tions of the A3F-Vif interaction, because no information is avail-
able concerning the structure of the A3F-Vif (or A3F-Vif-CBF-B)
complex to date.

The A3F-binding interface is clearly separate from the YRHHY
(residues 40 to 44) position required for A3G binding (Fig. 2).
Detailed analysis of the A3F-binding interface conformation us-
ing a Vif structural model with a minimum extension of RWNKP
(residues 173 to 177) exhibited two unique characteristics: (i) one-
half of the region responsible for A3F binding, especially a portion
consisting of R17, E171, and R173, represents a highly positively
charged surface, and (ii) a hydrophobic side chain of M16 projects
out of the surface (Fig. 2). Interestingly, the electrostatic distribu-
tion of the Vif interface is inversely correlated with the electro-
static distribution of the negatively charged A3F interface. Addi-
tionally, our analysis of Vif mutagenesis demonstrates that the Vif
interface is more extended for A3F than for A3C (Fig. 1 and 2),
which coincides with the evidence that four additional residues of
A3F are critical for the Vif interaction. These data suggest that the
Vif surface composed of R17, E171, and R173 might electrostati-
cally interact with the extended interface region, including A3F
residues A292, R293, and E324. In a parallel manner, the hydro-
phobic M16 of Vif might directly interact with the hydrophobic
A3F cavity between the a2 and a3 helices because these hydropho-
bic interactions are critical for the degradation of A3F as well as
A3C. Therefore, we sought to predict a model of the A3F CTD and
Vif complex using docking simulations, with Vif M16 fixed in the
hydrophobic A3F cavity (Fig. 8; see Movie S1 in the supplemental
material). The model structure suggests that Vif R17, E171, and
R173 and A3F A292, R293, and E324 tend to cluster around the
bottom region between the A3F a3 and a4 helices, whereas Vif
W174 is likely located at the A3F CTD cavity between the o2 and
a3 helices. These observations support our proposal that the elec-
trostatic complementarities between the A3F-unique residues and
concurrent anchoring of Vif hydrophobic residues into A3F are
required for the A3F-Vifinteraction. Moreover, our detailed anal-
yses of the structural model suggest (i) the model is plausible, (ii)
two Vif residues (M16 and W174) are clustered to form hydro-
phobic interaction with the shallow cavity (L255, F258, C259,
1262, Y269, F290 and H294) of A3F CTD «2/a3, (iii) three hydro-
philic residues (E289, R293 and E324) clustered at the A3F CTD
a3/ad region are positioned closely to four Vifresidues (D14, R15,
E76, and R173), and (iv) four Vif residues (R17, E171, D172, and
N175) of the F-box motifs are proximal to each other and are
likely to form intramolecular hydrogen bonds and/or salt bridges.
These residues (except for N175) involved in their interaction in
our structural model were actually identified by our experiments
(Fig. 1, 3, and 4) as critical residues for the A3F-Vif interaction,
supporting our structural complex model. In contrast, we identi-
fied a new potential interaction that was not investigated: Vif W79
(F2 box) is close to A3F Y314. Therefore, we further assessed
whether the Y314 plays a critical role in the Vif-mediated degra-
dation. Three additional A3F mutants, A3F Y314A, Y314E, and
Y314K, were constructed, and their Vif sensitivity was evaluated.
The results demonstrated that the three A3F mutants (Y314A,
Y314E, and Y314K) exhibited Vif sensitivity, suggesting there was
no involvement of the A3F Y314 residue in their interaction. The
mechanistic reason for this discordance regarding Y314 is not
clear yet. Further experiments are required for refinement of our
structural model.

The Vif F-box interface consists of the flexible loop structures
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FIG 8 Predicted interaction between the A3F CTD and Vif. (A and B) Two
views of their interaction surfaces, from the A3F catalytic groove side (A) and
from the A3F CTD a4 helix side (B), are shown. Structures of the A3F CTD and
Vif are represented as wheat ribbons and gray surface, respectively. The A3F-
unique residues crucial for Vif binding are highlighted with magenta sticks. A
zinc ion in the catalytic groove is shown as a black sphere.

