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ABSTRACT A novel HIV-1 integrase mutation pattern, L74F V75I, which conferred
resistance to first-generation integrase strand transfer inhibitors (INSTIs), was identi-
fied in a clinical case with virological failure under a raltegravir-based regimen. Addi-
tion of L74F V75I to N155H or G140S Q148H increased resistance levels to the
second-generation INSTIs dolutegravir (�385- and 100-fold, respectively) and cabote-
gravir (153- and 197-fold, respectively). These findings are important for the devel-
opment of an accurate system for interpretation of INSTI resistance and the rational
design of next-generation INSTIs.
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Integrase strand transfer inhibitors (INSTIs) constitute the latest class of available
antiretroviral agents exhibiting potent antiretroviral effects in vitro and vivo (1–8). The

first-generation INSTIs raltegravir (RAL) and elvitegravir (EVG) display broad cross-
resistance, whereas second-generation INSTIs of carbamoyl pyridine analogues, dolute-
gravir (DTG) and cabotegravir (CAB), demonstrate superior activity against first-
generation INSTI-resistant HIV-1 variants (4, 9–13). Although a DTG resistance mutation,
R263K, has been reported, and its resistance mechanism has been well studied (10, 12,
14, 15), other potential DTG resistance mutations and their mechanisms are not fully
understood.

In a clinical case (Fig. 1A), the plasma HIV-1 RNA level rebounded to 2,900 copies/ml
1 year after starting antiretroviral therapy (ART) that included tenofovir disoproxil
fumarate (TDF), emtricitabine (FTC), and RAL. However, no known INSTI resistance
mutations were identified based on major drug resistance mutation lists (IAS-USA drug
resistance mutations list [16] and the HIV Drug Resistance Database at Stanford
University [HIVDB]) at time points 2 and 3 (Fig. 1B). Clinical samples were obtained from
the fresh plasma of a patient attending the outpatient clinic of the National Hospital
Organization Nagoya Medical Center. The Institutional Review Board approved this
study (2010-310), and written informed consent was obtained from this patient. To
identify novel mutations associated with RAL resistance in the clinical isolates, we
constructed infectious HIV-1 clones with cDNA fragments of the integrase (IN)-coding
region derived from the clinical isolates and performed phenotypic resistance assays
using TZM-bl cells as previously described (8, 17). Briefly, viral RNA was extracted from
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plasma and subjected to reverse transcription-PCR (RT-PCR) and nested PCR using the
Superscript III one-step RT-PCR system (Thermo Fisher Scientific, Waltham, MA) and
PrimeSTAR GXL (TaKaRa Bio, Otsu, Japan), respectively. The DNA fragments amplified
from the clinical samples were cloned into the XbaI-NdeI region (891 bp) of pSLINwt,
which encodes nucleotides 4232 to 5122 of pNL101. Next, the XbaI-NdeI cassettes were
inserted into pBNΔIN, which encodes nucleotides 5122 (NdeI) to 5785 (SalI) of pNL101.
Finally, the Xba-SalI region (1,544 bp) was inserted back into pNL101. Each HIV-1
proviral molecular clone was transfected into human embryonic kidney 293T cells using
FuGENE HD (Promega, WI). Viral infectivity was determined by serially diluting each
stock of virus and by applying it to the TZM-bl cell assay (104 cells per well). Luciferase
marker gene expression was measured using the Bright-Glo luciferase assay system
(Promega, WI) after 48 h. For the INSTI susceptibility assay, RAL, EVG, and DTG were
purchased commercially from Selleck Chemicals (Houston, TX). TZM-bl cells (104 cells
per well) were infected with diluted virus stock at 100,000 relative light units (RLU) in
the presence of increasing concentrations of each INSTI. The 50% effective concentra-
tion (EC50) was calculated as the concentration that is required to reduce RLU by 50%.
Recombinant virus at time point 1 exhibited susceptibility to RAL, EVG, and DTG,
whereas the recombinant viruses at time point 2 had significantly reduced RAL and EVG
susceptibilities (19- and 32-fold, respectively). Mutations L74F and V75I first appeared
during the periods of virological failure, followed by two additional mutations, I60M
and V72I.

