
mutations had lower replicative ability in vitro compared to SIV-
mac239Gag216S244E373T carrying three gag mutations. These
results suggest that selection of CTL escape mutations even with
viral fitness costs could be advantageous for viral replication in vivo
under CTL pressure.

SIV TRANSMISSION INTO MHC-MISMATCHED HOSTS
DRIVES FURTHER VIRAL GENOME CHANGES

Previous studies (Friedrich et al., 2004b; Kobayashi et al., 2005;
Loh et al., 2007) reported reversion of CTL escape mutations
in the absence of CTL pressure by transmission of SIVs carry-
ing single escape mutations between MHC-mismatched hosts.
SIVs carrying CTL escape gag mutations selected in 90-120-Ia-
positive macaques showed lower replicative ability in vitro. We
then examined in vivo replicative ability of those SIVs carrying
CTL escape mutations in 90-120-Ia-negative macaques (Sekiet al,,
2008). Coinoculation of macaques with SIVmac239Gagl216S and
SIVmac239Gag216S244E373T resulted in rapid selection of the
former; i.e., D244F and A373T mutations were undetectable even
in the acute phase, indicating lower replicative ability in vivo of
the latter carrying three escape mutations than the former. Rever-
sion of L216S was observed in a few months, confirming lower
replicative ability in vivo of SIVmac239Gag216S than wild-type
SIVmac239. Further competition indicated lower replicative abil-
ity in vivo of SIVmac239Gag2165244E2471.312V373T carrying
five gag mutations than SIVmac239Gag216S244E373T carrying
three.

We next examined viral genome changes after challenge of
90-120-Ia-negative macaques with SIVs carrying multiple CTL
escape mutations selected in 90-120-Ia-positive macaques. Chal-
lenge with SIVs carrying five gag mutations, L216S, D244E, 12471,
A312V, and A373T, resulted in persistent viremia in all four 90-
120-Ia-negative macaques. Two animals exhibited higher viral

HIV genome
a b p ¢ d e q f
MHC-I mutations
type P Escape Escape Escape Escape
p c d e q f
‘L iransmission » <> . ’ .
MHC-T mutations \/Coggfﬁ:;ory
type Q ape Reversion Reversion
¢ d e q f

FIGURE 2 | Schema of HIV/SIV transmission resulting in accumulation of
multiple viral mutations. Multiple CTL escape mutations resulting in viral
fitness costs do not always revert rapidly even in the absence of CTL
pressure after their transmission into HLA/MHC-mismatched hosts and such

Compensatory
mutation

mutants can be transmitted further to other hosts. New escape mutations
and compensatory mutations are also observed with transmissions. Thus,
CTL affects HIV/SIV evolution in individuals with divergent HLA/MHC
polymorphisms.
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loads. One of them rapidly developed AIDS at week 18 while the
other developed AIDS 2 years postchallenge. The former showed
reversion of 1247L and A312V but still had three CTL escape
mutations, L2165, D244E, and A373T at AIDS onset. The latter
showed reversion of four mutations in a year postchallenge, but
the A373T mutation remained dominant without reversion until
AIDS onset. In the remaining two animals that exhibited lower
viral loads, multiple gag mutations including L216S and D244E
were still dominant without reversion 1 year after challenge.

Thus, in the experiment of challenge with SIVs carrying mul-
tiple CTL escape mutations, the reversion of all the mutations
was not required for AIDS onset, while transmission with SIVs
carrying single CTL escape mutations showed their rapid rever-
sion. This suggests that even HIVs accumulating multiple CTL
escape mutations with viral fitness costs can induce persistent viral
infection leading to AIDS progression after their transmission into
HLA/MHC-mismatched individuals.

The reversion of the L216S mutation was delayed or not
observed after challenge with SIVs carrying multiple gag muta-
tions, whereas challenge with SIVmac239Gag216S resulted in its
reversion in a few months. This may be due to the predominant
selection of the reversion of other mutations, compensatory muta-
tions, or to lower viral replication efficiency in the former case.
Our results suggest that CTL escape mutations resulting in viral

fitness costs may not always revert rapidly after their transmission
into MHC-mismatched hosts and can be transmitted further to
other hosts, driving further viral genome changes with accumula-
tion of mutations (Figure 2). These results provide an important
insight into HIV evolution in human individuals with divergent
HLA/MHC polymorphisms.

CONCLUDING REMARKS

Cytotoxic T lymphocyte responses exert strong selective pressure
on HIV and play a central role in viral evolution (Kaslow et al.,
1996; Brander and Walker, 2003; Kiepiela et al., 2004; O’Connor
et al., 2004). Correlation of frequencies of viral epitope vari-
ants with prevalence of restricting HLA alleles has been shown,
indicating HIV adaptation to HLA polymorphisms at a pop-
ulation level (Kawashima et al., 2009). Loss of viral fitness by
CTL escape mutations may contribute to HIV control (Martinez-
Picado et al., 2006; Schneidewind et al., 2007), but our results
indicate the potential of even such HIVs with lower viral fitness
to induce AIDS progression. Elucidation of structural constraints
of viral antigens for viral function would lead to determination
of conserved, escape-resistant epitopes whose mutations largely
diminish viral replicative ability (Dahirel et al., 2011), contribut-
ing to immunogen design in development of CTL-inducing AIDS
vaccines.
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Mycobacterium bovis bacille Calmette-Guérin (BCG) is the only available vaccine for tuberculosis (TB). Although this vaccine is
effective in controlling infantile TB, BCG-induced protective effects against pulmonary diseases in adults have not been clearly
demonstrated. Recombinant BCG (rBCG) technology has been extensively applied to obtain more potent immunogenicity of this
vaccine, and several candidate TB vaccines have currently reached human clinical trials. On the other hand, recent progress in the
improvement of the BCG vector, such as the codon optimization strategy and combination with viral vector boost, allows us to
utilize this bacterium in HIV vaccine development. In this paper, we review recent progress in rBCG-based vaccine studies that
may have implications in the development of novel vaccines for controlling global infectious diseases in the near future.