of the F1, F2, and F3 boxes. This plasticity might be of adaptive
advantage for viruses to change substrate recognition interfaces
with overall Vif architecture maintained, especially when viruses
need to antagonize different species of A3F. Nevertheless, the
structural features of the A3F-binding interface on Vif are likely
maintained among the major group of HIV-1 (HIV-1 M) and
chimpanzee SIV (SIVcpz), as the interface residues critical for the
A3F interaction are highly conserved among Vif sequences (Fig.
9). It has been reported that during adaptation of SIVs in chim-
panzees, a unique 3’-vif region containing the entire F3 box was
created by overprinting associated with the vpx gene loss (63).
Such a virus adaptation might be due to high selective pressures
that forced HIV-1/SIVcpz Vif to extend the A3F-binding interface
to maintain the Vif-mediated antagonizing activity against the
A3F protein with high antiviral activity compared with A3C (64,
65). Chimpanzee A3D might also play an important role in the
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evolution of the HIV-1/SIVcpz Vif capacity for antagonism, as it
was reported that A3D gained increased antiviral activity in the
chimpanzee-bonobo lineage (66).

Bohn et al. reported the crystal structure of the A3F CTD with
11 amino acid substitutions and predicted a large continuous sur-
face to be required for the Vif interaction, including 11 critical
residues that were previously described (33) and 13 additional
residues (58). The prediction was based on their analysis encom-
passing the negatively charged surface of the A3F CTD structure
(58). Indeed, within these 13 residues, we verified that 3 residues
(L291, A292, and R293) are critical for the Vif interaction. Hence,
including the E324 position (33, 34), four A3F residues are
uniquely involved in Vif binding that do not represent equivalent
roles in A3C. The previously reported A3F motif EFLARH (resi-
dues 289 to 294) includes L291, A292, and R293 (67); the interac-
tion of these residues with Vif was initially missed because our
previous investigation was based on reported A3C interface resi-

1044 jviasm.org

138

Journal of Virology

dues (33). A recent study of the HIV-1 Vif sensitivity of rhesus
macaque A3F strongly supports that A3F E324 is a critical deter-
minant for the Vif interaction (68). MD simulations of the A3F
CTD structure have previously suggested that conformational dif-
ferences in the a3-a4 bottoms, where the four critical residues are
located, might be responsible for differential Vif sensitivity be-
tween the E141K A3C and E324K A3F mutants (33). In fact, the a3
positions are in a slightly different position between the A3C crys-
tal structure (PDB ID no. 3VOW, chain A) and the A3F CTD
determined in this study (chain A), although the positioning of
the a2 and a4 helices is similar (Fig. 7A). The a3 residues are
shifted toward a4 in the A3F CTD compared with A3C. This
shifted positioning causes a narrower a3-a4 space in the A3F CTD
than A3C: the distance between the Cas of A3F CID o2
(C259)-04 (E324) is 0.7 A shorter than in A3C a2 (C76)-ad
(E141), whereas that of A3F CTD a3 (A292)-a4 (BE324) is 2.8 A
shorter than in A3C a3 (A108)-a4 (E141). These results suggest
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that A3F positions L291, A292, R293, and E324 may be more
sensitive to mutation than A3C, possibly due to induction of local
conformational distortion. Interestingly, the A3F R293A or A3F
R293G mutants showed a more Vif-resistant phenotype than
R293E or R293D, whereas the A292E mutation attenuated Vif
sensitivity and Vif-binding ability (Fig. 3A and 4). These results
indicate that the presence of a negatively charged region on the
A3F surface is not simply associated with specific Vif binding, but
rather the shape and distribution of electric charges at the local
A3F surface might be critical for the A3F-Vifinteraction. Thereby,
mutational disruption of such a charge network at the A3F CTD
a3-04 bottom could be vulnerable to Vif-binding ability.

In this work, A3F R293 was identified as one of the most critical
residues for the interaction with HIV-1 Vif. Comparative analysis
of A3F amino acid sequences among the family Hominidae
showed that the chimpanzee carries an A3F gene with an HIV-1
Vif-resistant genotype, G293 instead of R293 (GenBank Accession
DQ373064) (Fig. 9). The chimpanzee G293 genotype is also found
in the sequence database of the Great Ape Genome Project (69).
Adaptation of SIV in chimpanzees cleared cross-species barriers of
host restriction factors and became the source of HIV-1 M, which
is currently causing a pandemic in humans (70, 71). Indeed, of the
four chimpanzee subspecies, Pan troglodytes troglodytes (P. t. trog-
lodytes) and P. t. schweinfurthii have been shown to harbor natural
infections of SIVcpz in Central and Eastern Africa, whereas P. t.
verus does not (71). Additionally, phylogenetic analyses of HIV-1
M and SIVcpz show high genetic similarity (71). The amino acid
sequences of Vif are also highly similar between HIV-1 M and
SIVepz, with 91% similarity between HIV-1 HXB2 and SIVcpz
LB7 strains and high levels of conservation of the F-box motifs
(Fig. 9A). These results prompt several questions in terms of the
roles of A3F restriction. (i) Do HIV-1 M and/or SIVcpz Vifs an-
tagonize the antiviral A3F function in chimpanzees? (ii) Does A3F
exert only a negligible effect on the restriction of SIVcpz in chim-
panzees? (iii) Are there any wild-living chimpanzees with the A3F
R293 genotype, especially among naturally infected species in
Central and Eastern Africa? Additional investigations are required
to answer these questions.