To evaluate the impact of the four novel mutations observed in the clinical isolates
on INSTI resistance levels, the IN mutant variants of HIV-1 were prepared by transfection
with pNL101-based plasmids (8) and were applied to the INSTI susceptibility assay
using TZM-bl cells (17) (Table 1). Single mutation L74F or V75I had no effect on INSTI
resistance, while the combination L74F V75I increased both RAL and EVG resistance

FIG 1 Clinical course and drug resistance profiles of a patient on an RAL-based ART regimen. (A) The
treatment history and clinical course. Arrows indicate the time points for drug resistance assays. (B) HIV-1
genotypic and phenotypic resistance assay results. Genotypic results were analyzed according to the
major drug resistance mutation lists (HIV Drug Resistance Database at Stanford University [March 2015]
and IAS-USA drug resistance mutations list [16]). Resistance levels to INSTIs were calculated as the fold
increase in the EC50 of the HIV-1 variants relative to that of WT. The data shown were obtained from at
least three independent experiments. Statistical significance was calculated for difference between the
WT and recombinant virus derived from a clinical isolate using a Student t test with a statistical cutoff
of P � 0.02 (*). Additional mutations in the catalytic core domain (CCD) were observed in recombinant
clones of time points 2 and 3 compared to time point 1 (GenBank accession no. LC201871 to LC201873).
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levels (5.5- and 11-fold, respectively). I60M caused no change in the RAL and EVG
resistance of HIV-1L74F V75I, although V72I marginally increased the resistance level.
There are minor discrepancies in the RAL and EVG susceptibilities between the clinical
isolate (19- and 32-fold, respectively) and laboratory virus (5.5 and 11-fold, respectively).
It is possible that strain-specific polymorphisms present in our clinical isolate may also
affect drug susceptibility, leading to minor discrepancies with the results from labora-
tory virus. To investigate the effect of I60M and/or V72I on HIV-1L74F V75I replication, the
replication kinetics of the corresponding recombinant viruses were examined. Briefly,
MT-2 cells (1 � 106 cells/flask) were infected with each diluted virus (750,000 relative
fluorescence units [RFU]) for 4 h. The infected cells were then washed and cultured in
a final volume of 2.5 ml (18). Culture supernatants were collected at various times
postinfection, and p24 concentrations were measured using AlphaLISA (PerkinElmer,
Waltham, MA, USA). The replication capacities of HIV-1 strains carrying I60M, V72I, or
L74F V75I were found to be comparable to that of the wild type (WT) (Fig. 2A). The
kinetics of HIV-1V72I L74F V75I replication were significantly lower than the HIV-1L74F V75I

(P � 0.0041), whereas the additional I60M mutation improved the impaired replication
capacity of HIV-1V72I L74F V75I (Fig. 2B).

L74M and L74I were frequently observed in the INSTI-experienced individual as a
secondary mutation (4.9 or 4.5% [subtype B, n � 957] by HIVDB [https://hivdb.stanford
.edu/]), whereas L74F was rare (less than 0.1%). Therefore, to examine whether L74M or
L74I has any impact on INSTI susceptibility in the presence of V75I, HIV-1 strains
carrying L74M V75I or L74I V75I were tested for susceptibility (Table 1). L74M or L74I did
not change susceptibility of the V75I variants, whereas L74F increased INSTI resistance.
These results suggest that the genetic pathway to acquire INSTI resistance of the L74F
mutant differs from that of mutants carrying the secondary mutation, L74M or -I.

To date, clinical studies demonstrated that three major resistance pathways, Y143C/
H/R, Q148H/K/R, and N155H were frequently observed in patients with virological
failure under a RAL-based regimen (19–22). The N155H mutation was usually accom-
panied by the secondary mutation L74M, E92Q, T97A, G136R, or V151I (23–25). Al-
though secondary mutations do not individually confer INSTI resistance, their combi-
nations with N155H increase resistance and restore viral replication capacity (26, 27). To
assess whether mutations at L74 alone or with V75I act as secondary mutations, we
evaluated resistance level (Fig. 3) and viral replication capacity (Fig. 2C and D) in the

TABLE 1 Susceptibility of recombinant HIV-1 strains to integrase strand transfer inhibitors

