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FIG. 2. Replication kinetics of Gag mutant clones with or without protease mutations. MT-2 cells (A and C) and MT-4 cells (B and D) were
exposed to Gag mutant clones with (A and B) or without (C and D) protease mutations. Virus replication was monitored by the amounts of p24
Gag produced in the culture supernatants. The results shown are representatlve of results from three independent experiments. HIV spy,33 variants
had six mutations (L10F, V321, M46], 154M, A71V, and 184V) in the viral protease.

R409K [yielding mGag'¥75/219/3%0/409g3g]  regpectively) on the
selection curves. The selection profile of a newly generated
recombinant HIV clone (tHIVypp.e> " *0%8€) was not differ-
ent from that of HIVy,r in MT-2 cells (P = 0.22); however,
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FIG. 3. Invitro selection of APV-resistant variants using HIV-1 carrying
Gag mutations. HiVyy (M) and three infectious HIV clones,
rHIV. 75/219515 A I’HIV 219I409gdg (0) , and
HIVyr, ’2’75’“9’39""‘09538 (O), were propavated in the presence of
mcrcasmg “concentrations of APV (starting at 0.03 pM) in MT-2 cells
(A) or MT-4 cells (B). The selection was carried out in a cell-free
manner for a total of 14 to 29 passages. The results of statistical
evaluation of the selection profiles are as follows: panel A,
HIVyy versus rHIVy., 7P21%s p = 053; HIVy; versus
THIV gy, 2751935009538 = p = 0.0080; HIVyy _versus
IHIV 219/409gag P = 0. 22 rHIV. D75f2'19gag
Vversus rI-pIIV 1277302 19/390/409g3g P = 00065 HIV g0 > 21088 ver-

£9/4(Bgag P=01 5 and I‘HIV 1’75121%/390/409gag ver-

sus THIVyr,
sus rHIV 219/409gag P = 0.0018, 206 panel B, HIVgp
nalms  po = 0.65; HIVgy versus

versus rHIV s
HIV gy, 2757 19/590/409gag P < 00001; HIVg, versus
0. 0001 HIV 75/219gag

IHIV:; 219/409;ag P <
12/75/719/390/409gag P<0. 0001 rHIV 7 519gag ver-

versusr
319/41)9gng P < 00001 and I}HVWI‘ 137:/219/390/40933;

sus rHIVy .
versus rHIV “9’4"9535 P = 0.088.

tHIV yrp.o 2 2409828 acquired resistance to APV much earlier
than HIV,+ when propagated in MT-4 cells (P < 0.0001). The
recombinant clone with five non-cleavage site mutations
(THIV 1 /77/219/390/409822) started to propagate in both cell
lines in the presence of APV significantly earlier than HIV (-,
with P values of 0.0080 and <0.0001 for MT-2 and MT-4 cells,
respectively (Fig. 3).

We then asked whether additional amino acid substitutions
occurred and accelerated the acquisition of APV resistance by
the virus when the Gag mutations were present. To investigate
this issue, we determined the nucleotide sequence of the pro-
tease-encoding gene of each virus. Only one protease mutation
(L10F) was seem by passage 20 when HIVy and
tHIVyrpr /2198%8 were propagated in MT-2 cells in the pres-
ence of APV (Fig. 4A and B). In contrast, two mutations
(M46L and 184V) had been acquired by tHIV g, .25 by
passage 20. Of note, when rHIVyyp,,'%77/219/390/409822 a5
propagated in MT-2 cells in the presence of APV, a mutation
(L10F) had occurred by an early passage (passage 5) and four
mutations (L10F, V321, M46l, and I84V) had emerged by
passage 17 (Fig. 4D). When examined in MT-4 cells, HIVy
and rtHIV .., /21982 had acquired two mutations (L10F and
184V and MA46L and I84V, respectively) by passage 10, al-
thou gh rHIVWTpm'Zl9/4O9gag and rHIVWI_prolZﬂsf.’.mBQO/ttOang
had acquired three and four mutations (L10F, M461, and 184V
and L10F, V321, M46I, and 184V, respectively) by the same
passage (Fig. 4E to H). These data, taken together, indicate
that the two sets of Gag mutations (H219Q and R409K and
E12K, L'75R, H219Q, V390D, and R409K) clearly predisposed
the virus to rapidly acquire APV resistance-associated muta-
tions in protease and begin to propagate in the presence
of APV.

Gag mutations in HIV,py,;; delay viral acquisition of re-
sistance to other PIs. We next asked whether the presence of
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FIG. 4. Number of amino acid substitutions corresponding to the protease-encoding region of each infectious HIV-1 clone selected in the

presence of APV. Nucleotide sequences of proviral DNA of HIVy, 1 (A and E) and three infectious HIV-1 clones, rHIV,

75/219gag (B and F),

WTpr
THIVyrpp0?'?49%8% (C and G), and rHIV g, >/7>/219390/40%8%8 (D and H), were determined using lysates of HIV-1-infected MT-2 cells (AtoD)
and MT-4 cells (E to H) at the termination of each passage and compared to the nucleotide sequence of HIV-1y; , 5. The number within each
symbol represents the number of mutations identified in the protease when each infectious HIV-1 clone was selected in the presence of APV,

the five Gag mutations (E12K, L75R, H219Q, V390D, and
R409K) accelerated the viral acquisition of resistance to
other currently available PIs (SQV, IDV, RTV, and NFV)
(Fig. 5). To this end, we propagated two HIV-1 strains
(HIVyp and tHIVy,,, 12/75/219/390/40%828) jn MT-4 cells in
the presence of increasing concentrations of each PI and
compared the replication profiles. The initial drug concen-
trations used were 0.01 pM for SQV, 0.03 pM for IDV and
NFV, and 0.06 pM for RTV, and each virus was selected by a
concentration of up to 5 pM. The selection was carried out in
a cell-free manner for a total of 13 to 32 passages as described
previously (44, 45). There was no significant difference in the
selection profiles of the two strains when they were passaged in
the presence of SQV (P = 0.8) or IDV (P = 0.22) (Fig. 5A and
B). However, rHIVyj,, >/ >2197%040%8¢ started to replicate sig-
nificantly later in the presence of RTV (P = 0.0001 (Fig. 5C). The
selection profiles of HIVy,r and rHIVy,,,1275/21973%040%2¢ iy
the presence of NFV were examined in two independent ex-
periments. Both curves in the first and second sets depicted in
Fig. 5D showed statistically significant difference, with P values
of <0.0001 and 0.0016, respectively. These data strongly sug-
gest that the Gag mutations seen in HIV 4 py,3; predispose
HIV-1 to the rapid acquisition of APV resistance; however,
such Gag mutations delay the viral acquisition of resistance to
other Pls.

Gag mutations seen in HIV  py,,3; do not affect viral suscep-
tibilities to PIs. Since the Gag mutations seen in HIV spyp33
were found to contribute to the rapid acquisition of viral
resistance to APV but they delayed the emergence of viral
resistance to other PIs, we examined whether such Gag
mutations affected the susceptibilities of HIV-1 to various
PIs in the HIV-1 drug susceptibility assay. As shown in
Table 1, none of three sets of Gag mutations, as examined in
the context of THIVyyr,.o 215, rHIV 0o 0%8%, and
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FIG. 5. Invitro selection of Pl-resistant variants using HIV-1 canrying
Gag mutations. HIVy,r (l and #) and rHIVyp,,, 1275219390405 (O and
A) were propagated in MT-4 cells in the presence of increasing concen-
trations of SQV (A), IDV (B), RTV (C), or NFV (D). The initial drug
concentrations used were 0.01 uM for SQV, 0.03 uM for IDV and NFV,
and 0.06 pM for RTV, and each virus was selected by up to a 5 pM
concentration of each Pl. The selection was carried out in a cell-free
manner for a total of 13 to 32 passages. NFV selection was performed
twice. Data from the first selection are shown with a solid line; the second
selection was started using the HIV-1 from passage 10 of the first selection
(with NFV at 0.7 pM), and the data are shown with a dashed line. The
results of stalistical evaluation of the selection profiles are as follows:
panel A, P = 0.80; panel B, P = 0.22; panel C, P = 0.0001; and panel D,
first selection, P < 0.0001, and second selection, P = 0.0016.
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TABLE 1. Sensitivities of infectious HIV-1 clones with Gag mutations to various Pls

Infectious HIV-1 clone

ICso” (uM) of:

APV sQv DV RTV NFV
HIVyr 0.031 = 0.0008 0.021 =+ 0.002 0.032 = 0.002 0.032 =+ 0.0005 0.028 = 0.002
rHIVWTp 75/219gag 0.031 + 0.003 0.017 = 0.003 0.032 + 0.003 0.031 = 0.0007 0.029 =+ 0.003
rHIV. 219"“”8“8 0.029 =+ 0.003 0.020 = 0.01 0.032 % 0.001 0.031 + 0.004 0.028 + 0.002
rHIVgr 12/75’219’39"'4095*'5 0.032 + 0.0001 0.023 = 0.005 0.032 + 0.003 0.032 = 0.0001 0.028 = 0.002

@ Data shown are mean values (with 1 standard deviation) derived from the results of three independent experiments conducted in triplicate. The ICsqs were
determined by employing MT-4 cells exposed to each infectious HIV-1 clone (50 TCIDj,) in the presence of each PI, with the inhibition of p24 Gag protein production

as an end point.

tHIVyyp,,,12/75/219/390/40%25  affected the susceptibility of
HIV-1 to any of five PIs (APV, SQV, IDV, RTV, and NFV).
Indeed, the ICses for HIVy, were highly comparable to
those for any of the three recombinant clones carrying com-
bined Gag mutations.