In summary, our structure-based analyses of the A3C/F-bind-
ing interfaces on Vif revealed that three discontinuous F-box mo-
tifs are assembled at one region of the molecule with hydrophobic
and positively charged surface patches. The positively charged Vif
stretch contributes to formation of an extended interface critical
for the A3F interaction, although it is not essential for the A3C
binding. Moreover, our determination of the WT A3F CTD crys-
tal structure and identification of four additional A3F residues
critical for the Vif interaction demonstrated that the Vif-binding
A3F interface includes an additional negatively charged region,
which electrostatically intercorrelates with the positively charged
extension on the Vif interface. These findings establish a frame-
work for understanding the structural mechanism of specific rec-
ognition between A3F and Vif. Furthermore, these results will
advance our understanding of host-virus interactions and antag-
onisms in terms of A3-Vif during the cross-species transmission
that led to the current human pandemic of HIV-1.
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Integrase strand transfer inhibitors (INSTIs), which block proviral DNA integration into the host chromo-
some, are clinically effective against HIV-1 isolates exhibiting resistance to other classes of antiretroviral
agents, Although naturally occurring amino acid variation has been less frequently observed in the inte-
grase region, the functional constraints of this variation on primary INSTI resistance-associated muta-
tions are not fully understood.

In the present study, we focused on the S119G/R/P/T (S119X) polymorphisms, which are frequently
observed in HIV-1 sequences derived from clinical specimens (naive, n =458, 26%). The frequency of
the S119X polymorphism together with Q148H/R (n = 8, 63%) or N155H (n = 12, 83%) was relatively high
compared with that of naive group. Our in vitro assays revealed that S119G/P/T alone exerted no effect on
the susceptibility to INSTIs, whereas S119R enhanced the level of INSTI resistance induced by well-known
INSTI resistance-associated mutations (Y143C, Q148H or N155H). Notably, the S119R polymorphism con-
tributed to a significant (5.9-fold) increase in dolutegravir resistance caused by G140S/Q148H. Analysis of
two cases of virological failure during raltegravir-based therapy showed that the accumulation and the
rapid evolution of primary INSTI resistance-associated mutations coincided with the S119R mutation.
These data highlight the role of the S119X polymorphism in INSTI resistance, and this polymorphism

might be linked to the potential treatment cutcome with INSTI-based therapy.

© 2015 Elsevier B.V. All rights reserved.

Integrase strand transfer inhibitors (INSTIs), which are currently
key drugs in the first-line HIV-1 treatment regimen, are clinically
superior to other classes of drugs (Messiaen et al, 2013). INSTIs
bind to a catalytic site in the catalytic core domain (CCD) of inte-
grase (IN) and block the strand transfer reaction catalyzed by
HIV-1-expressed IN (Hazuda et al,, 2000; Kobayashi et al,, 2011;
Shimura et al., 2008). Therefore, primary HIV-1 mutations confer-
ring INSTI resistance (e.g., G140S, Q148H and N155H) structurally
map near the IN catalytic center (Hare et al., 2010; Li et al, 2011;
Menendez-Arias, 2013). The polymorphism rate of the CCD of IN
variants derived from INSTI-naive patients has been shown to be

Abbreviations: HIV-1, human immunodeficiency virus type-1; INSTI, integrase
strand transfer inhibitor; ART, antiretroviral therapy; CCD, catalytic core domain.
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low (34%) (Rhee et al.,, 2008), suggesting that IN sequence conser-
vation may be associated with structural and functional con-
straints. However, how such constraints affect the appearance of
INSTI resistance-associated mutations in the presence of certain
polymorphisms is unknown. Here, to investigate the mechanisms
underlying the relationship between certain polymorphisms and
INSTI resistance-associated mutations, we analyzed the HIV-1 IN
polymorphism frequency in clinical specimens.