1. Introduction

Mpycobacterium bovis bacille Calmette-Guérin (BCG) is the
only licensed vaccine that has substantially helped control-
ling tuberculosis (TB) for more than 80 years. This vaccine
affords ~80% protection against TB meningitis and miliary
TB in infants and young children [1]. However, the BCG-
induced protective effects against pulmonary diseases over
all ages are variable; the escalation of the worldwide TB
epidemic is evidence that the vaccine does not work well
to prevent pulmonary TB [2]. Recently, studies on the
advanced molecular biology and genomics of mycobacteria
have revealed that the BCG genome has various mutations
and deletions compared with the original virulent strain of
Mycobacterium tuberculosis and M. bovis [3]. Interestingly,
there are substantial differences in the genomic DNA even
among BCG substrains [4, 5] that can cause biological
differences in the population of BCG vaccines.

Since a host-vector system in mycobacteria was devel-
oped in 1987 [6], recombinant BCG (rBCG) technology has
been extensively applied in the development of vaccines
against a variety of infectious diseases, including bacterial,

viral, and parasitic infections in addition to TB [7, 8]. BCG
is attractive as a vaccine vector because of its extensive
safety record in humans, heat stability, low production cost,
induction of long-lasting type 1 helper T cell (Thl) immu-
nity, CD8" T-cell triggering, adjuvant activity, usability in
newborns and its mucosal immune induction by oral admin-
istration. Taking the current situation of serious epidemics
of emerging and reemerging diseases mainly in developing
African and Asian countries into account, a new global
vaccine should be affordable in such areas. Therefore, the
low price and heat stability of BCG-based vaccines would be
desirable. In this paper, we review various efforts to develop
novel BCG vector-based vaccines mainly for controlling TB
and HIV/AIDS.

2. Immunological Properties of BCG Vector

" The immune responses induced by BCG are outlined in

Figure 1. The most characteristic response to BCG is the
induction of innate (nonspecific) immunity by cell wall
components through toll-like receptors (TLRs) 2 and 4 on
dendritic cells and macrophages [9]. After phagocytosis,
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Figure 1: Outline of immune responses by BCG. Both innate
immunity via TLRs and antigen-specific immunity via MHC- or
CD1-restricted antigen presentation to T cells are induced by
various BCG cell components.

BCG is degraded by lysosomal enzymes, and the processed
antigen can be presented to the host immune system via
various pathways. DNA fragments containing the CpG motif
may activate innate immunity via the TLR9 route [10].
Lipids such as mycolic acid presented by CD1 stimulate CD1-
restricted CD8* T cells [11]. Protein antigens, such as antigen
85 complex produced by BCG, induce Th1 response through
presentation by major histocompatibility complex (MHC)
class II. This pathway is the major route of BCG-induced
responses and is indispensable for protective immunity
against M. tuberculosis infection via protective cytokine
interferon (IFN)-y production. On the other hand, the
processing and presentation of protein antigens via the MHC
class I pathway are also elicited in the BCG-infected antigen
presenting cell (APC). As reported by Goonetilleke et al.
[12], immunizing BCG-sensitized animals with recombinant
vaccinia virus MVA expressing antigen 85A greatly enhances
the MHC class I-restricted CTL response against antigen
85A, indicating that BCG priming could be a novel type of
prime-boost vaccine. This immunological feature of BCG
vector allows its application in vaccines against chronic
viral infectious diseases such as HIV/AIDS. In addition, the
strong Th1 induction by BCG would be favorable to aid the
maturation and maintenance of CTL [13]. Thus, the BCG
vector is expected to induce effective cell-mediated immunity
against a targeted antigen.

3. TB Vaccine

3.1. Background of the Global TB Epidemic. TB kills 1.7
million people worldwide each year; someone dies from TB
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every 19 seconds [14]. Although the TB treatment protocol
was established a long time ago, the recent increase of
multidrug-resistant M. tuberculosis infection has generated
a serious situation. New vaccines are urgently needed to
eliminate TB as a public health threat and should be a major
global public health priority. TB is a disease that is spread
from person to person through the air. Furthermore, the
terrible synergy between TB and HIV makes this disease
even more dangerous, especially in sub-Saharan African
countries. For instance, according to the World Health Orga-
nization’s (WHOQO) Global TB report 2010 [14], South Africa
had nearly 400,000 new TB cases in 2009 with an incidence
rate of an estimated 806 cases per 100,000; TB is one of
the leading causes of death in both adults and children of
this country. The case fatality rate has increased from 3%
in 1993 to 24.3% in 2007. A major reason for the increased
fatality rate is South Africa’s concurrent HIV epidemic. The
prevalence of HIV infection in South Africa in 2009 was
approximately 7%, which has been decreasing as a result
of various efforts toward prevention. TB is a common
opportunistic infection among people living with HIV, and
60% of new TB cases occurred in persons who were also
infected with HIV in 2009 [14]. We can observe similar
critical situations in the countries surrounding South Africa.
Regarding the vaccination, such situation has raised concerns
about the safety of using BCG vaccine in HIV-infected
infants because between 10 and 30% of pregnant women are
HIV infected in many sub-Saharan African countries.