Replication rate difference is not the cause of the contrast-
ing resistance acquisition patterns. Our observations of the
contrasting resistance acquisition patterns, in which
tHIV g, /7721939014092 acquired resistance to APV
more rapidly than HIVy when selected with APV (Fig. 3)
and tHI V., 12/72/219/390/409828 significantly delayed the ac-
quisition of resistance to other PIs compared to HIVy
(Fig. 5), prompted us to ask whether the replication rates of
THIV gy, 2/75/719/390/409822 and HIVy,y were differentially
affected by the presence of PIs. We therefore compared the
replication rates of rHIV g, '>/73/219/390/409%2¢ and HIV.

in the presence or absence of APV, SQV, IDV, RTV, or
NFV by using the CHRA (21). As shown in Fig. 6,
tHIVyypp,, 2/72/219390140%828 outgrew HIVyy regardless of
the absence or presence of PIs. Comparing the divergence
patterns of the curves for rHIVyypp,,'>/7°/219/390/409%828 apd
HIV ¢ in the absence and presence of APV (Fig. 6A and B)
revealed that those for growth in the presence of APV
diverged more quickly than those for growth in the absence
of APV (Fig. 6B). However, similar divergence patterns
were seen with SQV, IDV, RTV, and NFV (Fig. 6C, D, E,
and F), suggesting that the replication advantage of
THIV gy, 2/77/219/390/40938 seen in the CHRA was not the
cause for the observed contrasting resistance acquisition
patterns,

NFV resistance-conferring protease mmutations increase
HIV-1 susceptibility to APV, There have been reports that an
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FIG. 6. Results from the CHRA for HIVy,p and rHIVyyp,,,'¥75/29/3%0/40%8%¢ iy the absence or presence of each drug. Replication profiles of
HlVyr (W) and tHIVy,p,, 1272193904095 () in the absence (A) or presence of 0.03 pM APV (B), 0.02 pM SQV (C) 0.03 puM IDV (D), 0.03
wM RTV (E), or 0.03 p.M NFV (F) were examined by the CHRA. The cell-free supemnatant was transferred to fresh MT-4 cells every 7 days.
High-molecular-weight DNA extracted from infected cells at the end of each passage was subjected to nucleotide sequencing, and the proportions
of Arg and Lys at position 409 in Gag were determined.
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TABLE 2. Phenotypic sensitivities of recombinant HIV-1 clones
passaged with NFv*

ICsq (M) * SD (change, n-fold) of:
Infectious HIV-1 clone

APV NFV
HIVgr 0.031 = 0.0008 (1)  0.028 = 0.002 (1)
THIV nssspro ™ 15 0.0015 * 0.0007 (0.05) 0.028 = 0.001 (1)
tHIVpsongre™ 18 0.0031 % 00001 (0.1)  0.045 = 0.001 (1.6)
THIV omomsriipro’ B8 0.014 = 0.0021 (0.45)  0.26 * 0.03 (9)
FHIV 1y moresrrapea 275210040985 0020 + 0.002 ((2.64) 0.32 + 0,03 (11)
tHIV 300677 528 0.0069 * 0.0024 (0.22)  0.25 = 0.04 (9)
THIV 3gyagmpeg 2752190504058 00046 = 0.0019 (0.15) 021 = 0.06 (8)

@ Recombinant HIV clones THIV ops0msm1pro” 58 and

0/3¢ p

tHIV yois0msiripro. 2 21390149838 were generated to have a set of four pro-
tease mutations (L10F, D30N, K451, and A71V) and wild-type Gag or Gag
with five mutations, while other clones, rI—I].’V3,;,,‘,5,-,7,,,,,“""‘5"‘g and
tHIV3p/a6r77p00 2 >/ 219/390/409838 wwere generated with three protease muta-
tions (D30!\£ M461, and V771) and wild-type Gag or Gag with five mutations.
Both sets of protease mutations were seen when HIV-1 was propagated in the
presence of NFV. The ICss were determined by employing MT-4 cells
exposed to each recombinant HIV-1 clone (50 TCIDs,) in the presence of
each PI, with the inhibition of p24 Gag protein production as an end point.
All values were determined in triplicate, and the data are shown as mean
values *1 standard deviation of results from two or three independent ex-
periments. The numbers in parentheses are changes (n-fold) compared to the
1Csp of each PI for HIVy.

NFV-related resistance mutation, N88S, renders HIV-1 sus-
ceptible to APV (33, 49). Since the acquisition of viral resis-
tance to PIs such as NFV was significantly delayed when HIV-1
had the Gag mutations seen in HIV py;33, e asked if another
NFV-related resistance mutation (D30N) would render HIV-1
more susceptible to APV. We also asked whether the presence
of multiple NFV resistance-associated mutations (D30N,
M46]1, and V771) would make HIV-1 susceptible to APV.
Moreover, we examined the effects of the Gag mutations seen
in HIV spyp3s 00 HIV-1 susceptibilities to APV and NFV.

As shown in Table 2, the N88S mutant clone
rHIVNBSSPwWTg“g was more susceptible to APV than
HIVy by a factor of 20, in agreement with the reports by
Ziermann et al. and Resch et al. (33, 49). We found that the
D30N mutation in rHIVpsgnpe 528 also made HIV-1
more susceptible to APV, by a factor of 10. Interestingly,
tHIV, om0usmpro &%, With the four mutations L10F,
D30N, K451, and A71V, was more resistant to NFV than
HIVr by a factor of 9; however, the recombinant virus
remained more susceptible to APV than HIVy, (Table 2).
The introduction of the five Gag mutations (E12K, L75R,
H219Q, V390D, and R409K) into rHIV,4s0usmipre’ 525
generating  THIV,g0usmpro 7 02 0290/40%38  did  not
change the susceptibility profile (Table 2). Another recom-
binant HIV-1 clone with three protease mutations (D30N,
M461, and V77I), tHIVao/46/77pr0 B2, Was also more resis-
tant to NFV (by a factor of 9) and more susceptible to APV
than HIVy,1. The introduction of the five Gag mutations,
generating tHIV,gus77pr0 2 1219390149828 did not affect
the susceptibility of rHIV30,4,5,7-,Pm"""'gag to APV or NFV
(Table 2).

Taken together, the data suggest that, as seen in the case
of the lamivudine (3TC) resistance-associated mutation
M184V that restores zidovudine (ZDV) sensitivity (37), NFV
resistance-associated mutations paradoxically render HIV-1
more susceptible to APV.

NON-CLEAVAGE SITE Gag MUTATIONS AND RESISTANCE TO PIs 3065

DISCUSSION

Certain amino acid substitutions in Gag are known to occur
in common with resistance to PIs (11, 15, 32, 36); however, no
salient features such as patterns and orders of the occurrence
have been identified for a number of amino acid substitutions
seen in Gag in Pl-resistant HIV-1 variants. The roles and
impact of such amino acid substitutions in Gag for the repli-
cation of HIV-1 have not been delineated, either. These lim-
itations have been worsened since the functions and tertiary
structures of entire HIV-1 Gag proteins remain to be deter-
mined, although some structures of certain parts of Gag pro-
teins have been lately elucidated (13, 34, 41).

In the present study, we attempted to determine the effects
of non-cleavage site mutations in Gag which emerged during
the in vitro selection of HIV-1 in the presence of APV on the
viral acquisition of resistance to APV and other currently ex-
isting PIs. When we selected HIV-1 in vitro in the presence of
increasing concentrations of APV, six amino acid substitutions
apparently critical for the development of APV resistance
emerged. Such substitutions included five non-cleavage site
mutations (E12K, L75R, H219Q, V390D, and R409K) and one
cleavage site mutation, L449F (Fig. 1B).

HIV-1 variants containing PI resistance-conferring amino
acid substitutions in protease plus wild-type Gag often have
highly limited replicative abilities (7, 31). Indeed, in the
present study, the recombinant HIV-1 clone containing
the protease of HIVpyps plus a  wild-type Gag
(HIV spvpaspro” B°5) or the LA49F cleavage site mutation-
containing Gag (tHIV spvpaspee %) failed to replicate in
MT-2 cells (Fig. 2A), indicating that neither of the two Gag
species supported the growth of HIV spy5- However, a re-
combinant HIV-1 clone containing the protease of HIV spyp33
and the five Gag non-cleavage site mutations,
tHIV ypvpaspro 2193901409822 replicated moderately under
the same conditions (Fig. 2A), an observation in agreement
with reports by others that some PI resistance-associated mu-
tations compromise the catalytic activity of protease and/or
alter polyprotein processing, often leading to slower viral rep-
lication (29, 36, 43). Since some of the five non-cleavage site
mutations emerged before mutations in protease developed,
we examined the effects of three sets of non-cleavage site
amino acid mutations upon the emergence of APV resistance.
Interestingly, HIV-1 with either of two sets of Gag mutations
(rHIVWFpr°219/4Oang and rHIVWl_prOIZNSfZI93901409gag) ac-
quired APV resistance significantly faster than HIV . (Fig. 3),
while such mutations alone did not alter the susceptibilities of
HIV to the PIs examined (Table 1), a finding providing the first
report that Gag mutations expedite the emergence of Pl-resis-
tant HIV-1 variants. At this time, it is apparently unknown
whether certain Gag mutations associated with viral resistance
to PIs persist when highly active antiretroviral therapy
(HAART) regimens including a PI(s) are interrupted or
changed to regimens containing no PIs. However, the non-
cleavage site mutations in Gag examined in this study did not
reduce the viral fitness (Fig. 2 and 6), suggesting that Gag
mutations may persist longer in circulation and/or in the HIV-1
reservoir in the body than mutations in protease when antiret-
roviral therapy including a PI(s) is interrupted. Such persisting
Gag mutations may enable HIV-1 to rapidly acquire resistance

222

0102 ‘6 Aueniga uo A¥vHgT ALISHIAINN OLOWYINNY 18 B0 wse Al wouy papeojumoq



3066 AOKI ET AL

to that very PI when treatment with the PI is resumed. It is of
note that on the other hand, two sets of Gag non-cleavage site
mutations seen in HIV py,33 (H219Q and R409K and E12K,
L75R, H219Q, V390D, and R409K) significantly delayed the
emergence of resistance to other PIs such as RTV and NFV
(Fig. 5). These data suggest that if a HAART regimen includ-
ing APV is changed to an altemative regimen, the inclusion of
a different PI in the alternative regimen is likely to delay the
emergence of resistance to the different PI.

It is known that the 1449F cleavage site mutation renders
recombinant HIV-1 carrying a protease mutation (IS0V)
more resistant to APV (25). In the present study, a recom-
binant HIV-1 clone containing the protease of HIV spypa3
plus the I449F cleavage site mutation-containing Gag
(tHIV ppyp3spro &%) failed to replicate (Fig. 2A). These
data strongly suggest that the 1449F mutation alone pre-
vents HIV s pyyp33 from replicating, although HIV py5; did
not contain the ISOV mutation. The observation in the
present study that the addition of five non-cleavage site
mutations to tHIV s pvpazpro £, generating
THIV gpypasprot /21 /390/409/449828 " restored the replicative
ability of the virus indicates that the presence of non-cleav-
age site Gag mutations plays an important role in the rep-
lication of APV-resistant HIV-1 variants.