HIV-1 strain typea

EC50, nM (fold increase)b

RAL EVG DTG

WT 12 � 1.2 2.6 � 0.5 2.5 � 0.1

Mutant
I60M 8.4 � 0.8 (0.7) 2.2 � 0.4 (0.9) 2.4 � 0.1 (1.0)
V72I 16 � 2.9 (1.4) 2.8 � 0.2 (1.1) 2.5 � 0.3 (1.0)
L74F 18 � 2.1 (1.5) 5.5 � 0.4 (2.3) 1.1 � 0.1 (0.4)c

V75I 7.5 � 0.3 (0.7) 3.5 � 0.2 (1.2) 1.3 � 0.2 (0.5)c

L74F V75I 66 � 1.2 (5.5)c,d 27 � 3.6 (11)c,d 0.8 � 0.1 (0.3)c

L74I V75I 12 � 2.1 (1.0) 5.3 � 0.3 (1.9)c 1.6 � 0.1 (0.6)c

L74M V75I 21 � 3.9 (1.8) 8.0 � 0.5 (3.1)c 1.2 � 0.1 (0.5)c

I60M L74F V75I 44 � 8.2 (3.7) 32 � 8.8 (12) 1.2 � 0.1 (0.5)c

V72I L74F V75I 137 � 17 (11)c 45 � 11 (17) 1.3 � 0.2 (0.5)c

I60M V72I L74F V75I 47 � 1.2 (3.9)c 38 � 5.9 (15)c 0.7 � 0.1 (0.3)c

aSelect L74 mutations in the double and triple mutants have been highlighted for emphasis. In the V75I
variants, underlining indicates the L74M or L74I mutation did not have an impact on susceptibility, whereas
boldface indicates the L74F mutation increased INSTI resistance.

bThe data shown are means � standard deviations from three independent experiments. Values in
parentheses are fold increases of the EC50 relative to that in the HIV-1 WT.

cStatistical significance was calculated for difference between the WT and mutant using a Student t test with
a statistical cutoff of P � 0.02.

dStatistical significance was calculated for difference between single (L74F or V75I) and corresponding
double mutants using a Student t test with a statistical cutoff of P � 0.02.
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presence of major mutations. The results demonstrated that either L74M or L74F
enhanced RAL and EVG resistance induced by Y143C or N155H. L74M with the three
major mutations showed no effect on DTG resistance level, although L74F with G140S
Q148H increased the levels of DTG and CAB resistance (15- and 80-fold, respectively).
Notably, L74F V75I exhibited high-level cross-resistance to both DTG and CAB when
combined with N155H (�385- and 153-fold, respectively) or G140S Q148H (100- and
197-fold, respectively) mutations. The combination L74F V75I further impaired the
replication capacity of HIV-1N155H and HIV-1G140S/Q148H (Fig. 2C and D). These results
suggest that L74F and V75I are not simply involved in INSTI resistance as secondary
mutations as previously reported. This is supported by our findings that L74F and V75I
enhanced the resistance level of major mutations to second-generation INSTIs, while
they decreased the viral replication capacity.

INSTIs such as DTG efficiently chelate two divalent metal ions that are coordinated
by the catalytic carboxylates of HIV-1 IN (DDE motif D64-D116-E152) (4, 28, 29).
Molecular modeling studies have shown that the N155H mutation deforms the �4 helix
and widens the bottom of the catalytic pocket between residues D64 and E152. Given
the proximity of N155 to D64 in the wild-type HIV-1 IN, it is possible that this mutation

FIG 2 Replication kinetics of HIV-1L74F V75I variants. Multicycle replication kinetics in MT-2 cells were
assessed by measuring the p24 levels in culture supernatants. (A) Effect of each single mutation on HIV-1
replication. The data shown compare the replication kinetics of HIV-1WT (solid line with circles), HIV-1L74F