3.2. Current Efforts toward New TB Vaccine Development.
The global plan to stop TB 2011-2015 report [15] offers
7 objectives as follows: (i) to maintain a robust TB vac-
cine pipeline by supporting research and discovery, (ii) to
conduct research to identify correlates of protection and
preclinical studies to assess new TB vaccine candidates, (iii)
to ensure the availability of vaccine production capacity by
expanding manufacturing facilities for TB vaccines, (iv) to
build capacity for large-scale clinical trials (phases II and
III) of TB vaccine candidates at field sites in TB-endemic
countries, (v) to conduct phase I, II, and III clinical trials of
TB vaccine candidates, (vi) to develop delivery, regulatory,
and access strategies for new TB vaccines, (vii) to build
support for TB vaccine development and uptake through
advocacy, communications, and resource mobilization. All
these objectives are important to realize new TB vaccine
development.

The main goal of vaccine development in the Global
Plan to Stop TB 2006-2015 is for 2 vaccines to be in proof-
of-concept trials by 2010 and that 1 new and safe vaccine
is available by 2015. As of 2009, 12 TB vaccine candidates
had entered clinical trials. Of these, 9 are still being tested
(Table 1) : 5 are in phase I clinical trials, 2 are in phase II
trials, and 2 are in phase IIb proof-of-concept trials [15]. One
vaccine has produced estimates of safety and effectiveness in
a targeted HIV-infected population. At least 6 TB vaccine
candidates are in preclinical development, and at least 21
additional next-generation candidates are in the vaccine
discovery phase [15]. As mentioned earlier, the current BCG
vaccine has limited and variable effectiveness against TB.
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TaBLE 1: Summary of candidate TB vaccines in clinical trials 2009. Nine candidate preventive TB vaccines are currently in clinical phases.

Status Products Product description Sponsor
Phase ITb MVAB85A/AERAS-485 Vaccinia virus MVA OETC/AERAS
Phase ITb AERAS-402/Crucell Ad35 rBCG/adenovirus 35 Crucell/ AERAS
Phase II Hybrid-I + IC31 Ag85B/ESAT6 + adjuvant SSI/TBVI
Phase I M72 Fusion protein + adjuvant GSK/AERAS
Phase I AdAg85A adenovirus 5/Ag85A McMaster Univ.
Phase I VPM 1002 rBCG/listeriolysin:: AureC Max Planck/TBVI
Phase I Hyvac 4/AERAS-404 Fusion protein + adjuvant SSI/Sanofi/ AERAS
Phase I RUTI Fragmented Mtb cell Archivel Farma
Phase I Hybrid-I + CAF01 Ag85B/ESAT6 + adjuvant SSI

Abbreviations in the sponsors: AERAS, AERAS Global TB Vaccine Foundation; GSK, GlaxoSmithKline; OETC, The Oxford-Emergent Tuberculosis
Consortium Ltd.; SSI, Staten Serum Institute; TBVI, Tuberculosis Vaccine Initiative.

Therefore, the first choice of strategy may be improving BCG
by using recombinant DNA technology even though it may
imply safety issue of vaccination in HIV-infected individuals.
Overproduction against a protective antigen of TB in BCG
(rBCG30) exhibited enhanced immunogenicity in humans
[16]. Moreover, the expression of the listeriolysin gene in
BCG (rBCG/hly*::AureC) is proven to be more potent in
the induction of TB-specific cellular immune responses [17].
Another strategy for improving BCG vaccines is boosting
BCG immunity with protein [18, 19] or viral vector vaccine
such as modified vaccinia virus Ankara (MVA) strain [20]
and adenovirus type 35 [21]. BCG-prime and recombinant
MVA-antigen 85A boost regimen [22] exhibited efficient
immune responses in humans and have entered the first
phase IIb trial in newborns. Furthermore, a combination of
such strategies in which 3 major antigens are overproduced
and the perfringolysin gene is incorporated into BCG and
boosted with a recombinant adenovirus vaccine has been
developed [23]. However, it is unknown whether such
strategies are relevant for developing vaccines that are
effective against adult pulmonary TB. It is necessary to test
whether these candidate vaccines effectively induce mucosal
immunity and protect against lung disease.

4. HIV/AIDS Vaccine

4.1. Background of the Global HIV Epidemic. In 2009, there
were an estimated 2.6 million people who became newly
infected with HIV. This is more than 21% less than the
estimated 3.2 million who became infected in 1997, the year
in which annual new infections peaked. In 33 countries, the
incidence of HIV has decreased by more than 25% between
2001 and 2009; 22 of these countries are in sub-Saharan
Africa. This trend reflects a combination of factors including
the impact of HIV prevention efforts and the natural course
of HIV epidemics [24].