Since THIV ' 277/219/3%0/40%2¢ gcquired resistance to
APV more rapidly than HIVyy (Fig. 3), while
THIV gyt 2722 19/390/409828 gignificantly delayed the acqui-

sition of resistance to other PIs (Fig. 5), we examined-

whether the replication rates of tHIV gy, '2/7>/?19/390/40%28
and HIVy,; were associated with the observed contrasting
resistance acquisition patterns by using the CHRA (21). We
found that rHIV g, 1 ¥7321%/39040%8%8 gutgrew HIVyy re-
gardless of the presence or absence of PIs (Fig. 6), suggest-
ing that the difference in the replication rates of
THIV gy, ' 2/75/219/390/409%228 and HIVy, Was not the cause

for the contrasting resistance acquisition patterns. As for

the reason why 1HIVy,'2/77/219390/40%828  outgrew
HIVy, it is well explained by the presence of the H219Q
mutation. His-219 is located within the cyclophilin A
{CypA) binding loop of p24 Gag protein. It is thought that
CypA plays an essential role in the HIV-1 replication cycle
(4, 35) by destabilizing the capsid (p24 Gag protein) shell
during viral entry and uncoating (12) and/or by performing
an additional chaperone function, thus facilitating correct
capsid condensation during viral maturation (17, 39). CypA
is also known to support the replication of HIV-1 by binding
to the Ref-1 restriction factor and/or TRIMSa«, the human
cellular inhibitors that impart resistance to retroviral infec-
tion (18, 38). It has also been demonstrated previously that
the effect of CypA on HIV-1 replicative ability is bimodal:
both high and low CypA contents limit HIV-1 replication
(14). We have demonstrated previously that certain human
cells, such as MT-2 and H9 cells, contain large amounts of
CypA (14). We have determined more recently that MT-2
cells contain more CypA by about fivefold and that MT-4
cells contain about three times more than peripheral blood
mononuclear cells (PBMCs) (unpublished data). In fact,
HIV-1 produced in MT-4 cells contains large amounts of
CypA, presumably resulting in compromised replication of
the HIV-1. However, the H219Q mutation apparently re-

J. ViroL.

duces the incorporation of CypA into the virions through
significantly distorting the CypA binding loop and restores
the replicative ability of virions produced in MT-4 cells (14).
Therefore, H219Q should contribute at least in part to the
replication advantage of rHIVyy,,'%75/2197390/40%28 Ty jg
noteworthy that of 156 different HIV-1 strains whose se-
quences were compiled in the HIV Sequence Compendium
2008 (22), 95 and 45 strains had histidine and glutamine,
respectively, at position 219. Hence, position 219 is a poly-
morphic amino acid site, and it is thought that this polymor-
phic position is associated with the acquisition of resistance
to certain PIs. Indeed, we have observed that
tHIV grpp002 782 overgrew rHIVyrpo" 52 in the CHRA
using fresh phytohemagglutinin-stimulated PBMCs (14).
Since H219Q confers a replication advantage on HIV-1 in
PBMGCs, it is likely that HIV-1 with H219Q may acquire
resistance more rapidly than HIV-1 without H219Q.

Two groups, Ziermann et al. and Resch et al., have re-
ported that an NFV-related resistance mutation, N88S, ren-
ders HIV-1 susceptible to APV (33, 49), and indeed, Za-
chary et al. have reported an anecdotal finding that the
infection of an individual with HIV-1 containing N88S was
successfully managed with an ensuing APV-based regimen
(46). Therefore, we examined the effect of another NFV
resistance-associated mutation, D30N, in addition to that of
the N88S mutation on HIV-1 susceptibility to APV. It was
found that the mutations (D30N and N88S) clearly in-
creased the susceptibility of HIV-1 to APV by 10- and 20-
fold, respectively. These data are reminiscent of the obser-
vation that the 3TC resistance-associated mutation M184V
in a background of mutations conferring resistance to ZDV
restores ZDV sensitivity (37) and that ZDV-3TC combina-
tion therapy has proven to be more beneficial than ZDV
monotherapy in patients harboring HIV-1 with the M184V
mutation (9, 23), although the structural mechanism of the
restoration of ZDV sensitivity by M184V is not clear. When
a set of four protease mutations (L10F, D30N, K451, and
A71V), which had emerged by passage 10 when HIV -y was
selected with NFV, were introduced into HIV -, generat-
ing tHIV,050ms/71pr0 - £%, the recombinant HIV-1 clone
was more resistant to NFV than HIV, by a factor of 9
while the clone was slightly more sensitive to APV (Table 2).
When we introduced mGag!¥75/219/390/40983s into HIV-1
containing a set of three NFV resistance-associated pro-
tease mutations (D30N, M461, and V77I), generating
tHIVsg,u6/77pr0 12 12/390/49982¢ the recombinant clone was
more resistant to NFV by a factor of 8 but more sensitive to
APV by a factor of 6.7 (Table 2).

There has been a report that dual PI therapy with APV plus
NFV is generally safe and well tolerated and that the combi-
nation of APV with NFV may have the most beneficial phar-
macokinetic interactions, based on the results of a phase II
clinical trial of dual PI therapies, APV in combination with
IDV, NFV, or SQV, although this phase II trial was handi-
capped by the presence of substantial PI resistance at the
baseline and the small number of patients in the study, pre-
cluding conclusions about the relative activities or toxicities of
the dual PI combinations (10). The hypothesis that a HAART
regimen combining APV with NFV may bring about more
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favorable antiviral efficacy for HIV-l-infected individuals
should merit further study.
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We generated a novel nonpeptidic protease inhibitor (PI), GRL-02031, by incorporating a stereochemically -

defined fused cyclopentanyltefrahydrofuran (Cp-THF) which exerted potent activity against a wide spectrum of
human immunodeficiency virus type 1 (HIV-1) isolates, including multidrug-resistant HIV-1 variants. GRL-02031
was highly potent against laboratory HIV-1 strains and primary clinical isolates, including subtypes A, B, C, and E
(50% effective concentration [ECg,] range, 0.015 to 0.038 M), with minimal cytotoxicity (50% cytotoxic concen-
tration, >100 pM in CD4" MT-2 cells), although it was less active against two HIV-2 strains (HIV-2gg, and
HIV-2;4p) (ECsy, ~0.60 pM) than against HIV-1 strains. GRL-02031 at relatively low concentrations blocked the
infection and replication of each of the HIV-1; , ; variants exposed to and selected by up to 5 pM of saquinavir,
amprenavir, indinavir, nelfinavir, or ritonavir and 1 pM of lopinavir or atazanavir (EC;, range, 0.036 to 0.14 pM).
GRL-02031 was also potent against multi-PI-resistant clinical HIV-1 variants isolated from patients who had no
response to the conventional antiretroviral regimens that then existed, with EC.,s ranging from 0.014 to 0.042 pM
(changes in the ECgys were less than twofold the EC;, for wild-type HIV-1). Upon selection of HIV-1y . 5 in the
presence of GRL-02031, mutants carrying L10F, L33F, M461, 147V, Q58E, V821, 184V, and I85V in the protease-
encoding region and G62R (within p17), L363M (p24-p2 cleavage site), R409K (within p7), and I437T (p7-p1
cleavage site) in the gag-encoding region emerged. GRL-02031 was potent against a variety of HIV-1,; , ;-based
molecular infectious clones containing a single primary mutation reported previously or a combination of such
mutations, although it was slightly less active against HIV-1 variants containing consecutive amino acid substitu-
tions: M46I and I47V or I84V and I85V. Structural modeling analysis demonstrated a distinct bimodal binding of
GRIL-02031 to protease, which may provide advantages to GRL-02031 in blocking the replication of a wide spectrum
of HIV-1 variants resistant to PIs and in delaying the development of resistance of HIV-1 to GRL~02031. The present
data warrant the further development of GRL-02031 as a potential therapentic agent for the treatment of infections

with primary and multidrug-resistant HIV-1 variants.

The currently available combination therapy or highly active
antiretroviral therapy (HAART) with two or more reverse
transcriptase inhibitors and protease inhibitors (PIs) for hu-
man immunodeficiency virus (HIV) type 1 (HIV-1) infection
and ATDS has been shown to suppress the replication of HIV-1
and extend the life expectancy of HIV-1-infected individuals
(35, 38). However, the ability to provide effective long-term
antiretroviral therapy for HIV-1 infection has become a com-
plex issue, since those who initially achieved favorable viral
suppression to undetectable levels have experienced treatment
failure (11, 18, 28). In addition, it is evident that with these
anti-HIV drugs, only partial immunologic reconstitution is at-
tained in patients with advanced HIV-1 infection.

Nevertheless, recent analyses have revealed that the life

* Corresponding author. Mailing address: Department of Hematol-
ogy, Kumamoto University Graduate School of Medicine, 1-1-1 Honjo,
Kumamoto 860-8556, Japan. Phone: (81) 96-373-5156. Fax: (81) 96-
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expectancy of HIV-infected patients treated with HAART in-
creased between 1996 and 2005, that the mortality rates for
HIV-infected persons have become much closer to general
mortality rates since the introduction of HAART, and that
first-line HAART with boosted PI-based regimens results in
less resistance within and across drug classes (2, 3, 18, 46).
In the development of new anti-HIV-1 therapeutics, we have
faced a variety of challenges different from those faced during
the design of the first-line drugs (7, 10, 39). The issue of the
emergence of drug-resistant HIV-1 variants is one of the most
formidable challenges in the era of HAART. Indeed, it is of
note that the very features that contribute to the specificities
and the efficacies. of reverse transcriptase inhibitors and Pls

provide the virus with a strategy to develop resistance (15, 19,

35), and it seems inevitable that this resistance issue will re-
main problematic for many years to come, although a few
recently developed drugs, such as darunavir (DRV) and
tipranavir, have been relatively successful as treatments for
individuals carrying multidrug-resistant HIV-1 variants (5, 20).

In particular, a number of studies indicate that cross-resis-
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FIG. 1. Structure of GRL-02031.

tance is a major obstacle to antiviral therapy with PIs (19, 24).
Obviously, the emergence of viral resistance, difficulties with
compliance with the complicated treatment protocols, and ad-
verse side effects urge the development of new classes of FIs (i)
that have potent activities against existing resistant HIV-1 vari-
ants and that do not allow or delay the emergence of resis-
tance, (ii) that have improved pharmacokinetics parameters in
humans, and (iii) that have less severe side effects (43).

