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Received 4 August 1997/Accepted 22 December 1997

We examined the viral replicative capacity and protease-mediated processing of Gag and Gag-Pol precursors
of human immunodeficiency virus (HIV) variants selected for resistance to protease inhibitors. We compared
recombinant viruses carrying plasma HIV RNA protease sequences obtained from five patients before protease
inhibitor therapy and after virus escape from the treatment. Paired pretherapy-postresistance reconstructed
viruses were evaluated for HIV infectivity in a quantitative single-cycle titration assay and in a lymphoid cell
propagation assay. We found that all reconstructed resistant viruses had a reproducible decrease in their
replicative capacity relative to their parental pretherapy counterparts. The extent of this loss of infectivity was
pronounced for some viruses and more limited for others, irrespective of the inhibitor used and of the level of
resistance. In resistant viruses, the efficiency of Gag and Gag-Pol precursor cleavage by the protease was
impaired to different extents, as shown by the accumulation of several cleavage intermediates in purified par-
ticle preparations. We conclude that protease inhibitor-resistant HIV variants selected during therapy have an
impaired replicative capacity related to multiple defects in the processing of Gag and Gag-Pol polyprotein pre-
cursors by the protease.

Protease inhibitors are the most active antiviral agents used
to date for the treatment of human immunodeficiency virus
(HIV) infection (8). These drugs inhibit processing of HIV
Gag and Gag-Pol polyprotein precursors by the virus-encoded
protease into their mature structural or enzymatically active
products, resulting in a complete block of particle infectivity
(7). Consequently, HIV protease inhibitors exert powerful an-
tiviral activity in infected patients, usually leading to the sup-
pression of detectable viral replication for prolonged periods
when used in combination with other antiretroviral agents (12,
20, 22).

In spite of this promising clinical efficacy, the emergence of
HIV variants with a reduced sensitivity to protease inhibitors
can occur when the treatment fails to achieve a sufficiently
profound suppression of viral replication (16). The evolution
of HIV toward high-level resistance to protease inhibitors is
the result of a gradual accumulation of resistance mutations in
the protease (4, 5, 10, 23). Most of the HIV protease mutations
that are associated with decreased sensitivity to protease in-
hibitors are now well identified (4, 5, 14, 15, 21, 26, 27, 29).
These mutations are usually not found in isolates that have not
been exposed to protease inhibitors (1, 17, 18, 24, 32), implying
that they might confer a selective disadvantage to the virus
during replication in drug-free conditions. Previous studies
conducted on tissue culture-selected or in vitro-mutated vi-
ruses indeed found that some protease inhibitor resistance
mutations, often located close to the enzyme active site, can
decrease protease catalytic activity and viral replicative capac-

ity (2, 6, 13, 15, 19, 30, 31). In some instances, the impairment
of HIV replication that results from the selection of these
resistance mutations can be partially compensated for by sec-
ondary mutations that are usually located outside the enzyme
active site (2, 14, 15, 25, 30). Furthermore, for some HIV vari-
ants selected for resistance to protease inhibitors in cultures, it
has been found that adaptative changes able to partly correct
resistance-associated loss of HIV infectivity can emerge outside
the protease coding sequence, in the p7-p1 and p1-p6 protease
cleavage sites within the Gag polyprotein precursor (6, 9).

Overall, selection for HIV resistance to protease inhibitors
follows a complex evolutionary pathway that can differ accord-
ing to the nature of the inhibitor and to the conditions of the
selection. To date, the effects of HIV resistance to protease
inhibitors on HIV replicative capacity has not been clearly
documented for resistant viruses selected during treatment of
infected patients. In this study, we constructed recombinant
viruses carrying plasma HIV RNA protease sequences that
were obtained from patients and that had escaped therapy by
ritonavir or saquinavir. The infectivity of the corresponding
particles was compared to that of equivalent molecular clones
carrying the parental pretherapy protease from the same pa-
tients. We found that all studied recombinant viruses harbor-
ing resistant proteases had an impaired viral replicative capac-
ity relative to viruses carrying parental pretherapy proteases.
The replicative defect observed in these recombinant viruses
was accompanied by abnormalities in the processing of the
Gag and Gag-Pol polyprotein precursors and involving several
cleavage sites. Analysis of plasma HIV Gag sequences before
and after the onset of resistance revealed that significant ad-
aptative changes in Gag cleavage sites had occurred in only one
virus, displaying a single mutation in the nucleocapsid (NC)-p1
site.
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Taken together, our results reveal that even after in vivo
selection for resistance in the course of treatment of infected
patients, resistance to protease inhibitors can result in a sig-
nificant impairment of HIV replicative capacity, due to a de-
crease in protease cleavage efficiency.