HIV-1 subtype B IN polymorphism frequencies (%) were evalu-
ated using specimens from HIV-1-infected patients at the National
Hospital Organization Nagoya Medical Center, Japan (Fig. 1). The
Institutional Ethical Committee approved this study (2010-310),
and informed consent was obtained from each individual. A total
of 600 IN sequences were analyzed; 458 samples were obtained
from antiretroviral therapy (ART)-naive individuals, and 142 sam-
ples were obtained from ART-experienced individuals, including
patients carrying the Y143C (n=1), Q148H/R (n=8) or N155H
(n=12) mutation. The frequency of HIV-1 integrase polymor-
phisms analyzed in our Japanese cohorts was similar to previous
data from the Italian Cohort of Antiretroviral Naive (ICONA)
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Fig. 1. Frequency of polymorphisms in HIV-1 subtype B IN sequences derived from clinical specimens. Consensus sequences of IN from HIV-1 subtype B are shown at the top.
The polymorphism frequency (%) in the HIV-1 IN region among ART-naive and ART-experienced individuals infected with HIV-1 are shown (GenBank Accession Nos:
LC022131 to LCO22730). HIV-1 carrying Q148H/R or N155H were classified as a subgroup of ART-experienced. The frequency values are presented only for mutations

displaying a frequency >0.5%.

(Ceccherini-Silberstein et al., 2010). Besides E11, S17, 172, L101,
S$119, T124 and T125, we observed integrase polymorphisms
(>25%) at L28, V31, K156 and 1201 in HIV-1 (subtype B) derived
from the ART-Naive patients. Especially, the positions at E11,
S17,V31,172,L101,S119,T124, T125 and 1201 are also highly poly-
morphic among the other subtypes based on two major online
repositories; the Stanford HIV-1 Databases and the Los Alamos
National Laboratory (Vavro et al., 2013). We found no significant
accumulation  of  previously reported  minor  INSTI
resistance-associated mutations at Q95, H183, Y226, S230, or
D232 (Rhee et al., 2008). Interestingly, in the IN sequences derived

from all samples, multiple amino acid patterns were observed at
position 119: S119T (10.7%), S119P (8.2%), S119G (7.6%), and
S119R (1.2%). Additionally, the S119G/R/P/T (S119X) polymor-
phism frequency was significantly higher in the ART-experienced
group, which specifically carried Q148H/R or N155H (63% and
83%, respectively), than in the ART-naive group (26%). HIV-1 carry-
ing Y143C (n = 1) also carried S119R. Furthermore, according to the
IN sequences deposited in the HIV Drug Resistance Database of
Stanford University (http://hivdb.stanford.edu/), S119X polymor-
phisms are more frequently observed in individuals infected with
HIV-1 carrying N155H (41.9%, n=93) than in individuals with
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N155 (33.2%, n = 4302). These data suggest that the primary INSTI
resistance-associated mutations tend to accompany S119X
polymorphisms.

Next, to investigate whether S119X polymorphisms are linked
to the level of INSTI resistance of HIV-1, we generated 4 recombi-
nant viruses carrying G, P, T or R substitutions at position 119 of IN
as previously described (Shimura et al., 2008). We tested the resis-
tance level of each virus to raltegravir (RAL), elvitegravir (EVG), or
dolutegravir (DTG) using a TZM-bl cell-based assay system
(Hachiya et al, 2013). As shown in Fig. 2 and Supplemental
Tables 1-3, HIV-1 isolates carrying S119G, S119P, or S119T exhib-
ited slightly enhanced (~0.6-fold) susceptibility to RAL and similar
susceptibility to EVG and DTG compared with HIV-1 S119 (WT).
However, HIV-1 S119R showed a tendency toward slightly
increased resistance to all three INSTIs (1.8-, 1.4- and 1.7-fold for
RAL, EVG and DTG, respectively, compared with WT).