The present paper represents the first demonstration of the
results of antiviral analyses of a novel PI which contains cyclo-
pentanyltetrahydrofuran (Cp-THF) and which is highly potent
against a wide spectrum of HIV isolates, including a variety of
multi-PI-resistant clinical strains, in vitro. In addition, we se-
lected GRL-02031-resistant HIV-1 variants in vitro and char-
acterized their virological properties and susceptibilities to
other PIs. We also demonstrated that the emergence of HIV-1
variants resistant to GRL-02031 requires multiply accumulated
amino acid substitutions in the protease-encoding region.
Moreover, in an attempt to explain why GRIL-02031 can exert
potent activity against a wide spectrum of HIV-1 variants re-
sistant to multiple PIs, we performed structural modeling and
molecular docking and examined the interactions of GRL-
02031 with HIV-1 protease.

MATERIALS AND METHODS

Cells and viruses. MT-2 and MT-4 cells were grown in RPMI 1640-based
culture medium supplemented with 10% fetal calf serum (JRH Biosciences,
Lenexa, MD), 50 U/m! penicillin, and 50 pg/ml of streptomycin. The following
HIV-1 strains wete employed for the drug susceptibility assay (see below):
HIV-1 oy, HIV-1g, 3, HIV-11p5, HIV-1g14., HIV-2gp0, and HIV-2g op; two
clinicai HIV-1 strains isolated from drug-naive patients with AIDS, HIV-
lersiospre 2nd HIV-1yoxw (30, 45); and seven HIV-1 clinical isolates which
were originally isolated from patients with AIDS who had received 9 to 11
anti-HIV-1 drugs over the past 32 to 83 months and which were genotypically
and phenotypically characterized as multi-PI-resistant HIV-1 variants (47, 48).
HIV-1g256037 HIV-1g724003, and HIV-1gyrp0,9 Were obtained from the NIH
AIDS Reagent Program. All primary HIV-1 strains were passaged once or twice
in 3-day-old phytohemagglutinin-activated peripheral blood mononuclear cells
(PHA-PBMs), and the culture supernatants were stored at —80°C until use.

Antiviral agents. GRL-02031 (Fig. 1), a novel nonpeptidic PI containing Cp-
THF, was designed and synthesized. Detailed methods for the synthesis of
GRL-02031 will be described elsewhere by A. K. Ghosh et al. 3'-Azido-2',3'-
dideoxythymidine (AZT; zidovudine) was purchased from Sigma (St. Louis,
MO). Saquinavir (SQV) and ritonavir (RTV) were kindly provided by Roche
Products Ltd. (Welwyn Garden City, United Kingdom) and Abbott Laboratories
(Abbott Park, TL), respectively. Amprenavir (APV) was a kind gift from Glaxo-
Wellcome, Research Triangle Park, NC. Nelfinavir (NFV) and indinavir (IDV)
were kindly provided by Japan Energy Inc, Tokyo, Japan. Lopinavir (LPV) was
synthesized by previously published methods (48). Atazanavir (ATV) was a kind
gift from Bristol-Myers Squibb (New York, NY).

Drug susceptibility assay. The susceptibilities of HIV-1j_ay, HIV-1p,,, HIV-
2er100 HIV-2p0p, and the primary HIV-1 isolates to various drugs were deter-
mined as described previously (26), with minor modifications. Briefly, MT-2 cells

ANTIMICROB. AGENTS CHEMOTHER.

(2 x 10*ml) were exposed to 100 50% tissue culture infectious dose (TCIDs,s)
of HIV-1; oy, HIV-1g,;, HIV-2¢4, or HIV-23op in the presence or the ab-
sence of various concentrations of drugs in 96-well microculture plates; and the
plates were incubated at 37°C for 7 days. After 100 pl of the medium was
removed from each well, 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution (10 pi, 7.5 mg/ml in phosphate-buffered saline) was added
to each well in the plate, followed by incubation at 37°C for 2 h. After incubation,
to dissolve the formazan crystals, 100 pl of acidified isopropanol containing 4%
(volfvol) Triton X-100 was added to each well and the optical density was
measured in a kinetic microplate reader (Vmax; Molecular Devices, Sunnyvale,
CA). All assays were performed in duplicate or triplicate.

To determine the sensitivities of the primary HIV-1 isolates to drugs, PHA-
PBM:s (105/ml) were exposed to 50 TCIDs,s of each primary HIV-1 isolate and
cultured in the presence or the absence of various concentrations of drugs in
10-fold serial dilutions in 96-well microculture plates. To determine the drug
susceptibilities of certain laboratory HIV-1 strains, MT-4 cells were employed as
target cells, as described previously (26), with minor modifications. In brief,
MT-4 cells (10%/ml) were exposed to 100 TCID,s of drug-resistant HIV-1 strains
in the presence or the absence of various concentrations of drugs and were
incubated at 37°C. On day 7 of culture, the supernatants were harvested and the
amounts of the p24 Gag protein were determined by using a fully automated
chemiluminescent enzyme immunoassay system (Lumipulse F; Fujirebio Inc.,
Tokyo, Japan) (29). The drug concentrations that suppressed the production of
p24 Gag protein by 50% (ECs,) were determined by comparison of the amount
of p24 Gag protein produced in drug-treated cell cultures with the level of p24
Gag protein produced in a drug-free control cell culture. All assays were per-
formed in triplicate.

Generation of Pl-resistant HIV-1 variants in vitro. MT-4 cells (10°/ml) were
exposed to HIV-1yp 43 (500 TCIDsgs) and cultured in the presence of various
PIs at an initial concentration of 0.01 to 0.03 pM. Viral replication was moni-
tored by determination of the amount of p24 Gag produced by MT-4 cells. The
culture supernatants were harvested on day 7 and were used to infect fresh MT-4
cells for the next round of culture in the presence of increasing concentrations of
each drug. When the virus began to propagate in the presence of the drug, the
drug concentration was generally increased two- to threefold. Proviral DNA
samples obtained from the lysates of infected cells were subjected to nucleotide
sequencing. This drug selection procedure was carried out until the drug con-
centration reached 5 pM.

Determination of nucleotide sequences. Molecular cloning and determination
of the nucleotide sequences of HIV-1 isolates passaged in the presence of
anti-HIV-1 agents were performed as described previously (26, 47). In brief,
high-molecular-weight DNA was extracted from HIV-1.infected MT-4 cells by
using the InstaGene matrix (Bio-Rad Laboratories, Hercules, CA) and was
subjected to molecular cloning, followed by sequence determination. The prim-
ers used for the first round of PCR of the entire Gag- and protease-encoding
regions of the HIV-1 genome were LTR-F1 (5'-GAT GCT ACA TAT AAG
CAG CTG C-3") and PR12 (5'-CTC GTG ACA AAT TTCTAC TAA TGC-3").
The first-round PCR mixture consisted of 5 pl of proviral DNA solution, 2.0 U
of Premix Tag (Ex Tagq version; Takara Bio Inc., Otsu, Japan), and 12.5 pmol of
each of the first-round PCR primers in a total volume of 50 pl. The PCR
conditions employed were as follows: an initial 2 min at 94°C, followed by 35
cycles of 30 s at 94°C, 30 s at 58°C, and 3 min at 72°C, with a final 8-min extension
at 72°C. The first-round PCR products (1 ul) were used directly in the second
round of PCR with primers LTR-F2 (5'-GAG ACT CTG GTA ACT AGA GAT
C-3") and Ksma2.1 (5’-CCA TCC CGG GCT TTA ATT TTA CTIG GTA C-3’)
under the same PCR conditions described above. The second-round PCR prod-
ucts were purified with spin columns (MicroSpin S-400 HR columns; Amersham
Biosciences Corp., Piscataway, NJ), cloned directly, and subjected to sequencing
with an ABI model 377 automated DNA sequencer (Applicd Biosystems, Foster
City, CA). The viral RNA in the selection culture should contain a number of
noninfectious (or dead) virions due to randomly occurring amino acid substitu-
tions, which could provide misleading results if the sequences of such noninfec-
tious or dead virions were erroneously taken into account. The viral DNA
extracted from the newly infected cells in the present cell-free transmission
system represents the infectious virions in the previous culture.

Generation of recombinant HIV-1 clones. The PCR products obtained as
described above were digested with two enzymes, Apal and Smal; and the
fragments obtained were introduced into pHIV-1yy s, designed to have a Smal
site by changing two nucleotides (2590 and 2593) of pHIV-1,q 4.3, as described
previously (14, 25). To generate HIV-1 clones carrying the desired mutations,
site-directed mutagenesis was performed with a QuikChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA), and the mutation-containing genomic
fragments were introduced into pHIV-1y; g, Determination of the nucleotide
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TABLE 1. Antiviral activity of GRL-02031 against HIV-1, .,

Compound ECs (kM) CCso(uM) Selectivity index
GRL-02031 0.028 = 0.003 >100 >3,600
sSQv 0.014 =+ 0.005 99 +36 710
APV 0.033 £ 0.012 >100 >3,000
1DV 0.044 = 0.007 69.8+31 1,600
RTV 0.038 = 0.004 21.3+0.9 560
NFV 0.023 * 0.006 ND ND
LPV 0.032 = 0.007 ND ND

9 MT-2 cells (2 X 10%/ml) were exposed to 100 TCIDs,s of HIV-1; ,; and were
cultured in the presence of various concentrations of PIs, and the ECg,s were
determined by using the MTT assay on day 7 of culture. Al assays were con-
ducted in duplicate. The data shown represent mean values (+1 standard devi-
ation) derived from the results of three independent experiments. ND, not
determined. Selectivity index, CC;sy/ECs.

sequences of the plasmids confirmed that each clone had the desired mutations
but no unintended mutations. Each recombinant plasmid was transfected into
293T cells with Lipofectoamine 2000 transfection reagent (Invitrogen, Carlsbad,
CA), and the infectious virions thus generated were harvested for 48 h after
transfection and stored at —80°C until use. .