MATERIALS AND METHODS

Patients. The HIV proteases studied here were amplified from plasma virus
obtained from four patients treated with a combination of ritonavir (Abbott) at
1,200 mg/day, dideoxycytosine (zalcitabine; Roche) at 2.25 mg/day, and zidovu-
dine (Glaxo-Wellcome) at 600 mg/day (22) (patients 202, 401, 402, and 506). One
patient (patient 246) was treated with saquinavir (Roche; 1,800 mg/day) mono-
therapy.

Construction of recombinant viral genomes. HIV protease sequences were
amplified from patient plasma virus by nested reverse transcriptase (RT) PCR.
The first round of RT PCR was conducted with the ProA1/ProA2 primer pair:
ProA1, 59GCTAATTTTTTAGGGAAGATCTG39, and ProA2, 59GGCAAAT
ACTGGAGTATTGTATG39. For sequencing, the second round of amplifica-
tion was done with nested primers ProB1 and ProB2: ProB1, TTTTTAGGG
AAGATCTGGCCTTC, and ProB2, GGAGTATTGTATGGATTTTCAGG.
Primer Pro1 (CCCTCTCAGAAGCAGGAG) was used for direct sequencing of
the resulting bulk PCR product. For cloning, the second round of PCR was
conducted with nested primers PRX1 and PRC2: PRX1, 59GGAGCCTCTA
GACAAGGAACTGTATCCT39, and PRC2, 59GTACAGTATCGATAGGAC
TAATGGGAAA39.

The resulting nested PCR products were digested with XbaI and ClaI and
cloned into pBluescript SKII1, and then the XbaI-ClaI insert was in turn cloned
into pNL4-3XC, a previously described modification of the HIV type 1 (HIV-1)
proviral molecular clone pNL4-3 in which an XbaI site was inserted immediately
upstream of the protease coding sequence together with a ClaI site inserted
immediately downstream (27). Clones were sequenced with the Pro1 primer to
ensure that the protease sequence was identical to that of the bulk PCR product.

Cell cultures. HeLa cells and P4 cells (HeLa-CD4 LTR-LacZ) (3) were cul-
tivated in Dulbecco’s modified Eagle’s medium (DMEM). MT4 and HUT78 cells
were grown in RPMI 1640. All cultures were supplemented with 10% fetal calf
serum and antibiotics. P4 cells were cultured in the presence of 500 mg of G418
per ml.

Protease inhibitor resistance assay. Subconfluent HeLa cells in 25-cm2 flasks
were transfected with 8 mg of HIV proviral plasmid DNA by the calcium phos-
phate precipitation method. After 24 h, the transfected HeLa cells were
trypsinized, split into 1-ml subcultures in 48-well plates, and treated with increas-
ing concentrations of protease inhibitor (0, 1, 5, 25, 125, 625, and 3,125 nM).
After 24 h of treatment, 100 ml of viral supernatant from each subculture was
used to infect triplicate subconfluent P4 cell cultures in 96-well plates in the
presence of 100 mg of DEAE-dextran per ml. In P4 cells, the expression of
b-galactosidase is strictly inducible by the HIV transactivator protein Tat,
thereby allowing precise quantitation of HIV infectivity based on a single cycle
of replication (3). At 24 h after infection of P4 cells, the titer of viruses produced
in the presence of inhibitors in a single cycle was determined by quantitation of
the b-galactosidase activity in P4 cell lysates with a colorimetric assay based on
the cleavage of chlorophenol red-b-D-galactopyranoside (CPRG) by b-galacto-
sidase (adapted from Eustice et al. [11]). Briefly, following elimination of the
supernatant, P4 cells were lysed in 100 ml of lysis buffer (60 mM Na2HPO4,
40 mM NaH2PO4, 10 mM KCl, 10 mM MgSO4, 2.5 mM EDTA, 50 mM b-mer-
captoethanol, 0.125% Nonidet P-40). After incubation for 5 min at room tem-
perature, 100 ml of reaction buffer (8 mM sodium phosphate buffer [pH 7.4],
10 mM MgCl2, 10 mM b-mercaptoethanol, 6 mM CPRG) was added to the cell
lysates and incubated for 1 min to 2 h at 37°C. Colorimetric reactions were
irreversibly arrested by freezing the plates at 280°C for at least 2 h. Optical
densities in the reaction wells were read at 570 nm with a reference filter set at
690 nm. The susceptibility of the different viruses to protease inhibitors was
expressed as the concentration of drug leading to 90% inhibition (IC90).