Moreover, to clarify the impact of adding S119X polymorphisms
to the well-known INSTI resistance-associated mutations Y143C,
Q148H, N155H, G140S/Q148H or T97A/Y143C on INSTI resistance,
we constructed 21 recombinant viruses carrying different muta-
tion combinations and compared their INSTI resistance levels.
The results showed that INSTI-resistant viruses carrying
S119G/P/T exhibited a similar level of INSTI resistance to that of
the S119 virus, indicating no effect of the S119G/P/T polymor-
phisms on INSTI resistance. By contrast, S119R significantly
increased the RAL resistance of HIV-1 Y143C, Q148H, N155H,
G140S/Q148H or T97A/Y143C (4.9-, 26-, 16-, 479- and 27-fold,
respectively, compared with WT). Additionally, S119R enhanced
the EVG resistance of HIV-1 Q148H and N155H (12- and 95-fold,
respectively, compared with WT) but not HIV-1 Y143C, consistent
with the fact that Y143C is a primary resistance mutation for RAL,
but not EVG (Wensing et al.,, 2014). Furthermore, the S119R poly-
morphism enhanced the resistance of HIV-1 G140S/Q148H
(5.9-fold) to DTG. These in vitro data demonstrate that the S119R
polymorphism increases the resistance of primary INSTI-resistant
HIV-1 to INSTIs.

To further assess the clinical significance of these results in the
context of S119R and the INSTI resistance-associated mutations,
we analyzed two cases of clinical and virological failure during
RAL-based therapy using the clinical histories and the deep
sequencing-based HIV-1 genotyping results of two individuals
(Fig. 3). Near full-length HIV-1 genome divided into four fragments
(nucleotides 705-3402, 2509-5192, 4168-7653 and 6895-9531
according to the numbering positions of the HXBII strain,
GenBank ID# K03455) were amplified and sequenced using the
MiSeq platform (Illumina) (Ode et al.,, 2014). The within-patients
mutation frequencies were estimated based on the generated reads
using VICUNA (Yang et al,, 2012), Burrows-Wheeler Aligner (Li and
Durbin, 2009) and our in-house program (Ode et al., 2014). For case
1 (Fig. 3A and C), HIV-1 genotypic assays were performed prior to
RAL-based therapy (baseline) and at three different time points in
which the HIV-1 viral load (VL) rebounded. At baseline (#1, August
2005), during tenofovir disoproxil fumarate (TDF)/lamivudine
(3TC)/efavirenz ~ (EFV)  treatment, mno  primary  INSTI
resistance-associated mutations were detected. However, when
the HIV-1 VL rebounded to 1000 copies/ml after switching to mar-
aviroc (MVC)/RAL treatment, a primary RAL resistance mutation,
N155H, appeared as a major variant (~99.9% of the total viral pop-
ulation) between time points #2 and #4 (Fig. 3C). Minor viral pop-
ulations (less than 20%) carrying other polymorphisms, such as
K14N, G47E G70E, L74M, I84L, G163R, S230R, and 1251L, were
not increased between time points #3 and #4. However, the
S119R frequency was drastically increased (from 38.9% to 90%)
with the increasing frequency of N155H among the HIV-1 popula-
tion. Notably, we confirmed the coexistence of S119R with N155H
in the same sequence reads.
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Fig. 2. Susceptibility of HIV isolates carrying the S119X polymorphism in the
background of well-known INSTI resistance-associated mutations to INSTIs. The
antiviral activities of RAL (A), EVG (B) or DTG (C) in HIV-1 isolates carrying a
mutation at residue 119 (5119, S119G, S119P, S119T or S119R) in the WT (none) or
well-known INSTI resistance-associated mutation background (Y143C, Q148H,
N155H, G140S/Q148H or T97A/Y143C) were determined using the TZM-bl assay
system. The fold increase is expressed as the ECsq value for the recombinant viruses
compared with the WT virus (S119/none). The error bars represent the standard
deviation from three independent experiments. The asterisks indicate significant
differences in the ECsq value (*p <0.05 and **p <0.0001 based on the t-test), The
susceptibilities of HIV-1 Q140S/Q148H and S119X to EVG were not assessed
because their ECso values were above the detection limit for this assay (>1 uM). The
susceptibility of HIV-1 S119P/N155H was not tested.