Although highly activated antiretroviral therapy appar-
ently contributes to control HIV replication in infected indi-
viduals [25], several problems remain to be resolved. These
problems include: (i) the following viral load recovers soon
after the interruption of treatment; (ii) chronic toxicities
cause abnormalities in lipid metabolism and mitochondria;

(iii) drug-resistant viruses increase during long period
of treatment; (iv) long-term treatment carries a risk of
carcinogenesis [26]; (v) expensive drugs are still difficult to
access in developing countries. Even in developed countries,
the high cost of antiretroviral drugs produces a sense of
impending crisis in public health policy [27]. In such
circumstances, although the rate of new infections with HIV-
1 is gradually decreasing, an effective preventive vaccine is
still urgently needed to stem further spread of the virus [28].
Even though considerable recent progress has been made in
the development of an HIV vaccine [29, 30], the immune
correlate of viral protection is not fully elucidated due to the
complicated interaction of viral, immunological, and genetic
factors [31, 32]. Since it is known that some populations
of HIV-1-infected people do not present disease progression
when HIV-1 replication is regulated by host immunity [33,
34], targeted vaccine immunogens are designed to closely
mimic the long-lasting protective immunity induced in the
long-term human survivors of natural infection [35, 36].
Due to safety issues, a live-attenuated HIV vaccine is not
practical. This inevitably led the trend of HIV vaccine
development to component- and vector-based vaccines.

4.2. Current Trends in HIV/AIDS Vaccine Research. The first
large-scale efficacy trial of an HIV/AIDS vaccine was con-
ducted by a US company, Vaxgen Co., in which a genetically
engineered surface envelope (Env) glycoprotein, gp120, vac-
cine was tested in humans. Although the vaccine was targeted
toward inducing effective virus-neutralizing antibodies, the
phase III efficacy trial revealed its ineffectiveness [37, 38].
The failure of the gp120 vaccine changed the trend of HIV/
AIDS vaccine research from an antibody-targeted strategy to
a cell-mediated immunity-targeted strategy. Because HIV-
1 causes chronic infection due to its cell-associated fea-
tures, cellular immunity especially virus-specific cytotoxic
T lymphocyte (CTL) should be a more important arm
of the host immune system. Indeed, immune deficiency
virus-specific cell-mediated immunity has been suggested to
effectively control viral replication during the natural course
of viral infections [39—41]. Based on these findings, various
vaccine modalities, including live viral vectors and DNA
vaccines, have been used to elicit strong CTL and Thl type
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responses in nonhuman primate models. Although single-
vaccine delivery systems sometimes exhibit insufficient
immune responses, boosting with viral vector vaccines such
as vaccinia virus [40, 41], adenovirus [42, 43], and Sendai
virus [44] in DNA-primed individuals strongly amplified
CTL responses and resulted in the effective control of simian
immunodeficiency virus (SIV) replication. Among such viral
vectors, adenovirus type 5 (Ad5) had the strongest CTL
enhancement effect, and the DNA-prime and recombinant
Ad5 boost vaccine strategy is recognized as the most pro-
mising. However, in 2007, Merck Co. reported that a re-
combinant Ad5 vaccine expressing HIV-1 Gag, Pol, and Nef
antigens did not demonstrate any protective efficacy in a
phase IIB clinical trial [45]. Surprisingly, the vaccinated
group exhibited a significantly higher HIV-1 infection rate
than the placebo group [45], suggesting that the recombinant
Ad5 immunization may have some unknown effect in en-
hancing HIV-1 infection. Thus, we were aware that T-cell
vaccine approaches may involve certain risks and limitations;
this paradigm appears to have reached an impasse.

In September 2009, there was ground-breaking news that
the RV144 large-scale efficacy trial in Thailand demonstrated
a partial effect of reducing HIV-1 infection rate in the
recipients of ALVAC (canarypox)/gp120 prime-boost vaccine
[46]. Although the results demonstrated limited effects, they
demonstrated the possibility of preventing HIV infection
with the active immunization for the first time. Further-
more, although there was no apparent correlation between
protection and virus-specific cellular immune response or
neutralizing antibody levels in the vaccinees, more detailed
analyses of the total host responses are expected in the future.
Taking the vaccine formulation with the gp120 protein boost
into account, some antibody-mediated reactions may be in-
volved in this partial protection. On the other hand, a new T-
cell-targeted vaccine also demonstrated protective efficacy in
a macaque study in the same year. A rhesus cytomegalovirus-
vectored vaccine expressing SIV Gag, Rev-Tat-Nef, and
Env persistently infected rhesus macaques, primed, and
maintained robust SIV-specific CD4* and CD8* effector
memory T-cell responses in the absence of neutralizing
antibodies [47]. The report suggests that T cell vaccines may
have greater potential than previously estimated. Although
the importance of broadly neutralizing antibody production
would not change despite tremendous difficulties, cellular
immunity-targeted candidate vaccines should be also clini-
cally tested for proofs of concept.