Infectivity assays. The single-cycle titer of the recombinant viruses was deter-
mined with indicator P4 cells. Briefly, triplicate subconfluent P4 cells in 96-well
plates were infected with the equivalent of 5 ng of HIV-1 p24 of the different
viruses obtained from transfected HeLa cells in the presence of 100 mg of
DEAE-dextran per ml. The infectious titer was measured after 24 h of infection
with the CPRG assay.

For analysis of the kinetics of virus replication in T-lymphoid cells, 106 MT4 or
HUT78 cells were infected with the equivalent of 10 ng of p24 of each of the
recombinant viruses obtained from transfected HeLa cells. Virus production in
the infected cultures was monitored with an HIV-1 p24 antigen enzyme-linked
immunosorbent assay (ELISA) (DuPont).

Viral protein analysis. HeLa cells were grown in DMEM supplemented with
10% fetal calf serum. On the day before transfection, HeLa cells were plated at
a seeding concentration of 106 cells per 75-cm2 tissue culture flask. The cultures
were transfected with 20 mg of plasmid DNA by the calcium phosphate precip-
itation technique. Transfected HeLa cells were metabolically labelled with a
mixture of [35S]methionine and [35S]cysteine from 48 to 60 h posttransfection. To
analyze particle-associated proteins, virions released into the supernatant were

pelleted through a 20% sucrose cushion (in phosphate-buffered saline) for
90 min at 4°C and 48,000 rpm in a Beckman TLA-100.3 rotor. Pelleted viral
particles were lysed in radioimmunoprecipitation assay buffer (RIPA buffer; 140
mM NaCl, 8 mM NaH2PO4, 1% Nonidet P-40, 0.5% deoxycholate, 0.05% so-
dium dodecyl sulfate [SDS]), and aliquots were analyzed directly by SDS-poly-
acrylamide gel electrophoresis (PAGE). After normalization of the particle yield
by the HIV-1 p24 ELISA, aliquots of the lysed virions were analyzed by immu-
noprecipitation with serum from an HIV-1-infected patient prior to electro-
phoresis.

RESULTS

Construction of protease inhibitor-resistant recombinant
viruses. To evaluate the impact of resistance to protease in-
hibitors on HIV replicative potential, five pairs of viruses car-
rying pretherapy or postresistance proteases from five patients
treated with protease inhibitors were reconstructed with pNL4-
3XC, a full-length HIV-1 proviral infectious molecular clone
(27). Each pair of molecular clones comprised the PCR-am-
plified protease obtained from plasma virus shortly before the
initiation of the treatment and the protease obtained after
evidence that the virus had escaped treatment, as indicated by
a rebound in plasma viremia. Four of the patients (patients
202, 401, 402, and 506) were treated with a combination of
ritonavir with zidovudine and zalcitabine (22). The profile of
viral escape from antiretroviral therapy for these four patients
is shown in Fig. 1. In all four cases, the samples were obtained
before viremia had reached pretherapy (week-0) levels. One
patient (patient 246) was treated with saquinavir as a single
agent. Ritonavir escape viruses 202post, 401post, and 506post
were harvested 12 months after the initiation of therapy.
Ritonavir escape virus 402post was obtained 20 weeks after
the onset of therapy, while saquinavir escape virus 246post was
harvested after more than 24 months of treatment.

The mutations found in the protease of the escape variant
from each patient are shown in Table 1, together with the level
of resistance of the corresponding recombinant virus. All of the
observed mutations already have been described for patients
treated with protease inhibitors (4, 5, 21, 23, 29). Ritonavir
escape viruses carried different combinations of typical ritona-
vir resistance mutations at codons 20, 36, 46, 54, 82, and 90 of
the protease. Saquinavir escape virus 246post was mutated at
codons 46, 48, and 90, a pattern typical of resistance to sa-
quinavir. The level of resistance of each reconstructed escape
virus was measured in a single-cycle system and expressed as
the increase in the IC90 relative to that of pretherapy virus. The
increase in IC90 ranged from 8.9- to 19-fold, according to the
virus studied (Table 1).