Structural analysis of GRL-02031 interactions with wild-type HIV-1 protease.
The interactions of GRL-02031 with wild-type HIV-1 protease were examined by
computational structural modeling and molecular docking on the basis of the
published crystallographic data for protease complexed with PIs. Besides ac-
counting for the conformational flexibility of the inhibitor, the polarization in-
duced in the inhibitor by the protease was taken into consideration by employing
polarizable quantum charges in the docking computations. The use of polariz-
able quantum charges has recently been shown to substantially improve the
prediction of protein-ligand complex structures (4). The quantum mechanical
polarized ligand docking protocol provided with the Glide (version 4.5), QSite
(version 4.5), Jaguar (version 7.0), and Maestro (version 8.5) software (Schro-
dinger, LLC, New York, NY) was used as described below. The crystal structures
2FDE (protease-brecanavir complex) and 2IEN (protease-DRV complex) were
used as templates in separate docking calculations to determine the binding
mode of GRL-02031 with wild-type protease. The crystal coordinates were ob-
tained from the Protein Data Bank (http:/Avww.rcsb.org/). Hydrogens were op-
timized by placing constraints on the heavy atoms. The crystal water that medi-
ates the interaction between Pls and the protease flap was retained, and all other
crystal waters were deleted. Close interaction in the protease was annealed, and
the docking grid was set up. Polarizable ligand charges were determined at the
B3LYP/6-31G* level. The extraprecision mode of the Glide program (12, 13),
which has a higher penalty for unphysical interactions, was used.

RESULTS

In vitro activity of GRL-02031 against laboratory and pri-
mary HIV strains and cytotoxicity of GRL-02031. We designed
and synthesized ~80 different novel nonpeptidyl PIs contain-
ing a Cp-THF moiety and examined them for their anti-HIV
activities and cytotoxicities in vitro. Among them, we found
that GRIL.-02031 (Fig. 1) was the most potent against a labo-
ratory HIV-1 strain, HIV-1; ,;, and had a favorable cytotoxic-
ity profile, as examined with target MT-2 cells. As shown in
Table 1, GRL-02031 showed an anti-HIV-1 activity profile
comparable to that of most of the Food and Drug Adminis-
tration (FDA)-approved PIs examined in the present study,
although its toxicity profile was apparently more favorable,
with a 50% cytotoxic concentration (CCsg) of >100 uM and a
selectivity index (CC,o/EC5,) of >3,600.

GRL-02031 was further tested against two R5 laboratory
HIV-1strains (HIV-1g, ; and HIV-111¢; ), three different sub-
types of primary HIV-1 strains (HIV-1g,;6037 [Subtype Al
HIV-14724003 [subtype C], and HIV-14,1410,5 [subtype E]), and
two HIV-2 strains (HIV-2g,p and HIV-2gy,). GRL-02031

Cp-THF-CONTAINING PI POTENT AGAINST HIV 999

was found to be potent against all these HIV-1 strains and had
ECsqs that ranged from 0.015 to 0.038 pM, as tested by the use
of target PHA-PBMs, while GRL-02031 was moderately active
against two HIV-2 strains (ECs;, ~0.60 pM), as tested by the
use of MT-2 cells (data not shown).

GRL-02031 exerts potent activity against a wide spectrum of
primary HIV-1 variants resistant to multiple PIs. We next
examined the activity of GRL-02031 against a variety of pri-
mary HIV-1 strains which were isolated from those with ATDS
who had failed a number of anti-HIV therapeutic regimens
after they had received 9 to 11 anti-HIV-1 drugs over the
previous 32 to 83 months and who proved to be highly resistant
to multiple PIs (47, 48). These primary strains contained 9 to

.14 amino acid substitutions in the protease-encoding region of

the HIV-1 genome which have been reported to be associated
with HIV-1 resistance to various PIs (RTV, IDV, NFV, SQV,
APV, and LPV) (8). The substitutions identified included
Leu-10 — lle (L10L; seven of seven isolates), M46I/L (six of
seven isolates), 154V (five of seven isolates), L63P (seven of
seven isolates), A71V/T (six of seven isolates), V82A or V82T
(seven of seven isolates), and L9OM (five of seven isolates) (see
footnote a of Table 2).

All drugs examined showed potent activity against two ref-
erence wild-type primary strains (X4 HIV-1ggg,04p. [45] and
RS HIV-1y;oxw [30]), with the ECyys ranging 0.004 to 0.036
uM (Table 2). However, all the primary strains examined were
highly resistant to AZT, with the EC,ys being from 24- to
>200-fold greater than the ECy, against HIV-1gggpqpre. It
was noted that SQV and LPV were still active against one or
two of the seven strains and had ECss that differed 3- to 4-fold
from those for HIV-1ggsi04pre; however, all the other FDA-
approved Pls examined in this study except DRV failed to
exert activity and had ECsys 6- to >63-fold greater than the
ECs for HIV-1gggi04pre- In contrast, GRL-02031, like DRV,
potently blocked all seven primary strains and had ECys that
ranged from 0.014 to 0.043 pM. It should be noted that the
change in the EC5, of GRL-02031 for all seven multi-PI-resis-
tant isolates tested was less than twofold compared with the
EC,, for a wild-type primary strain, HIV-1ggsiospre-

Selection of HIV-1y,, with GRL-02031. We then at-
tempted to select a laboratory X4 HIV-1 strain (HIV-1y, ;)
by propagating it in MT-4 cells in the presence of increasing
concentrations of APV, IDV, or GRL-02031, as described
previously (47). The virus was initially exposed to 0.03 uM
APV, 0.02 uM IDV, or 0.02 pM GRL-02031. At passages 21
and 27, HIV-1y; 4.3 Was capable of propagating in the presence
of 167- and 250-fold greater concentrations of APV and IDV,
respectively. At passage 26, HIV-1y, ; was capable of prop-
agating in the presence of a 250-fold greater concentration of
IDV; however, 37 passages were required until the virus be-
came similarly resistant to GRL-02031 and capable of propa-
gating in the presence of 5 pM (Fig. 2).

We also determined the nucleic acid sequences of the pro-
tease-encoding region of the proviral DNA isolated from the
cells exposed to GRL-02031 at passages 5, 15, 22, 30, and 37
(Fig. 3). At passage 5, no significant amino acid substitutions
were identified; however, by passage 15, the virus had acquired
the L10F substitution, which has been reported to be associ-
ated with PI resistance (6, 32). By passage 22, all eight clones
of the virus examined had additionally acquired a flap muta-
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FIG. 2. In vitro
GRL-02031. HIV-1y; 4.3 Was passaged in the presence of increasing

concentrations of APV (open circles), IDV (solid circles), or GRL-

02031 (open triangles) in MT-4 cells. The selection was carried out in
a cell-free manner for a total of 21 to 37 passages with drug concen-

trations escalating from 0.02 to 5 pM. The nucleotide sequences of the
proviral DNAs were determined by using cell lysates of HIV-1-infected

MT-4 cells at the termination of each indicated passage.

tion (I47V) and the primary substitution (V82I). By passage

30, in addition to L10F, 147V, and V821, the virus had acquired
associated with resistance to other HIV Pls. Genetic charac-

terization of the protease-encoding gene of the HIV-1 variants
selected with APV and IDV revealed that those variants had
M461, and 184V in APV-selected HIV-1 (HIV-1,5") and

L10F, V321, K43T, M46l, L63P, G73C, and V82A in

HIV-1 "

acquired previously reported mutations, such as L10F, V32I,

L33F, M46I, and I85V. By passage 37, the virus had gained
184V and another Q58E substitution, an unusual mutation not

Amino acid substitutions in Gag protein of HIV-1 exposed to

GRL-02031. We also determined the amino acid sequences of
the Gag proteins of HIV-1y; 4.5 exposed to GRL-02031. By

passage 15, an unusual amino acid substitution, 1.363M, lo-
cated at the p24-p2 cleavage site, had emerged. By passage 22,

the virus had acquired another amino acid substitution, 1437T,
located close to the p7-pl cleavage site. By passage 30 and

beyond, G62R (within p17) and R409K (within p7) were seen

Anti-HIV-1 profile of a GRL-02031-resistant HIV-1 variant.
We then examined the anti-HIV-1 profile of a GRL-02031-
resistant HIV-1 variant. In this experiment, we employed eight
HIV-1 variants which were selected in the presence of up to 1
or 5 uM of each of seven FDA-approved PIs and GRL-02031.
Each of these eight variants contained a variety of previously
known PI resistance-associated amino acid substitutions (see

in addition to L363M and 1437T (data not shown).

footnote a of Table 3). As shown in Table 3, when each HIV-1
variant was examined in target MT-4 cells, each HIV-1 variant

except the variant selected with 1 pM LPV in vitro (HIV-
lipv.s wv) 2nd the variant selected with 1 pM ATV in vitro
(HIV-1,1v.; um), Proved to be highly resistant to the PI with
which the virus was selected, with ECsos exceeding 1 pM.

However, GRL-02031 was potent against all the Pl-resistant

variants, although the compound was relatively less potent
against the variant selected with 5 pM SQV in vitro (HIV-
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FIG. 3. Sequence analysis of the protease—cncochncr region of HIV passaged in the presence of GRL-02031. The amino acid sequences of the
proteases deduced from the nucleotide sequences of the protease-encoding region of HIV clones determined at five different passages are
illustrated. The identity of each amino acid with that from pNL4-3 (top row) at each individual amino acid position is indicated by a dot.

lsovs wm) (2 sixfold increase in the ECy, of SQV compared
with that of GRI.-02031).

When the virus was selected with up to 5 pM GRL-02031
(HIV-1gre02031-5 ) Was examined in MT-4 cells, the EC;,
of GRL-02031 turned out to be >1 pM although HIV-
1gRi02031-5 wv T€Mained susceptible to other PlIs, in particu-
lar, SQV, IDV, and NFV. The HIV-1; 5y, . variant was
substantially resistant to APV, IDV, NFV, RTV, LPV, and
ATV; however, this variant was highly susceptible to GRL-
02031 and had an EC;, of 0.038 pM (Table 3). HIV-1 vy um
variant was also substantially resistant to IDV, NFV, and ATV;
however, this variant was susceptible to LPV and GRL-02031.
Of note, LPV, which has currently been widely used as a
first-line therapeutic among HAART regimens, was not active
against three HIV-1 variants (HIV-154v.5 v, & variant se-
lected with 5 uM IDV [HIV-1,14.5 ], and a variant selected
with 5 pM NFV [HIV-1ggy.s oul), With the differences in the
ECsss being more than 16-fold compared to the value for

wild-type strain HIV-1y;,.5. This anti-HIV-1 profile of LPV
greatly contrasted with that of GRL-02031. GRIL-02031 was
highly potent against all the variants examined except HIV-
lsav.s wm (sixfold change in the ECy, compared to that for
HIV-14.5)- It is also noteworthy that SQV, IDV, and NFV
remained potent against HIV-1gry g2031-5 om» SUggEsting that
the combination of GRL-02031 and SQV, IDV, or NFV could
exert complementarily augmented activity against multi-PI-re-
sistant HIV-1 variants.