4.3. BCG-Vectored HIV Vaccine. The most practical advan-
tage of the BCG vector is its high safety. In addition to
being effective at inducing protective immunity, an HIV-1
vaccine regimen must be shown to be safe, affordable, and
compatible with other vaccines before it can be considered
promising [39]. In this respect, vectors that have already been
used in humans without serious complications and with low
cost should be utilized for HIV vaccines. BCG is a unique
live vaccine vector because of its easy antigen delivery to the
professional APC to be presented to T cells. Therefore, this
bacterium is expected to be an important vector for HIV
vaccine development.
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At the early stage of rBCG research in the 1990s, Aldovini
and Young [48] demonstrated immunogenicity of rBCG
against genetically engineered HIV-1 antigens in mice. We
independently worked on an rBCG-vectored anti-HIV vac-
cine simultaneously. First, we demonstrated effective cellular
immune induction against SIV Gag antigen by the rBCG
vector in thesus macaques [49, 50]. Furthermore, we cloned
an extracellular & antigen (antigen 85B) gene from both
BCG [51] and Mycobacterium kansasii [52], and established
a foreign antigen secretion system in mycobacteria [53].
Based on this system, we extensively evaluated several rBCG
constructs for candidate HIV vaccines and reported that
an rBCG-HIV vaccine could induce protective humoral
immune responses in guinea pigs [54]. These studies suggest
that 1BCG-based vaccines are feasible as AIDS vaccines.
However, the CTL activity did not reach protective levels
with a single injection of rBCG-HIV vaccine in the macaque
model. To overcome the low immunogenicity of the rBCG
vaccine in CTL induction, we utilized various strategies for
enhancing the immune potential of the BCG vector.

4.4. Prime-Boost Regimen for Enhancing Immune Responses.
The first strategy by which we tried to improve the potential
of the rBCG-HIV vaccine was the use of a safe recombinant
viral vector for a booster vaccine. With respect to safety, tra-
ditional live vaccines, which have been administered safely to
both the healthy and the HIV-infected individuals, may be
the vectors of choice for HIV-1 vaccines. To fully take
advantage of the benefits of such traditional vaccines in the
development of anti-HIV vaccines, we studied BCG Tokyo
172 strain and the replication-deficient vaccinia vaccine
strain DIs [55, 56] both of which have been shown to
be nonpathogenic when inoculated into immune-deficient
animals as live recombinant vaccine vehicles [57]. The
vaccinia virus DIs have been tested clinically as a smallpox
vaccine in Japanese infants and proved to be quite safe. We
chose this highly attenuated virus as a booster vaccine vector
and constructed recombinant DIs (rDIs) expressing the HIV
gag [58] or SIV gag-pol gene [59]. Both rDIs constructs were
found to be effective in eliciting HIV- or SIV-Gag-specific
immunity in mice. When they were administered as a booster
antigen after priming with an SIV-DNA vaccine, the cellular
immunity to SIV Gag was greatly enhanced [59]. In brief, we
tested a new combination regimen: priming with rBCG-SIV
Gag followed by boosting with rDIs-SIV Gag.

In the macaque study, we found that BCG/DIs vaccina-
tion induced a long-lasting and effective cellular immunity
that was able to control a highly pathogenic virus SHIV C2/1
[60], after mucosal challenge [61]. A possible mechanism
of effective Gag-specific cell-mediated immunity is shown
in Figure 2. The strong Thl response induced by the BCG
vector may contribute to eliciting the Gag-specific CTL re-
sponse. How these immune inductions are correlated with
protective efficacy requires further investigation. In this
study, the BCG/DIs vaccination developed high levels of
cellular immunity in the macaques that were protected
against the loss of CD4" T lymphocytes with reduced viral
RNA levels after virus challenge. Furthermore, the BCG/DIs
group showed no evidence of clinical diseases or mortality
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FIGURE 2: A possible mechanism of effective Gag-specific cell-mediated immunity induction with the rBCG/rDls prime-boost vaccine.
Abbreviations: DC, dendritic cell; M¢, macrophage; PL, phagosome-lysozome; Th1, type 1 helper T cell; CTL, cytotoxic T lymphocyte.

after viral challenge during the 1-year observation period
[61]. These results suggest that the BCG/DIs prime-boost
regimen might be a potential candidate for an effective and
safe anti-HIV vaccine. Recent studies in macaques subjected
to BCG/Ad5 [62] and BCG/MVA [63] regimens strongly
support the effectiveness of the BCG vector. In the latter
study, a hemolysin-expressing BCG strain, which was devised
for more efficient antigen presentation to the CTL precursor,
elicited a robust and broad range of HIV-1 specific T-cell
responses along with recruitment of multiple T-cell clono-
types into the memory pool.

4.5. Codon Optimization Strategy. The major issue with BCG
vehicle vaccines is the low expression level of the foreign anti-
gen gene in BCG cells. In general, sufficient levels of foreign
antigen-specific immune responses are obtained with high
doses of rBCG between 10- and 100-fold greater than that
needed for a practical dose against TB in humans [54]. This is
considered the main limitation for the clinical use of rBCG-
based vaccines. To address this substantial issue, we applied
a codon optimization strategy for foreign genes in the rBCG

* system to increase its expression level. The aims of the study
were to increase the immunogenicity of the foreign antigen,
decrease inoculation dosages as small as the conventional
BCG vaccine against TB, avoid adverse reactions, prevent
possible association with Th2-type immune responses, and
ward off the exacerbation of retroviral infections.