The sequence of the cleavage sites in Gag that have been
described as able to mutate along with or subsequent to the
emergence of resistance mutations in the protease (9) was
determined for plasma viruses from all five patients before
therapy and after escape. For escape viruses from patients 202,
246, 401, and 506, we found only the commonly observed
variability described for HIV-1 clade B (1, 24). Therefore, we
believe that the replicative behavior of the corresponding re-
constructed viruses, which all carried wild-type pNL4-3XC
Gag sequences, should not be significantly different from that
of the original plasma virus. The only significant change was
found for patient 402, in whom a single A3V change at posi-
tion P2 in the NC-p1 cleavage site was present in the resistant
virus at week 20. This same substitution, accompanied by a
Q3R substitution immediately upstream, has been described
to emerge in HIV variants selected for resistance to protease
inhibitors in vitro (9). The potential effects of this sequence
change on the resistance and replicative phenotype of resistant
virus 402post are currently under investigation.
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Effect of resistance to protease inhibitors on HIV replicative
capacity. The differences in infectivity between pretherapy and
protease inhibitor-resistant viruses were first evaluated by di-
rect titration of HIV in drug-free conditions on the basis of a
single cycle of viral infection with the P4 indicator cell line
(HeLa-CD4 LTR LacZ) (3). For each tested virus pair, at least
three independent titration experiments were conducted, cor-
responding to three independent transfections. Virus input was
normalized by HIV-1 p24 antigen ELISA quantification. For
all tested virus pairs, the single-cycle titer of the resistant virus
was reproducibly decreased relative to that of its parental pre-

therapy counterpart (Fig. 2). The relative loss in virus titer was
particularly marked for virus from ritonavir-treated patient
402, for which this reduction was consistently more than four-
fold, and for virus from saquinavir-treated patient 246, which
displayed a highly reproducible three- to fourfold loss of in-
fectivity. For the other viruses (202, 401, and 506), the single-
cycle infectious titer of the postresistance virus was 50 to 75%
that of the parental pretherapy virus.

The infectivity of four of the recombinant virus pairs (202,
401, 402, and 246) was also evaluated by analysis of the kinetics
of their propagation on T-lymphoid cell lines, in which detect-

FIG. 1. Evolution of plasma viremia over time in patients 202, 401, 402, and 506. Week 0 refers to the start of therapy. Arrowheads indicate the time of sampling
for the postresistance viruses.

TABLE 1. Genotypic profiles and resistance phenotypes of reconstructed protease inhibitor escape virusesa

Virus Protease inhibitor
treatment

Mutation in HIV protease Fold increase
in IC90L10 K20 M36 M46 G48 F53 I54 L63 A71 V82 I84 L90

202post Ritonavir R I Pb S 10
246post Saquinavir I V Pb M 10
401post Ritonavir R I V A 8.9
402post Ritonavir Ib R Ib I L Pb Vb A 14.1
506post Ritonavir R Pb A M 19

a The amino acid substitutions conferring HIV resistance to saquinavir and ritonavir are indicated in the single-letter code. The IC90 was measured in a single-cycle
resistance assay on P4 cells with the protease inhibitor included in the treatment as described in Materials and Methods. The results are expressed as the fold increase
in the IC90 compared to the value for a recombinant virus carrying the parental pretherapy protease.

b Already present in pretherapy virus.
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able HIV-1 p24 antigen production results from the accumu-
lation of several cycles of viral replication (Fig. 3). In keeping
with the results of the single-cycle titration experiment, there
was a significant delay in productive infection of MT4 cells by
postresistance viruses from patients 402 and 246 (Fig. 3A).
Replication of postresistance virus from patient 202 was only
marginally affected in MT4 cells, while the kinetics of propa-
gation of postresistance virus from patient 401 were similar to
those of the parental pretherapy virus. Similar results were
observed upon infection of HUT78 cells, in which the kinetics
of replication of postresistance viruses from patients 402 and
246 displayed a marked delay in peak virus production (Fig.
3B). These results reveal that, in both a quantitative single-
cycle titration assay and a virus propagation assay, resistant
protease alleles emerging in treated patients can reduce to
different degrees the replicative capacity of HIV variants rel-
ative to their parental pretherapy counterparts.