In case 2, the HIV-1 VL rebounded to 100,000 copies/ml during
TDF/emtricitabine (FTC)/RAL treatment (Fig. 3B and D). As shown
in Fig. 3D, the secondary RAL resistance-associated mutation
T97A appeared simultaneously with S119R at time point #7 and
increased between time points #7 and #8 (from 42.4% to 100%)
in proportions similar to those of ST19R (from 42.4% to 99.9%), sug-
gesting the coincident appearance of S119R and T97A. At time
points #8 and #9, Y143C mutation in the T97A/S119R variant



A. Hachiya et al. /Antiviral Research 119 (2015) 84-88 87

REV
A B —
ETR/DRVr ~
MVC Y 1 u TDRFTC] ]
RAL ‘[ T : aTATC ]
sromorErv] RA I
~ 17 3000 ~10° g
£ ¥ £ &
2 105 6008 & &
o) = g o
s g 2o 8
< 4005 = 2
Z 0 Z & 2
iy 8 I i <A
Z 00 Z10 A ¢ z
T 10 £ = 67 &
1 e B L — 0 [ L e
6 123 6 9123 6 9123 6 14710147101 47101 47
2005 2012 2013 2014 2009 2010 2011 2012
C @~ HIV-IRNA -9~ CD4* cell counts
Time | . : <
poin K14N G47E GTOE L74M [84L SII9R NISSH GIG3R 1204V S230R 1251L
1 - - - - - - - - 437 - -
2 - - - - - - 99.9 - - - -
3 43 - 33 43 31 389 100 90 - 200 171
4 - 163 - - - 90 100 - - 17 17
T
p(’)?:i K14R A21T L631 T97A SI119R A124T Y143X K173R V176L F181L G189R N232D $255N K2591
5 - - 75 - - 157 - 46 411 579 - 0o - -
6 - - - - - - - - - 100 - 100 - -
7 - 463 - 424 424 - - - - 997 - 100 - -
8 - - - 100 999 - 804(C) - - 998 51 - 49 -
19.1 (S)
9 65 - - 992 999 - 935(C) - - 96 - - - 561
4.7 (A)

Fig. 3. Clinical course and drug resistance profile of two patients exhibiting RAL treatment failure. (A and B) The treatment histories and clinical courses of case 1 (A) and 2
(B). The triangles indicate the time points for deep sequencing-based HIV-1 genotyping assays (GenBank Accession No. DRA003039). The virologic responses represented by
plasma HIV-1 viral load (solid line with circle) and CD4" T lymphocyte counts (dotted line with diamond). Abbreviations of drugs used: FTC, emtricitabine; d4T, stavudine;
3TC, lamivudine; ABC, abacavir; TDF, tenofovir; EFV, efavirenz; ETR, etravirine; RPV, rilpivirine; RAL, raltegravir; DTG, dolutegravir; DRVT, ritonavir-boosted darunavir; MVC,
maraviroc. (A) None of the nucleotide reverse transcriptase inhibitor (NRTI) and/or protease inhibitor (PI) associated INSTI resistance mutations was observed at baseline
(time point #1). CCR5 (R5) tropic virus was dominant based on the HIV-1 coreceptor tropism assay (geno2pheno, http://coreceptor.geno2pheno.org/) at time point #4. (B) The
minor Pl resistance mutation M46I/L and the NRTI revertant mutation T215S were observed at baseline (time point #5). (C and D) The HIV-1 genotyping data analyzed by
deep-sequencing in panels C and D correspond to the two cases shown in panels A and B, respectively. The frequencies (%) of the INSTI resistance-associated mutations were
analyzed using viral RNA from plasma. Briefly, near full-length HIV-1 genome divided into four fragments were amplified, purified and validated by Qubit Fluorometer (Life
technologies) and Agilent 2100 Bioanalyzer (Agilent Technologies). PCR amplicons were subjected to tagmentation and to DNA denaturation, and were sequenced on the
[llumina MiSeq (paired end 250 bp sequencing read). A minimum coverage was 1000 per nucleotide position ensured to identify a minor variant present. The INSTI
resistance-associated mutations reported by the International AIDS Society-USA (Wensing et al., 2014) are shown in bold. The frequency (%) of each mutation is represented
only for the mutations displaying a frequency >3%.

was observed in the major viral population. Therefore, S119R poly- -2, -3 (and 6, 7) of the viral integration site that are distinct from
morphism might be linked to the treatment outcome for base distributions by S119 (Demeulemeester et al, 2014).
RAL-treated patients, possibly leading to virological failure. Furthermore, polymorphism in prototype foamy virus (PFV) IN