Sensitivities of infectious molecular HIV-1 clones carrying
various amino acid substitutions to GRL-02031. Finally, we
attempted to determine the profile of the activity of GRL-
02031 against a variety of HIV-1,; , ;-based molecular infec-
tious clones containing a single primary mutation previously
reported or a combination of such mutations (Table 4) (21, 31,
40-42). Interestingly, no significant changes in EC;,s were
observed when HIV-1 clones containing only one of the amino
acid substitutions (L10F, L33F, M46I, 147V, Q58E, V82I,
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GRL-02031

0.023 + 0,008
0.14 % 0.06 (6)

0.037 * 0.004 (2)
0.047 = 0,002 (2)
0.036 = 0.002 (2)
0.077 = 0.031 (3)
0.038 = 0.004 (2)
0.033 = 0.002 (1)

0.0043 + 0.0004
0.32 + 0.02 (74)
0.0032 * 0.012 (1)

LPV
0.70 + 0.22 (39)

0.14 * 0.05 (8)

0.018 = 0.001

>1(>48)

>1 (>48)

>1(>48)
0.08 + 0.05 (4)

0.021 = 0.009

ECsp (2M)

0.32 = 0.04 (18)
0.17 % 0.10 (10)
0.65 = 0.16 (36)

DV
>1(>71)
0.22 = 0.15 (16)

TABLE 3. Antiviral activities of GRL-02031 against laboratory PI-resistant HIV-1 variants®
NFV
0.014 = 0.004 0.018 = 0.009

0.21 * 0.09 (8)
>1(>36)
0.26 = 0.14(9)
0.078 =+ 0.026 (3)

APV
0.028 = 0.009

sQv

0.008 = 0.004

>1(>125)
0.016 = 0.010 (2)
0.022 = 0.009 (3)
0.028 * 0.009 (4)
0.010 = 0.008 (1)
0.033 = 0.003 (4)
0.034 = 0.006 (4)
0.008 = 0.001 (1)

Virus

HIV-lyra3
I—I~I‘/"1$QV-S UM

HIV-14pv.5 um

>1(>43)

0.31 * 0.05 (72)

0.063 *+ 0.022 (15)
0.036 * 0.005 (8)

0.024 % 0.005 (6)
0.021 = 0.007 (5)
0.041 = 0,002 (10)

>1(>56)
0.29 + 0.03 (16)

0.11 = 0.08 (6)
0.30 = 0.04 (17)

0.025 = 0.011 (1)
0.14 * 0,09 (8)

>1 (>48)
>1 (>48)

0.14 * 0.02(7)
0.26 % 0.10 (12)

>1(>56)
0.24 + 0.10 (13)
0.51 = 0.06 (28)

0.21 * 0.03 (12)
0.011  0.004 (1)

>1 (>71)
0.27 = 0.06 (19)

>1(>71)
0.33 +0.10 (24)

0.30 = 0.07 (21)
0.044 % 0.015 (3)

0.43 * 0.27 (15)
0.32 = 0.02 (11)
0.18 * 0.06 (6)

0.21 = 0.02 (8)

HIV-Typys ont
HIV-1 RTV-5 puM
HIV-1 LPV-1 uM
I.IIV'lA'I'V-l M
I-IIV']'GRI/O'ZDSI-S M

HIV-1,pv.5 um

as the endpoint. The numbers in parentheses represent the fold changes in the EC,qs for each isolate compared to

, L231/K43/M4GI/ISO0L/G51A/AT1V, and L10F/L33F/MA4GI/147V/QS8E/V821/I84V/IB5V, respectively. MT-4 cells (1 X 10%) were exposed to each
+1 standard deviation) derived from the results of three independent experiments conducted in triplicate.’

amos National Laboratory database include L10I/G48V/IS4V/L90M, L10F/V32I/M46I/154M//AT1V/I84V, L10F/L24I/M46I/L63P/ATIV/GT3S/V82T,

L10F/M46I/154V/V82A,
and the inhibition of p24 Gag protein production by the drug was used

M461/V82F/184V,

« The amino acid substitutions identified in the protease-encoding region of HIV-1sov.s uve HIV-Lapv.s vy HIV-lipys e HIV-Inpys vty HIV-1pryss v HIV-1ppyy o HIV-1a7vy o and BIV-ggy (00315 oM
ared to ‘the consensus B sequence cited from the Los Al

L10F/D30N/K4SI/A71V/T74S,
the ECs, for HIV-1yy 4.4 The data shown are mean values (

HIV-1 isolate (100 TCIDsgs),

comp:
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184V, or I85V) which emerged in the selection process in the
present work (Fig. 3) were tested with GRL-02031. We tested
each of these one-mutation-containing infectious clones
against a selected PI, and again, no significant changes in
EC;os were seen (Table 4).

It was noted that increases in the ECyys of GRL-02031 were
seen only when more than two amino acid substitutions were
introduced into HIV-1,y; 4 5. A substantial reduction in suscep-
tibility (differences in EC,s of more than threefold) was seen
when the virus had two mutations (M461/147V or 184 V/I85V).
Further increases in the EC,s were seen when four substitu-
tions (L10F/I47V/V82I/IS5V) or five substitutions (L10F/
M461/I47V/V821/I85V) were introduced. Moreover, we gener-
ated molecular clones containing a primary mutation with
which HIV-1 is known to acquire substantial resistance to a
PI(s) (such as D30N, G48V, I50V, and L90M) and determined
the ECy,s of GRL-02031 (Table 4). We found that GRL-02031
was potent against all such molecular clones with a primary
mutation, with the differences in the EC,4s being 0.7- to 1.7-
fold in comparison with the ECy, for HIV-1,y 4.5, although
HIV-1p30n and HIV-1445 showed moderate to substantial
levels of resistance to NFV (5.6-fold change) and SQV (5.1-
fold change) (Table 4). These data suggest that HIV-1 can
acquire substantial resistance to GRL-02031 only when it gains
multiple mutations in the protease, a potentially advantageous
property of GRL-02031.

Structural analysis of GRL-02031 interactions with wild-
type protease. Finally, we conducted molecular and structural
analyses of the interactions of GRL-02031 with protease (Fig.
4). By refined structural modeling based on the previously
published crystal structures 2FDE (protease-brecanavir com-
plex) and 2IEN (protease-DRV complex), we found that the
oxygen atom of Cp-THF has a hydrogen bond interaction with
Asp29 in the S-2 pocket of the protease. The hydrogen bond
interactions of GRL-02031 with Asp25 and Gly27, which have
been observed for various PIs, were also predicted to be
present. In addition, GRL-02031 has hydrogen bond interac-
tions mediated through a water molecule with flap residues
Tle50 and Ile50'. Of note, GRL-02031 has an R configuration at
the pyrrolidone stereocenter. Interestingly, the structural mod-
els demonstrated that for the R-stereochemical configuration,
two distinct binding modes of GRL-02031 were found in the
S-2' pocket. The 2-pyrrolidone group and the methoxybenzene
moiety can orient toward Asp29’ and Asp30’ for configuration
1 and configuration 2, respectively (Fig. 4A and B). In config-
uration 1, the 2-pyrrolidone oxygen has hydrogen bond inter-
actions with Asp29’ in the S-2' pocket. In configuration 2, the
methoxybenzene orients toward the S-2' pocket and forms
tight hydrogen bonds with Asp30'. The interactions of PIs (48)
with Asp29’ and/or Asp30’ have been reported to be mediated
by water molecules. If is likely that the presence of water
molecules may influence the relative abundance of configura-
tions 1 and 2. The alternate bimodal binding feature observed
in this molecular analysis should provide advantages to the PI
in maintaining its antiviral potency when the HIV-1 protease
either has a polymorphism or develops amino acid substitu-
tions under drug pressure.

We also examined the lipophilic potential of the computa-
tionally defined cavity for the binding of GRL-02031 within the
HIV protease (Fig. 4C). It was revealed that GRL-02031 fits
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TABLE 4. Seasitivities of infectious molecular HIV clones carrying various amino acid substitutions to GRL-02031¢

Fold change in ECs, Fold change in ECs, of

Resombint HIV- don SR Thid. el oy (oo

pNL4-3 (wild-type) 0.023 + 0.008 1.0

L10F 0.037 = 0.001 1.6 1.4 (APV) 1.5 (IDV) (42)
L33F 0.028 + 0.005 1.2 1.0 (RTV) 14 (APV) (31)
M461 0.028 + 6.009 12 1.2 (RTV) 1.0 (APV) (40)
147V 0.037 = 0.006 1.6 1.2 (APV) 2.2 (APV) (31)
Q358E 0.033 + 0.007 14 10 (APV) Not previously reported
V821 0.035 = 0.001 . 15 15 (RTV) 1.9 (APV) (31)
184V 0.030 + 0.0001 1.3 22 (IDV) 10.6 (IDV) (41)
185V 0.024 = 0.011 1.0 2.1 (RTV) Not previously reported
M461/147V 0.073 + 0.009 32 1.3 (APV) 1.0 (APV) (40)
V82185V 0.035 = 0.002 1.5 1.6 (RTV) Not previously reported
I84V/185V 0.097 = 0.010 42 14.8 (RTV) Not previously reported
L10F/147V/V821/185V 0.43 = 0.06 18.7 1.9 (RTV) Not previously reported
L10F/M461/147V/V821/185V >1 >43 10.0 (APV) Not previously reported
D30N 0.020 = 0.009 0.9 5.6 (NFV) 6.0 (NFV) (41)
G48V 0.040 = 0.0008 1.7 5.1 (SQV) 7.0 (SQV) (21)
150V 0.015 + 0.008 0.7 1.2 (APV) 3.5 (APV) (31)
LS0M 0.032 £+ 0.001 14 1.0 (SQV) 3.0 (SQV) (21)

“MT-4 cells (1 X 10%ml) were exposed to 100 TCID; s of each infectious molecular HIV clope, and the inhibition of p24 Gag protein production by the drug was
used as the endpomt on day 7 in culture. The fold change represents the ratio of the ECs, for each mutant clone to the ECs, for wild-type HIV-1yy 4.3. All assays were
performed in triplicate, and the values shown are mean values (*1 standard deviation) derived from the results of three independent experiments.

tightly in the binding cavity and has favorable polar and non-
polar interactions with the active-site residues of the HIV-1
protease. The van der Waals surfaces of Ile47 and Iie47’ and of
1le84’ demonstrate that they form tight nonpolar interactions
with GRL-02031. Our antiviral data showing that the 147V
substitution is associated with HIV-1 resistance to GRL-02031
(Tables 3 and 4) are in agreement with this structural finding,
in that the substitution should reduce GRL-02031’s interaction
with protease and helps develop HIV-1 resistance to the in-
hibitor.