Effect of resistance to protease inhibitors on HIV polypro-
tein processing. The data reported above demonstrate that the
development of resistance to protease inhibitors in treated
patients results in a reduction in viral infectivity. To determine
whether this impaired viral fitness is associated with reduced
enzyme activity, we analyzed the protein composition of viral
particles processed by resistant proteases. In particular, we
compared the maturation profiles of Gag and Gag-Pol precur-
sors generated by patient-derived resistant proteases with the
patterns produced by the corresponding pretherapy proteases.

FIG. 2. Single-cycle infectivity of recombinant viruses carrying pretherapy
(gray bars) or postresistance (blade bars) HIV protease sequences from patients
treated with protease inhibitors. The single-cycle titer of each recombinant virus
carrying the postresistance protease was measured by titration on P4 (HeLa-CD4
LTR-LacZ) cells and expressed as a percentage of the titer of the pretherapy
virus from the same patient. Postresistance viruses from patients 202, 401, 402,
and 506 are resistant to ritonavir; postresistance virus from patient 246 is resis-
tant to saquinavir. Viral input was normalized according to the HIV-1 p24
antigen content of transfected HeLa cell supernatants. The results presented are
the mean standard deviation for at least three separate titration experiments for
three different transfections.

FIG. 3. Replication kinetics of recombinant viruses carrying pretherapy (h) or postresistance (}) HIV protease sequences in MT4 cells (A) and HUT78 cells (B).
MT4 and HUT78 cells were infected with HIV-1 p24-normalized amounts of particles from recombinant viruses carrying pretherapy or postresistance protease
sequences from ritonavir-treated patients 202, 401, and 402 and from saquinavir-treated patient 246. The kinetics of virus production in the infected cultures were
monitored over time with an HIV-1 p24 ELISA.
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Infectious proviral clones in which the complete protease
domain was substituted by PCR-amplified patient protease
coding regions were transfected into HeLa cells. The trans-
fected cells were metabolically labelled with [35S]methionine
and [35S]cysteine, and particulate material released into the
supernatant was pelleted through 20% sucrose and solubilized
in RIPA buffer. The samples were then analyzed both directly
by SDS-PAGE and in parallel by immunoprecipitation with a
serum sample from a patient infected with HIV-1 after nor-
malization for the p24 antigen content of each pair of samples.

All of the major Gag maturation products were detected in
the directly analyzed particle-associated material (Fig. 4A) as
well as in the immunoprecipitated aliquots (Fig. 4B). Interest-
ingly, all of the samples obtained from therapy-resistant pro-
teases displayed additional bands which were not detectable in
the corresponding pretherapy samples. In particular, a band
with the electrophoretic mobility of 25 kDa was reproducibly
observed in all of the particle-associated preparations pro-
cessed by therapy-resistant proteases (Fig. 4A, lanes post).
This band was clearly HIV encoded, since it was efficiently
immunoprecipitated by a serum sample from an HIV-1-in-

fected patient (Fig. 4B, lanes post); it very likely represents the
gag-encoded intermediate cleavage product capsid (CA)-p2
(Fig. 4C). Also, a band with an apparent molecular mass of 8
kDa was reproducibly more prominent in the therapy-resistant
protease samples than in the pretherapy counterparts (Fig. 4A,
compare lanes pre to lanes post). Such an electrophoretic
mobility may have been due to the NC (p7) protein still at-
tached to one of the spacer peptides surrounding the NC
protein in the Gag precursor molecule (Fig. 4C).

Immunoprecipitation of the particulate material allowed the
detection of additional precursor molecules, which were clearly
more prominent in the protease inhibitor-resistant samples
than in their pretherapy counterparts (Fig. 4B). A band of
approximately 39 kDa accumulated in all of the protease in-
hibitor-resistant virus particles (Fig. 4B, lanes post) and could
have corresponded either to the matrix (MA)-CA-p2 interme-
diate cleavage product (28) or to a portion of the Gag precur-
sor encompassing CA, NC, and p6. Of particular interest, in
virus 402post the intensity of the RT p66 band was drastically
reduced with respect to that of its pretherapy counterpart (Fig.
4B), indicating that a functionally impaired protease can result
in a significant alteration in the RT content of virions. Remark-
ably, some bands seemed to accumulate specifically in asso-
ciation with certain proteases (Fig. 4B, lanes 246post and
402post). In addition, the relative accumulation of the full-
length Gag precursor with respect to the mature product was
variable in unrelated samples (Fig. 4B).