First, we determined the in vitro effects of codon opti-
mization of the HIV gene in rBCG. Although the effect of
codon optimization in mammalian cells is well documented
[64-66], its effect in TBCG vehicle had never been fully

elucidated. We targeted the HIV-1 gag p24 gene as a model
antigen to clarify the effect of codon optimization in the
rBCG system. A specially designed synthetic p24 gene
consisting of mycobacterial-preferred codons resulted in an
increase in their GC content from 43.4% to 67.4%. Further-
more, codon-optimized tBCG was generated without any
detectable changes in its characters including the growth rate.
This rBCG exhibited a dramatic increase in Gag p24 antigen
production approximately 40-fold greater than the non-
optimized rBCG. Moreover, we successfully obtained data
regarding the enhancement of immune responses in codon-
optimized rBCG-immunized mice [67]. Inoculation of mice
with a single low dose of the codon-optimized bacteria
elicited effective cellular immunity. In the ELISPOT assay,
the number of Gag-specific IFN-y spot-forming cells elicited
by codon-optimized rBCG was significantly greater than that
elicited by non-optimized recombinants [67]. These cellular
immune responses would decrease if the CD8" T cells were
depleted. The results also suggest that effective MHC-class I-
restricted CTL responses are inducible by vaccination with
codon-optimized rBCG. Furthermore, Gag-specific lympho-
cyte proliferative responses were also detected in the codon-
optimized rBCG-immunized mice [67].

We also applied this strategy to an SIV Gag construct
and successfully generated an rBCG harboring the codon-
optimized SIV gag gene with an expression 10-fold greater
than that of the native gag gene. In the macaque study,
compared with a native gag gene construct, a low-dose (10°
bacilli) injection of this construct induced optimal priming
of Gag-specific CD4" and CD8* T cells and prolonged the
maintenance of memory T-cell response after vaccinia DIs
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boost [68]. These results imply that the quality of the priming
vaccine is a critical factor for inducing a desirable immune
response against immunodeficiency viruses. Thus, the codon
optimization strategy should generally be applied to other
foreign genes in rBCG-based vaccine development.

5, Vaccine for Other Infectious Diseases

There were various candidate rBCG vaccines targeting infec-
tious diseases other than TB or HIV. Stover et al. [69]
reported that the rBCG system would be useful in Lyme
disease vaccine development; the vaccine incorporated with
the surface protein of Borrelia burgdorferi first reached
clinical phase I trials. However, the vaccine was rejected due
to its low antibody production response [70]. Two groups
[71, 72] applied rBCG in malaria vaccine development
and demonstrated efficacy in a mouse model. Malaria is
recognized as one of the three major infectious diseases as
well as TB and AIDS. Although there is a long history of
malaria vaccine development, we have not seen any licensed
vaccine. The strategy to induce cellular immunity against
conserved antigens using BCG vector could be effective to
overcome substantial difficulties in producing vaccine due to
antigenic diversity and unique life cycle of this parasite. In
addition, BCG vector was tested for vaccine discovery against
some viral diseases. A rBCG expressing the measles virus
nucleoprotein demonstrated protection against measles virus
pneumonia in macaques [73]. Furthermore, we demon-
strated that a rBCG with a single hepatitis C virus (HCV)
NS5 CTL epitope into antigen 85B induced HCV-specific
CTL response in mice [74]. HCV is recognized as one of the
major infectious pathogens of which the global infection rate
is ~3%. Although the priority for preventive HCV vaccine
development has become lower because of the remarkable
progress in the treatment, BCG vector of targeting CTL
induction may have implication for therapeutic vaccine
against this disease. All these candidates at the early stage of
rBCG study could not proceed to further development stages
at those times. The rBCG-based vaccine development for
these diseases should be reconsidered because the advanced
technology that enhances the potential of BCG vectors has
become currently available.

6. Conclusion and Future Perspective

As described in Section 3, several rBCG-based candidate
vaccines are currently being evaluated for the development
of TB vaccines. Such human trials would provide a greater
insight into the paradigm of immune correlation in M.
tuberculosis infection. In addition, the application of the
codon optimization strategy enables us to utilize this bacte-
rial vector as a primer of a heterologous prime-boost regimen
for a preventive HIV vaccine. These results could suggest that
the BCG vector is possible divalent vaccine controlling both
TB and HIV/AIDS with a single construct; such study may
help resolve the serious public health problem in the sub-
Saharan African countries in which both diseases are highly
prevalent [14].
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Another potential outcome is the utility of the BCG
vector for infant vaccines. One of the largest advantages of
rBCG vaccines is their applicability to newborns. Because
BCG as a TB vaccine is integrated into the expanded program
on immunization in many countries, we have the earliest
chance to immunize newborns with BCG within 3 months
of birth before they are exposed to a variety of infectious
pathogens. Substituting the current BCG with a novel rtBCG
vaccine possessing protective antigens against pathogens that
cause serious diseases in infants, such as severe diarrhea
and respiratory diseases, could be effective in developing
countries. Such vaccine concepts should be also tested in ap-
propriate animal models before they are tested in humans.
Thus, after much trial and error in the last 2 decades,
rBCG-based vaccines may contribute to the control of global
infectious diseases in the near future.
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Abstract