DISCUSSION

In the present work, we demonstrated that GRL-02031 sup-
presses the replication of a wide spectrum of HIV-1 isolates
and is potent against a variety of HIV-1 variants highly resis-
tant to multiple PIs, with the differences in the ECs,s being less
than twofold in comparison with the ECs, for wild-type strain
HIV-lgrsio4pre (Table 2). Additionally, when HIV-1yy; 45 Was
propagated in the presence of increasing concentrations of
IDV, APV, or GRL-02031, the time of emergence of HIV-1
variants highly resistant to GRIL-02031 was substantially de-
layed compared to that of IDV- or APV-resistant HIV-1 vari-
ants (Fig. 2). Indeed, 21, 27, and 37 passages were required for
HIV-1 to acquire the ability to propagate in the presence of
APV, IDV, and GRL-02031 at 5 pM, respectively. In this
regard, when we generated a variety of Pl-resistant HIV-1
variants by propagating laboratory strain HIV-1y;, 5 in the
presence of increasing concentrations of a PI in MT-4 cells
using the same procedure as that used in the present study, it
required 27, 23, 22, 21, and 14 passages for the virus to prop-
agate in the presence of 5 pM of SQV, APV, IDV, NFV, and
RTV, respectively (26). However, it should be noted that the
population size of HIV-1 in a culture is relatively small and
that the viral acquisition of mutations can be affected by sto-
chastic phenomena. For example, mutations take place at ran-

dom and the rates of mutations in the HIV-1 genome may not
be reproducible, although certain mutations that severely com-
promise viral replication would not remain in culture.

During the selection of HIV-1; .5 with GRL-02031, the
L10F substitution, one of the secondary substitutions, first ap-
peared. The L10F mutation occurs distal to the active site of
the enzyme and is thought to act in concert with active-site
mutations and compensate for a possible functional deficit
caused by the latter (6, 32). Mutations at Leu-10 reportedly
occur in 5 to 10% of HIV-1 isolates recovered from untreated
HIV-1-infected individuals but increase in prevalence by 60 to
80% in heavily treated patients (19, 22). However, the virolog-
ical and structural significance of the L10F substitution in
HIV-1 resistance to GRL-02031 is presently unknown.

By passage 37, two active-site mutations (V821 and I84V)
emerged. These V82 and I84 residues represent active-site
residues whose side chains are involved in the formation of the
protease substrate cleft and that make direct contact with cer-
tain PIs (48), and the V821 substitution has been shown to be
effective in conferring resistance when it is combined with a
second active-site mutation, such as V321 (23). Another active-
site mutation (I85V) and two flap mutations (M46I and 147V)
also emerged by passage 30. Both Met46 and Ile47 are located
in the flap region of the enzyme; the I47V substitution is
reported to be associated with viral resistance to APV and
JE-2147 (40, 48). The lipophilic potential of the computation-
ally defined cavity for the binding of GRL-02031 within the
HIV protease seems to be related to a finding that the van der
Waals surfaces of lle47 and Ile47' and of Ile84' form tight
nonpolar interactions with GRL-02031 (Fig. 4C). Our antiviral
data showing that the I47V substitution is associated with
HIV-1 resistance to GRL-02031 (Table 3) are in agreement
with this structural finding. However, it is also of note that
HIV-1 acquires substantial resistance to GRL-02031 when the
virus gains multiple mutations in the protease (Table 4), as
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FIG. 4. Molecular interactions of GRL-02031 with HIV-1 protease. (A) A model of the interaction of GRL-02031 with HIV protease. The
bird’s-eye view of the docked pose (inset) is presented along with a blown-up figure highlighting the important hydrogen bond interactions. The
inhibitor is predicted to have hydrogen bond interactions with Asp25, Gly27, Asp29, Ile50, Asp29’, and Ile50’. Note that the pyrrolidone oxygen
(red stick) interacts with the S-2' subpocket and forms a hydrogen bond interaction with Asp29’. (B) Superimposed binding configurations of
GRL-02031 with the HIV-1 protease. The carbons are shown in gray in configuration 1 and in green in configuration 2. Selected hydrogen bond
interactions of configuration 2 are shown. In configuration 2, the methoxybenzene interacts with the S-2’ site and forms a hydrogen bond
interaction with Asp30’. The interaction of the P-2 ligand Cp-THF is the same in both configurations. (C) The binding cavity of HIV protease with
lipophilic potential is shown. GRL-02031 fits tightly in the binding cavity and has favorable polar and nonpolar interactions with the active-site
residues of the HIV-1 protease. The van der Waals surfaces of Ile47 and Ile47’ (both in magenta) and of 1le84’ (in purple) demonstrate that they
form tight nonpolar interactions with GRL-02031. The protease residues are shown in stick representation. The following atoms are indicated by
designated colors: C, gray; O, red; N, blue; S, yellow; H, cyan. Both protease chains are shown in green. The figure was generated with the

MOLCAD program (Sybyl, version 8.0; Tripos, L.P, St. Louis, MO).

seen in the case of DRV (9). This resistance profile (i.e., the
requirement of multiple mutations) of GRL-02031 may also
confer certain advantage in the resistance profile of GRL-
02031.

Two mutations at conserved residues, L33F and Q58E, also
emerged by passage 37 and were present in 10 and 9 of 10
clones, respectively. L33F has primarily been reported in pa-
tients treated with RTV or APV (37). The L33F substitution
alone did not change the susceptibility of HIV-1 to GRL-02031
(Table 4), although it has recently gained attention because of
its association with resistance to the FDA-approved PI, ti-
pranavir (33).

In the HIV-1 variants selected with GRL-02031, four amino
acid substitutions in the Gag proteins (G62R, R409K, L.363M,
and 1437T) were seen by passage 37. R409K within the p7 Gag
seems to be associated with viral resistance to APV (14), al-
though the significance of G62R within p17 is as yet unknown.
The p7-pl cleavage-site mutation 1437T has been reported to
be associated with ATV resistance (17). It is of note that by
passage 15, an unusual amino acid substitution, L363M,
emerged; this substitution has not previously been reported in
relation to PI resistance. This L363M is located at the p24-p2
cleavage site, which represents the C terminus of the capsid
(CA) p24 protein that is highly conserved and that is involved

in virion assembly. The deletion of this cluster or the introduc-
tion of mutations such as L363A is known to cause significant
impairment of particle formation and infectivity (34). It is
noteworthy that L.363M appears in HIV-1 variants resistant to
a maturation inhibitor, PA-457 [3-O-(3',3'-dimethylsuccinyl)
betulinic acid], which binds to the CA-p2 cleavage site or its
proximity, blocks the cleavage by protease during virion mat-
uration, and exerts activity against HIV-1 (27, 44, 49).

It was noted that GRL-02031 and SQV remained active
against most of the PI-selected HIV-1 variants and that SQV,
IDV, and NFV remained potent against HIV-1Ggr1.02031-5 um
(Table 3), suggesting that the combination of GRL-02031,
SQV, IDV, and NFV can exert complementarily augmented
activity against multi-PI-resistant HIV-1 variants. Such a dif-
ference in the resistance profile of GRL-02031 when it is used
with SQV and NFV may be due to the differences in binding
and antiviral potency associated with the D30N and G48V
mutations (Table 4).

In an attempt to explain why GRL-02031 can exert potent
activity against a wide spectrum of HIV-1 variants resistant to
multiple PIs, we performed structural modeling and molecular
docking of the interactions of GRL-02031 with protease (Fig.
4). Interestingly, our structural modeling analysis demon-
strated that there are two distinct binding modes of GRL-
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02031 in the S-2' pocket of the protease. Either the 2-pyrroli-
done group or the methoxybenzene moiety can orient toward
Asp29’ and Asp30’ (configuration 1 and configuration 2, re-
spectively) (Fig. 4B). It is presumed that such alternate binding
modes provide distinct advantages to GRL-02031 in maintain-
ing its antiviral activity against a wide spectrum of HIV-1
variants resistant to other currently available Pls. The alternate
binding modes could explain the reason why the development
of resistance to GRL-02031 is substantially delayed compared
to the time to the development of resistance to APV or IDV
(Fig. 2). In addition, the models of GRL-02031 indicated that
it is capable of forming hydrogen bond interactions with the
backbone atoms of Asp29, Asp29’, and/or Asp30’. Such back-
bomne interactions have been shown to be important in main-
taining potency not only against wild-type protease but also
against drug-resistant mutant proteases (1, 15, 16, 36). This
may also explain why GRL-02031 maintains its potency against
a wide variety of drug-resistant mutant proteases.

It is of note that the difference seen with GRL-02031 (one-
to twofold) seems substantially less than that seen with DRV
(one- to sevenfold) (Table 2). Although this difference may not
be translated into an actual difference in the clinical setting, it
is worth noting that GRL-02031 may have certain advantages
in its activity against highly drug-resistant HIV-1 variants. Con-
sidering that the acquisition of multiple amino acid substitu-
tions is required for the emergence of HIV-1 resistance to
GRL-02031, the profile of HIV-1 resistance to GRL~02031,
which is apparently different from the profiles for the other
Pls, might result in an advantage for GRL-02031, although
further evaluations, including testing of the compound in the
clinical setting, are required.