DISCUSSION

In this study, we showed that recombinant HIV proviral
clones carrying protease sequences from viruses selected for
resistance to protease inhibitors during the treatment of in-
fected patients displayed a significant reduction in replicative
capacity relative to that of their parental pretherapy counter-
parts. Our data are in agreement with the conclusions of other
studies conducted on viruses that were selected for resistance
under tissue culture conditions, but to our knowledge, this is
the first report of a resistance-associated loss of viral fitness as
a result of protease inhibitor resistance in treated patients. We
found that the extent of this loss of fitness could be dramati-
cally different from one resistant virus to another. In some
reconstructed resistant viruses (carrying plasma protease se-
quences from patients 401, 202, and 506), the extent of the loss
of fitness was limited. In reconstructed viruses from two other
patients, a more dramatic loss of viral fitness was observed. In
virus selected by saquinavir treatment of patient 246 and car-
rying mutations M46I, G48V, and L90M, the marked reduc-
tion in viral infectivity was visible in both the single-cycle and
the viral propagation experiments.

Among the studied viruses, resistant virus from patient 402
was the most affected in its replicative capacity. Like virus
246post, virus 402post was characterized by a marked loss of
fitness in both the P4 single-cycle assay and the MT4 and
HUT78 propagation assays. The similarity of the impact of
protease inhibitor resistance on virus replication kinetics in
these two cell lines reinforces the results of the single-cycle
titration experiments. The protease from this virus carries
eight previously described resistance mutations: L10I, K20R,
M36I, M46I, F53L, L63P, A71V, and V82A; four of these
(L10I, M36I, L63P, and A71V) existed before ritonavir ther-
apy. Remarkably, this heavy resistance mutation pattern was
acquired in less than 20 weeks. The individual roles of partic-
ular resistance mutations in the marked loss of fitness that
characterizes this resistant virus, as well as the evolution of its
phenotype over time, are currently being evaluated.

FIG. 4. Analysis of the protein content of viral particles produced by recom-
binant viruses carrying pretherapy (pre) or postresistance (post) protease se-
quences from patients 202, 246, 401, and 402. (A) Metabolically 35S-labelled viral
particles produced by transfected HeLa cells were partially purified by ultracen-
trifugation through a 20% sucrose cushion, lysed, and directly analyzed by SDS-
PAGE. (B) Particle lysates produced and purified under the same conditions as
for panel A were immunoprecipitated by serum from an HIV-1-infected patient
and subsequently analyzed by SDS-PAGE. The amount of virions analyzed for
each pair of pretherapy-postresistance viruses was normalized with an HIV-1 p24
antigen ELISA. Molecular mass markers (in kilodaltons) are shown on the right.
On the left, the positions of the prominent HIV-encoded proteins found in virion
preparations are indicated: gp120 (outer envelope glycoprotein), RT, IN (inte-
grase), CA, MA, and NC. Pr55Gag indicates the complete, uncleaved Gag
polyprotein precursor. Two incomplete Gag cleavage products, found solely in
particles produced by recombinant genomes carrying postresistance protease
sequences, are also indicated: p25, resulting from incomplete cleavage at the
CA-p2 site; and p8, likely to result from incomplete cleavage at the NC-p1 site.
(C) Schematic representation of the protein domain organization in the HIV
Gag polyprotein precursor. The mature Gag proteins MA, CA, NC, and p6 are
shown as open boxes; spacer peptide sequences p2 and p1 are shown as hatched
boxes.
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Analysis of the pattern of particle-associated polyprotein
precursor cleavage in the reconstructed resistant viruses re-
vealed that even in the case of a modest loss of fitness, remark-
able abnormalities in Gag precursor cleavage were consistently
observed, a sign of a decrease in the cleavage efficiency of the
resistant protease. The most evident abnormality involved the
accumulation of p25 protein, with a PAGE migration profile
slightly slower than that of the CA p24 protein and likely to
correspond to incomplete cleavage of Gag at the CA-p2 site,
immediately downstream of CA. Since this site has been de-
scribed as being subject to the slowest rate of cleavage by the
HIV protease, a small reduction in the global efficiency of
cleavage by the protease could be more perceptible at this site
than at others. However, other Gag cleavage abnormalities
were observed in resistant viruses. In particular, all resistant
variants displayed an abnormal maturation of the NC protein,
characterized by the accumulation of a protein of 8 kDa which
was likely to result from incomplete cleavage at the NC-p1
junction. More Gag maturation abnormalities were also ob-
served, leading to the accumulation of small but significant
amounts of the full-length p55 Gag precursor and the accumu-
lation of a 39-kDa intermediate precursor, which could corre-
spond either to incomplete cleavage between MA and CA or
to an uncleaved segment of the Gag precursor comprising CA,
NC, and p6. Interestingly, virus 246post displayed a pattern of
Gag precursor accumulation that was strikingly different from
that of the other viruses. Indeed, this virus was characterized
by a marked inhibition of cleavage at the CA-p2 site, as re-
vealed by the accumulation of large amounts of p25 protein.
Whether this pattern reflects a globally higher level of impair-
ment in protease cleavage efficiency or whether it is specific to
the particular mutation profile of the virus 246post protease
remains to be determined.