Background MazF isan endonbonuclease encoded by Escherlchla coll that specﬁ” cally cleaves the ACA sequence of mRNA

In our previous report, conditional expressnon of MazF in the HIV-1 LTR rendered CD4+ T lymphocytes resistant to HIV-1-
replication. In this study, we examined the in vivo safety and persistence of MazF~transduced cynomolgus macaque CD4+ T
cells infused into autologous monkeys i

Methodology/Prmapal Fmdmgs. The in vivo pers:stence of the gene~mod|f“ ed D4+ T cells in the penpheral blood was
monitored for more than half a year using quantitative real-time PCR and flow cytometry, followed by experimental autopsy
in ‘order to examine the safety and distribution pattern of the infused cells in several organs. Although the levels of the
MazF-transduced CD4+ T cells gradually decreased in the peripheral blood, they were clearly detected throughout the
experimental period. Moreover, the infused cells were detected in the distal lymphoid tissues, such as several lymph nodes
and the spleen. Histopathological analyses of tissues revealed that there were no lesions related to the infused gene
modified cells. Antibodies against MazF were not detected. These data suggest the safety and the low immunogenicity of
MazF-transduced CD4+ T cells. Finally, gene modified cells harvested from the monkey more than half a year post-infusion
suppressed the replication of SHIV 89.6P.

Conclusions/Significance: The long-term persistence, safety and continuous HIV replication resistance of the mazF gene-
modified CD4+ T cells in the non-human primate model suggests that autologous transplantation of mazF gene-modified
cells is-an attractive strategy for HIV gene therapy.
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Introduction performed in combination with HAART therapy, are needed.

Gene therapy for HIV-1 infection has been proposed as an

Highly active anti-retroviral therapy (HAART) is widely used
for human immunodeficiency virus (HIV) therapy and involves the
combination of several drugs with different functions that are
currently being evaluated in clinical trials; some of these drugs are
currently available [1]. HAART treatment reduces plasma viral
load to undetectable levels and recovers CD4+ T cells to clinically
safe levels. Although HAART therapy has revolutionized the
treatment of HIV-1 infection, the need for life-long therapy,
difficulties with medication adherence and long-term medication
toxicities have led to the search for new treatment strategies that
will efficiently reduce the viral load and allow for stable
immunological homeostasis. The number of patients who are
HAART resistant has significantly decreased in the past 2 years
due to newly available drugs, but based on previous experience,
drug resistance is likely to increase again. Thus, additional
approaches for the management of HIV infection, or approaches

@ PL0S ONE | www.plosone.org

alternative to antiretroviral drug regimens [2,3]. A number of
different genetic vectors with antiviral payloads have been utilized
to combat HIV-1, including antisense RNA against the HIV-1
envelope gene, transdominant protein RevM10, ribozymes, RNA
decoys, single chain antibodies, and RNA-interference [4,5].
These protocols use T cells or hematopoietic stem cells as a target
for gene modification. Autologous T cell transfer in HIV patients
began in the mid 1990’s, and since that time, no serious adverse
events have been reported to be associated with infusions of
autologous T cells, and infusions are well tolerated. The majority
of these clinical trials used gene transfer by retrovirus or lentiviral
vectors for the delivery of the anti-HIV payloads.

In order to develop a new approach for HIV therapy, we
previously constructed an HIV-1 Tat-dependent expression
retroviral vector in which the Escherichia coli (E. coli) endoribonu-
clease gene mazF was fused downstream of the trans-activation
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response element (TAR) so that the gene expression of mazF is
induced upon HIV-1 replication [6]. When MazF-transduced cells
were infected with HIV-1 IIIB, the replication of HIV-1 was
efficiently inhibited without affecting CD4+ T cell growth. MazF-
transduced primary CD4+ T cells derived from monkeys also
suppressed simian/human immunodeficiency virus (SHIV) repli-
cation [6]. Thus, autologous transfer of genetically modified CD4+
T cells conditionally expressing the MazF protein will be a
promising strategy for HIV gene therapy. Generally, the shift from
the chronic phase to the AIDS phase is due to the balance between
viral growth and immune suppression, and the remarkable
decrease in CD4+ T cells causes the subsequent deficiency of
the immune system, the hallmarks of AIDS. The benefit of the
MazF-based gene therapy strategy is that gene-modified CD4+ T
cells may be protected from HIV-1-associated cell death and are
therefore likely to help the immune system maintain a stable
condition.

In this preclinical study, we examined the in vivo safety and
persistence of MazF-transduced autologous CD4+ T cells (named
MazF-Tmac cells) using a non-human primate model. Cynomol-
gus macaque primary CD4+ T cells were retrovirally transduced
with the MazlF vector, infused into the autologous monkeys, and
the persistence and safety of the MazF-Tmac cells was monitored
more than half a year. We found that infused MazF-Tmac cells
were detected in the peripheral blood throughout the experimental
period. Additionally, experimental autopsy revealed the distribu-
tion of the infused lymphocyte in total body.