Taken together, GRL-02031 exerts potent activity against a
wide spectrum of laboratory and clinical wild-type and multi-
drug-resistant HIV-1 strains without significant cytotoxicity in
vitro and substantially delays the emergence of HIV-1 variants
resistant to GRL-02031. These data warrant further consider-
ation of GRL-02031 as a candidate as a novel PI for the
treatment of AIDS.
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Human immunodeficiency virus type 1, simian immunodeficiency virus and simian/human
immunodeficiency virus (SHIV) infection generally lead to death of the host accompanied by high
viraemia and profound CD4* T-cell depletion. SHIV clone KS661-infected rhesus macaques
with a high viral load set point (HVL) ultimately experience diarrhoea and wasting at 6—12 months
after infection. In contrast, infected macaques with a low viral load set point (LVL) usually live
asymptomatically throughout the observation period, and are therefore referred to as
asymptomatic LVL (Asym LVL) macaques. Interestingly, some LVL macaques exhibited diarrhoea
and wasting similar to the symptoms of HVL macaques and are termed symptomatic LVL (Sym
LVL) macaques. This study tested the hypothesis that Sym LVL macaques have the same degree
of intestinal abnormalities as HVL macaques. The proviral DNA loads in lymphoid tissue and the
intestines of Sym LVL and Asym LVL macaques were comparable and all infected monkeys
showed villous atrophy. Notably, the CD4™* cell frequencies of lymphoid tissues and intestines in
Sym LVL macaques were remarkably lower than those in Asym LVL and uninfected macaques.
Furthermore, Sym LVL and HVL macaques exhibited an increased number of activated
macrophages. In conclusion, intestinal disorders including CD4 ™ cell reduction and abnormal
immune activation can be observed in SHIV-KS661-infected macaques independent of virus
replication levels.

characterized by virus replication (Fackler et al., 1998),

CD4* T-cell depletion (Brenchley et al, 2004), oppor-

The intestinal tract, which is the largest mucosal and
lymphoid organ and which contains the majority of the
total lymphocytes in the body, is an important port of
entry for human immunodeficiency virus type 1 (HIV-1)
infection in vertical and homosexual transmission (Smith
et al., 2003). Additionally, the intestinal tract is a central
site in the interaction between HIV-1 and its host, and
suffers profound pathological changes as a result of HIV-1
infection. HIV-1 infection of the intestinal tract is

tunistic infection and HIV enteropathy, which is an
idiopathic intestinal disorder observed in infected patients
with diarrhoea (Kotler, 2005). In particular, CD4* T-cell
depletion, which is the immunological hallmark in the
development of AIDS, preferentially takes place in the
intestinal tract rather than in the peripheral blood
throughout the infection (Brenchley et al, 2004). This
observation is based on the following findings: (i) most
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naturally transmitted HIV-1 strains are chemokine recep-
tor 5 (CCR5)-tropic; and (ii) the intestinal tract, especially
the lamina propria, contains a large number of activated
memory CCR5" CD4™" T cells, which indicates a high
susceptibility for HIV-1 infection, whereas the peripheral
blood has a relatively small population of these cells
(Anton et al, 2000; Lapenta et al, 1999). CD4™% T-cell
depletion from the intestinal tract by HIV-1 infection is
thought to lead to progressive dysfunction of mucosal
immunity, which triggers immunodeficiency (Paiardini et
al, 2008). In addition to CD4™ T-cell depletion in the
intestinal tract, HIV-1 infection causes histopathological
changes in the intestine, including villous atrophy, crypt
hyperplasia and acute/chronic inflammation (Batman et
al., 1989).

Chronic disease of the intestinal tract generally manifests as
inflammation (Kahn, 1997). Diarrhoea is a major intestinal
symptom caused by various stimuli to the intestinal tract
such as pathogens, toxins and dysfunction of the immune
system (Gibbons & Fuchs, 2007). Because HIV-1 infection
weakens the host immune system, AIDS is one of the
primary causes of chronic diarrhoea (Sestak, 2005). In
developing countries, diarrhoea was a major symptom in
advanced HIV-1 infection prior to the establishment of
highly active antiretroviral therapy (HAART) (Wilcox &
Saag, 2008). Dehydration and malabsorption as a result of
chronic diarrhoea can lead to progressive weight loss and
can contribute to morbidity and mortality in HIV-1-
infected patients (Sharpstone & Gazzard, 1996). Therefore,
chronic diarrhoea is one of the most important clinical
signs in AIDS patients.

AIDS models using non-human primates have provided
many important observations on AIDS pathogenesis. The
first finding of early CD4% T-cell depletion from the
intestinal tract was reported in a study using simian
immunodeficiency virus (SIV)-infected macaques (Veazey
et al., 1998). Intestinal CD4™ T cells of rhesus macaques
predominantly exhibit a CCR5™* activated memory pheno-
type, and CD4™ T cells of this phenotype are selectively
eliminated in SIV-infected macaques, indicating that the
majority of intestinal CD4™ T cells are primary targets of
 SIV infection (Veazey et al, 2000a, b). Accordingly,
detailed analysis of the intestinal tract using animal models
is essential for an understanding of AIDS pathogenesis.

Simian/human immunodeficiency virus (SHIV)-KS661 is a
molecular clone and a pathogenic virus in rhesus
macaques. SHIV-KS661 systemically depletes CD4" T
cells of rhesus macaques within 4 weeks of infection
(Miyake et al.,, 2006). Based on our observations over a
number of years, intravenous infection of rhesus macaques
with SHIV-KS661 consistently results in high viraemia and
CD4" T-cell depletion, followed by malignant morbidity
as a result of severe chronic diarrhoea and wasting after 6—
18 months. Generally, the time to clinical morbidity in
rhesus macaques infected with pathogenic SHIVs, such as
SHIV-89.6P and SHIV-KS661, is considerably shorter than

in HIV-1-infected humans, who take an average of 10 years
to progress to AIDS. In addition, all subsets of CD4" T
cells including memory and naive T cells are thoroughly
depleted in pathogenic SHIV-infected macaques. However,
in the SHIV-KS661 macaque model, diarrhoea and
wasting, which are major symptoms in advanced HIV-1
infection, can clearly be recognized and defined in
association with disease progression.

Recently, we observed that, in many rhesus macaques
infected intrarectally with SHIV-KS661, plasma viral RNA
loads decreased gradually to undetectable levels in the
chronic phase, which is quite different from the case with
intravenous infection. It is well known that pathogenic SIV
and SHIV infections in monkeys, like HIV-1 infections in
humans, generally lead to high viraemia, profound CD4*
T-cell depletion and death. Interestingly, in this study, two
out of six intrarectally inoculated macaques with a low
plasma viral load experienced malignant morbidity mani-
fest as severe diarrhoea and wasting, similar to what we
observed in infected macaques with high viraemia. The
purpose of this study was to elucidate why macaques with a
low plasma viral load experienced diarrhoea and wasting.
As an explanation for this morbidity, we hypothesized that,
even if the viral load set-point is suppressed, SHIV-KS661-
infected macaques would have the same degree of intestinal
abnormalities as infected macaques with high viraemia. To
test this hypothesis, we analysed CD4 ™ cell frequencies in
lymphoid and intestinal tissues and damage to the
intestinal mucosa in infected macaques with high and
low viral load set points (HVL and LVL, respectively).
Here, we have provided evidence for the development of
intestinal disorders in SHIV-KS661-infected macaques
irrespective of the plasma viral RNA load.

RESULTS

Diarrhoea and wasting in two macaques despite
low viral load

All macaques inoculated intravenously with SHIV-KS661
and one out of seven macaques inoculated intrarectally
with SHIV-KS661 exhibited high set points of plasma viral
RNA loads, persisting at over 10° copies ml™" until they
needed to be euthanized as a result of diarrhoea and
wasting (Fig. la). In contrast, in the remaining six
macaques inoculated intrarectally with SHIV-KS661, the
set points of plasma viral RNA load gradually decreased to
undetectable levels (Fig. 1a). We called these macaques
showing high and low set points of viral RNA load HVL
and LVL macaques, respectively. During an observation
period of approximately 1.4 years, two LVL macaques
(MM397 and MM399) experienced severe diarrhoea and
wasting and required euthanasia at approximately
22 weeks post-infection (p.i.), similar to HVL macaques,
whereas the remaining four LVL macaques were asympto-
matic (Fig. la). We termed the healthy LVL macaques
asymptomatic LVL macaques (Asym LVL) and the LVL
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Fig. 1. Distribution of virus in various tissues of
SHIV-KS661-infected rhesus macaques. (a)
Time course of plasma viral RNA loads as
measured by quantitative RT-PCR. The detection
limit of plasma viral RNA loads was 500 copies
> mi™". The animal ID numbers, infection route and
when and how they were euthanized are
indicated on the figure. IV, Intravenous inocu-
lation; IR, intrarectal inoculation; re, required
euthanasia; se, scheduled euthanasia; w, number
of weeks after infection when euthanasia was
performed. (b) Immunohistochemical detection of
Nef antigen in thymus, mesenteric lymph nodes

u MM298 (Mes. LN) and jejunum. Brown staining indicates
A MM299 Nef* cells. The upper panels show represent-
7 MM338 ative tissue sections from a Sym LVL macaque
< MM339 (MM397) and the lower panels show represent-
O MM378 ative tissue sections from an HVL macaque
0 MM243 (MM376). Bars, 100 pm. (c) Proviral DNA loads
© MM400 in different tissues of SHIV-KS661-infected
O MM401 macaques, as measured by quantitative PCR.

The detection limit of proviral DNA loads was 10

K MM375
4 MM397

g copies ug~". Filled black symbols indicate HVL
% MM399

macaques, open black symbols indicate Asym
LVL macaques and open grey symbols indicate
Sym LVL macaques.

macaques with diarrhoea and wasting symptomatic LVL
macaques (Sym LVL).

Antibody response against SHIV in infected
macaques

The LVL macaques showed antibody responses to SHIV-
KS661 at 3-4 weeks p.. and then developed strong
antibody responses that persisted up to 18 weeks p.i.
(Table 1). In contrast, two of the HVL macaques (MM298
and MM299) showed no antibody response, whilst the
remaining two (MM338 and MM339) showed very low

antibody responses. Among the HVL macaques, only
MM376 showed a strong antibody response: the titre
reached 1:2048 at 6 weeks p.i., but then decreased to a
much lower value. These results showed that LVL
macaques succeeded in maintaining a strong antibody
response, whilst HVL macaques failed to do so.

Viral levels in tissues from Sym LVL and Asym LVL
macaques are not significantly different

To investigate whether the infected macaques had different
viral levels in their lymphoid and intestinal tissues, we used
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