A more detailed investigation of the consequences of pro-
tease inhibitor resistance on Gag precursor cleavage is in
progress. We have found that the consequences of resistance-
associated impairment of protease function are not limited to
abnormal cleavage of Gag precursors. In virus 402post, which
appeared to be the most fitness impaired, the amounts of
virion-associated RT p66 were significantly reduced relative to
those in its pretherapy counterpart. It is likely that the reduc-
tion in the amounts of particle-associated RT plays an impor-
tant role in the marked reduction of fitness that characterizes
this virus.

In viruses selected for resistance to protease inhibitors in
tissue cultures, mutations in the Gag NC-p1-p6 cleavage sites
have been found to partially compensate for a resistance-as-
sociated loss of fitness (9). The sequence of these cleavage sites
was examined in plasma viruses from all the samples that were
used here for the reconstruction of recombinant resistant vi-
ruses. Only native virus 402post was found to harbor a change
in the NC-p1 site, which emerged along with protease inhibitor
resistance mutations 20 weeks after the onset of therapy. How-
ever, in this significantly replication-impaired virus, the matu-
ration of Gag was not markedly more affected than in the other
viruses. Instead, the main cleavage defect in virus 402post
involved the maturation of RT. Therefore, in this native virus,
the NC-p1 site substitution might have had only a limited
fitness-corrective effect. An extensive examination over time of
the phenotypic and genotypic changes in Gag, RT, and pro-
tease in viruses from patient 402 is currently under way. The
adaptative changes in Gag described to date for protease in-
hibitor-resistant HIV variants involve only two cleavage sites
that border the p1 spacer peptide, located between NC and p6.
We report here that the impairment in viral fitness that results
from resistance is associated with a loss of protease cleavage

efficiency at several other sites in Gag and at some sites in Pol.
Therefore, the possibility of coevolution of all of these cleav-
age sites together with the protease, as well as the capacity of
the corresponding changes to fully or only partly compensate
for a resistance-associated loss of viral fitness, remains to be
evaluated.

The potential clinical benefit of a resistance-associated loss
of viral fitness needs to be fully investigated. It is possible that
resistant viruses displaying a marked impairment in replicative
capacity exhibit a reduction in pathogenic potential. In this
case, the evolution of HIV disease beyond the emergence of
resistance to protease inhibitors could adopt a slower pace in
spite of a rebound in plasma viremia. It should be emphasized
that none of the patients for whom viremia was regularly mon-
itored over time had regained plasma viremia levels above
pretherapy levels. In patient 402, in whom the most significant
loss of viral fitness was observed, viremia remained remarkably
low in spite of high levels of resistance to ritonavir. Resistance-
associated loss of viral fitness could also explain the results of
preliminary surveys of viruses escaping protease inhibitor ther-
apy, which have revealed in some cases a strong dissociation
between a rebound in plasma viremia and CD4 counts that
remain surprisingly high. However, further studies on similar
cases are required before any correlation can be attempted.
Furthermore, it should be emphasized again that the loss of
fitness observed in the resistant viruses studied here could be
gradually corrected over time during the course of therapy,
following the emergence of adaptative changes inside or out-
side the protease, as discussed above. Extensive virological and
clinical follow-up of patients treated with protease inhibitors is
required to ascertain the overall impact of a resistance-associ-
ated loss of fitness on the long-term effects of antiretroviral
treatments for HIV.
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