Results

Manufacturing of MazF-transduced CD4+ T cells using ex

vivo-expanded cynomolgus macaque CD4+ T cells

In order to infuse more than 1x10° MazF-transduced
autologous cells, isolated primary CD4+ T lymphocytes were ex
vivo stimulated, transduced with the MT-MFR-PL2 retroviral
vector (Figure 1A), and expanded as described in the Materials
and Methods. The resultant MazF-Tmac cells were transplanted
into autologous monkeys via intravenous infusion (Figure 1B). We
initially used concanavalin A (Con A) for the stimulation of CD4+
T cells (CD4T-1), but Con A only induced a 12-fold cell expansion
after 7 days. In order to improve the ex vivo expansion, we used
anti-CD3/anti-CD28 monoclonal antibody-conjugated beads
(anti-CD3/CD28 beads), which are known to yield a more
efficient cellular expansion [7,8]. As we expected, the fold
expansion of CD4+ T cells (CD4T-2 and CD4T-3) stimulated
with anti-CD3/CD28 beads was much higher than with Con A
stimulation (Table 1). In order to improve the engraftment
efficiency of CD4+ T cells, busulfan was orally administered to the
macaques prior to the transplantation, and the gene-modified
MazF-Tmac cells were infused into each monkey intravenously at
1.6-2.7x10° cells.

Transduction efficiency and cell surface markers of MazF-
Tmac cells

The efficiency of MazF transduction and phenotype of cell
surface markers of the MazF-Tmac cells were analyzed using flow
cytometry. The MazF vector transduction efficiency of CD4T-2
and CD4T-3 cells was 61.8% and 60.0%, respectively, while only
34.5% for CD4T-1 (Table 1). As shown in Table 2, 99% of the
expanded MazF-Tmac cells were CD3 and CD4 double-positive,
and in these cells, more than 90% expressed CD95/CD28, which
are known central memory phenotype markers [9]. Central
memory cells generally have a longer life span compared to
effecter memory cells [10]; thus, a higher percentage of central
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memory cells in MazF-Tmac cells is likely to result in longer
persistence after transplantation. Furthermore, to assess the
activation status of MazF-Tmac cells, we measured the expression
of CD25, which is also known as IL-2 receptor alpha and is an
activated T cell marker. CD25 expression of MazF-Tmac cells
from CD4T-2 and CD4T-3 was low. In contrast, almost 100% of
the CD4+ T cells were found to express CD25 with a higher
expression level 2—4 days after stimulation (data not shown). Thus,
these data indicate that a large number of MazF-Tmac cells
entered into resting or non-activated states during the ex viwo
culture. CXCR4, a co-receptor for X4 tropic HIV entry, was
found to be expressed in expanded CD4T-2 and CD47T-3 MazF-
Tmac cells. Furthermore, we observed that there was no
significant difference in the measured cell surface markers between
Con A- and anti-CD3/CD28 bead-stimulated MazF-Tmac cells
(Table 2).

Longitudinal analysis of infused MazF-Tmac cells

To examine the i viwo safety and persistence of infused MazF-
Tmac cells, peripheral blood from each monkey was collected to
monitor the hematological effects and the proviral copy number of
the transduced retroviral vector in the genome over six months.
There was no significant change in the body weight of the
monkeys throughout the experiment (Figure 2A). During the
period of 2-4 weeks post-transplantation, severe reduction in the
white blood cell (WBC) count, hemoglobin (Hb) concentration,
and platelet (PLT) levels were observed in the monkeys CD4T-1
and CD4T-2, while only slight reduction was observed in CD4T-
3. These negative effects are considered to be due to the effect of
the busulfan treatment, which is known to cause partial bone
marrow depletion and functional defects in blood-forming tissues.
No other adverse events were observed throughout the experi-
ments. The transient reduction of lymphocytes gradually recov-
ered, and the cell number became stable two months after the
transplantation (Figure 2A).

The percentage of persistent MazF-Tmac cells in CD4+ T cells
was determined using real-time PCR and flow cytometric analyses.
The percentage of MazF-Tmac cells gradually decreased in
CD4T-1- and CD4T-2-transplanted monkeys, while in the
CDA4T-3-transplanted monkey, a drastic reduction of the infused
MazF-Tmac cells was observed 3—4 weeks post-transplantation but
was not observed at later time points (Figure 2B). Although the
levels of MazF-Tmac cells gradually decreased over time, the
infused MazF-Tmac cells were detected even after six months
post-transplantation. It is reasonable to assume that a population
of infused MazF-Tmac cells can persist for a long-term period,
likely forming a resting condition.

Detection of anti-MazF antibodies in monkey blood

Although the levels of MazF-transduced CD4+ T cells gradually
decreased in the peripheral blood, some were detected throughout
the half-year experimental period, suggesting that MazF-Tmac
cells showed little or no immunogenicity towards cynomolgus
macaques. Because gene therapy for HIV is aimed at reconstitut-
ing an HIV-resistant immune system, genetically modified cells
must not only inhibit virus replication, but also maintain their
expected trafficking behavior and persist i vivo. Although the
evidence of longitudinal persistence of MazF-Tmac cells supports
the low immunogenicity of MazF-Tmac cells, it is important to
assess the production of antibodies against MazF. As shown in
Figure 3 and Figure S1, we detected no production of anti-MazF
antibodies in the CD4T-2 monkey blood after transplantation of
the MazF-Tmac cells.
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