Recently, Brockman et al. identified an uncommon A188 (a residue structurally equivalent to HIV-1 S119) also showed
HLA-C*05-restricted epitope (HTDNGSNF;14_121) in the IN region a bias for base distribution, resulting that it altered strand transfer
that likely contributes to S119X polymorphism selection; S119R activity (Maertens et al., 2010). Such distinct integration prefer-
was found at a frequency of 13.9% in C*05-expressing ART-naive ences conferred by the S119S polymorphisms might be indirectly
individuals, whereas S119P was observed in 40.2% of these individ- linked to primary INSTI resistance mutations and affected strand
uals (Brockman et al., 2012). In the present study, S119R, together transfer activity. Notably, our analysis of multi-cycle replication
with INSTI resistance-associated mutations, was selected during kinetics showed that the S119R mutation further decreased the
RAL-containing therapy in two patients not carrying HLA C*05. replication capacity of INSTI-resistant HIV-1 conferred by major
Therefore, the S119R polymorphism may be selected by INSTI resistance mutations, e.g., N155H or Q148H (Supplemental Fig. 1).
treatment pressure as well as by HLA-specific host immunity. Recent biochemical studies have demonstrated that DTG disso-

Residue 119 substitutions alter integration target specificity ciates from the HIV-1 IN-DNA complex more slowly than RAL or
(Harper et al., 2001). Recent reports using deep sequencing meth- EVG; as a result, DTG displays a higher genetic barrier to INSTI
ods have shown that HIV-1 isolates carrying S119G favor integra- resistance (Hightower et al,, 2011). The accumulated evidence on
tion sites far from gene-dense chromatin regions but that viruses the clinical use of INSTIs has shown that DTG effectively sup-
carrying S119R exhibit global integration profiles compared with presses virus replication in individuals (Clotet et al., 2014; Raffi
S119-carrying viruses (Demeulemeester et al., 2014). At the sites et al, 2013; Walmsley et al, 2013). Moreover, according to
of strand transfer, S119R showed preference A:T bp at positions in vitro assays, DTG retains its inhibitory effect against most
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HIV-1 isolates carrying the primary INSTI resistance-associated
mutations to RAL and/or EVG (Kobayashi et al, 2011). Even in
the presence of two primary DTG resistance-associated mutations,
G140S/Q148H, the virus exhibited an only 2.6-fold increase in DTG
resistance (Kobayashi et al, 2011). Because our in vitro assays
demonstrated that ST119R contributes to an (5.9-fold) increase in
the DTG resistance caused by G140S/Q148H, further analysis of
DTG resistance profiles and their molecular mechanisms are
required for the development of safe and effective HIV therapy.

In conclusion, we showed that the IN S119R polymorphism,
which is frequently observed in clinical specimens, enhances
INSTI resistance of INSTI-resistant HIV-1. Thus, this polymorphism
might represent a potential risk factor for failure of INSTI-based
therapy. These findings provide important information about
INSTI resistance profiles and facilitate the further development of
novel antiretroviral drugs targeting INSTI-resistant HIV-1.

Acknowledgments

This work was supported by a grant for the promotion of AIDS
research from the Ministry of Health, Labor and Welfare (Y.Y., Y.L
and W.S.). We thank Dr. Eiichi Kodama for his generous gift of
the plasmids used in this study, Ms. Reiko Okazaki and Masumi
Hosaka for the sample preparation and the CARES staff for their
dedicated assistance. We are indebted to the AIDS Research
Reference and Reagent Program, NIAID, and NIH for the TZM-bl
cells.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http:{/dx.doi.org/10.1016/j.antiviral.2015.04.
014.

References

Brockman, M.A,, Chopera, D.R,, Olvera, A, Brurnme, CJ., Sela, |, Markle, T.J., Martin,
E., Carison, LM, Le, AQ,, McGovern, R, Cheung, P.K, Kelleher, AD,, jessen, H.,
Markowitz, M., Rosenberg, E., Frahm, N., Sanchez, ], Mallal, S, John, M,
Harrigan, P.R., Heckerman, D., Brander, C., Walker, B.D., Brumme, Z.L., 2012.
Uncommon pathways of immune escape attenuate HIV-1 integrase replication
capacity. ]. Virol. 86, 6913-6923.

Ceccherini-Silberstein, F., Malet, I, Fabeni, L., Dimonte, S., Svicher, V., D’Arrigo, R,
Artese, A., Costa, G., Bono, S., Alcaro, S., Monforte, A., Katlama, C., Calvez, V.,
Antinori, A., Marcelin, A.G., Perno, CF, 2010. Specific HIV-1 integrase
polymorphisms change their prevalence in untreated versus antiretroviral-
treated HIV-1-infected patients, all naive to integrase inhibitors. J. Antimicrob.
Chemother. 65, 2305-2318.