(solid line with squares), HIV-1V75I (dotted line with triangles), HIV-1I60M (solid gray line with circles), and
HIV-1V72I (solid gray line with squares). (B) Effect of I60M or V72I on HIV-1L74F V75I replication. The data
shown compare the replication kinetics of HIV-1WT (solid line with circles), HIV-1L74F V75I (solid line with
squares), HIV-1I60M L74F V75I (solid gray line with circles), HIV-1V72I L74F V75I (solid gray line with squares), and
HIV-1I60M V72I L74F V75I (dotted line with triangles). (C) Effect of N155H on HIV-1L74F V75I replication. The data
shown compare the replication kinetics of HIV-1WT (solid line with circles), HIV-1N155H (solid line with
squares), HIV-1L74M N155H (dotted line with triangles), and HIV-1L74F V75I N155H (solid gray line with circles).
(D) Effect of G140S Q148H on HIV-1L74F V75I replication. The data shown compare the replication kinetics
of HIV-1WT (solid line with circles), HIV-1G140S Q148H (solid line with squares), HIV-1L74M G140S Q148H (dotted
line with triangles), and HIV-1L74F V75I G140S Q148H (solid gray line with circles). Error bars represent standard
deviations from at least three independent experiments. Statistical significance was calculated for
difference between the p24 levels of HIV-1L74F V75I and HIV-1V72I L74F V75I (B) and the WT and mutant (C and
D) at day 8 using a Student t test with a statistical cutoff of P � 0.02 (*).
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may also affect the position of the active site divalent metals (28). Binding of DTG to the
prototype foamy virus (PFV) N224H mutant (equivalent to HIV-1 N155H) was reported
to affect electrostatic interactions between H224 and the phosphate of the 3= nucle-
otide (29, 30). Additionally, the metal-chelating oxygen atoms of the DTG were found
to shift in response to changes in the DDE motif to accommodate the histidine residue
(29, 30). In contrast to the first-generation INSTIs, DTG seems to adapt its position
and conformation to the altered geometry of the active site of N224H mutant. Such
structural changes in the active site and minor alteration of the catalytic metal
coordination may contribute to the mechanism of DTG resistance. This notion is
supported by a previous biochemical study demonstrating that the N155H mutation
increases dissociation (koff) of the three clinically available INSTIs (4). The recently
reported cryo-electron microscopy structure of the HIV-1 intasome (31) shows that L74
and V75, located in the �2 strand, are juxtaposed to the �1 strand containing D64 (Fig.
4A), and a similar motif is shown at the active site of PFV IN (Fig. 4B) (29). Additionally,
a V75I mutation may alter the positioning of N155 and the �4 helix, thus also affecting
the positions of key residues at the IN active site, which in turn may also affect divalent
metal and DNA substrate binding, leading to HIV-1 resistance to the second-generation
INSTIs. Such changes are consistent with the significant decrease in viral replication
capacity that the L74F V75I mutations impart on V72I, N155H, and G140S Q148H (Fig.
2B, C, and D).

In this study, we identified a novel INSTI resistance mutation pattern, L74F V75I, in
a clinical case with virological failure under a RAL-based regimen. L74F and V75I were
associated with high-level resistance to second-generation INSTIs when combined with
frequently observed major INSTI mutations. However, L74F and V75I could not com-
pensate for the impaired replication capacity of the viruses with major mutations,
suggesting their involvement as resistance mutations, not just secondary mutations.
Although the emergence of L74F V75I with major mutations has not been reported in
clinical isolates, emergence of such mutations should be monitored under long-term

FIG 3 Effect of L74F V75I on susceptibility of INSTI-resistant variants to RAL, EVG, DTG, or CAB. The antiviral activities of
RAL, EVG, DTG, or CAB in HIV-1 isolates carrying major INSTI mutations Y143C, N155H, or G140S Q148H with no additional
mutations (black bars) or L74M (black bars), L74F (gray bars), or L74F V75I (gray bars) were determined by TZM-bl
cell-based assay. Each EC50 is represented as a bar graph. Error bars represent standard deviations from at least three
independent experiments. Statistical significance was calculated for difference between strains with a major mutation
solely and a major mutation with L74M, L74F, or L74F V75I using a Student t test with a statistical cutoff of P � 0.02 (*)
or P � 0.0001 (**).
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INSTI-based regimens. These findings may help future design of therapeutic strategies
that can further improve clinical outcomes. Accumulation of information on INSTI
resistance may provide insights into improvement of INSTI affinity and lead to the
rational design of next-generation INSTIs.

Accession number(s). Direct sequence data reported in this paper have been
deposited in GenBank under accession no. LC201871 to LC201873.
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