Clotet, B., Feinberg, |, van Lunzen, |., Khuong-josses, M.A., Antinori, A., Dumitruy, 1.,
Pokrovskiy, V., Fehr, ], Ortiz, R, Saag, M., Harris, ], Brennan, C, Fujiwara, T., Min,
S., Team, LN.G.S., 2014. Once-daily dolutegravir versus darunavir plus ritonavir
in antiretroviral-naive adults with HIV-1 infection (FLAMINGO): 48 week
results from the randomised open-label phase 3b study. Lancet 383, 2222~
2231,

Demeulemeester, [., Vets, S, Schrijvers, R, Madlala, P., De Maeyer, M,, De Rijck, J.,
Ndung'u, T., Debyser, Z,, Gijsbers, R, 2014, HIV-1 integrase variants retarget
viral integration and are associated with disease progression in a chronic
infection cohort. Cel] Host Microbe 16, 651-662.

Hachiya, A., Reeve, AB., Marchand, B., Michailidis, E., Ong, Y.T,, Kirby, K.A,, Leslie,
M.D., Oka, 5., Kodama, E.N,, Rohan, L.C, Mitsuya, H., Parniak, M.A., Sarafianos,

146

S.G., 2013. Evaluation of combinations of 4'-ethynyl-2-fluoro-2'-
deoxyadenosine with clinically used antiretroviral drugs. Antimicrob. Agents
Chemother. 57, 4554-4558.

Hare, S., Vos, A.M., Clayton, RF,, Thuring, JW., Cummings, M.D., Cherepanov, P.,
2010. Molecular mechanisms of retroviral integrase inhibition and the
evolution of viral resistance. Proc. Natl. Acad. Sci. US.A. 107, 20057-20062.

Harper, A.L., Skinner, L.M., Sudol, M., Katzman, M., 2001. Use of patient-derived
human immunodeficiency virus type 1 integrases to identify a protein residue
that affects target site selection. §. Virol. 75, 7756-7762.

Hazuda, D.J.,, Felock, P., Witmer, M., Wolfe, A, Stillmock, K., Grobler, J.A., Espeseth,
A., Gabryelski, L., Schleif, W., Blau, C,, Miller, M.D., 2000. Inhibitors of strand
transfer that prevent integration and inhibit HIV-1 replication in cells. Science
287, 646-650.

Hightower, K.E, Wang, R., Deanda, F., Johns, B.A., Weaver, K, Shen, Y., Tomberlin,
G.H., Carter 3rd., H.L. Broderick, T, Sigethy, S., Seki, T., Kobayashi, M.,
Underwood, M.R., 2011. Dolutegravir (S/GSK1349572) exhibits significantly
slower dissociation than raltegravir and elvitegravir from wild-type and
integrase inhibitor-resistant HIV-1 integrase-DNA complexes. Antimicrob.
Agents Chemother. 55, 4552-4559.

Kobayashi, M., Yoshinaga, T.. Seki, T., Wakasa-Morimoto, C., Brown, KW, Ferris, R,
Foster, S.A., Hazen, R.J., Miki, S., Suyama-Kagitani, A., Kawauchi-Miki, S., Taishi,
T., Kawasuji, T., Johns, B.A, Underwood, M.R.,, Garvey, E.P,, Sato, A, Fujiwara, T,
2011. In Vitro antiretroviral properties of S/GSK1349572, a next-generation HIV
integrase inhibitor. Antimicrob. Agents Chemother, 55, 813-821.

Li, H., Durbin, R., 2009. Fast and accurate short read alignment with Burrows—
Wheeler transform. Bioinformatics 25, 1754-1760.

Li, X., Krishnan, L., Cherepanov, P., Engelman, A, 2011. Structural biology of
retroviral DNA integration. Virology 411, 194-205.

Maertens, G.N., Hare, S, Cherepanov, P, 2010. The mechanism of retroviral
integration from X-ray structures of its key intermediates. Nature 468, 326~
329.

Menendez-Arias, L., 2013. Molecular basis of human immunodeficiency virus type 1
drug resistance: overview and recent developments. Antiviral Res. 98, 93-120.

Messiaen, P., Wensing, A.M., Fun, A, Nijhuis, M., Brusselaers, N., Vandekerckhove, L.,
2013, Clinical use of HIV integrase inhibitors: a systematic review and meta-
analysis. PLoS ONE 8, e52562.

Ode, H., Matsuoka, K., Matsuda, M., Hachiya, A., Hattori, J., Yokomaku, Y., Iwatani, Y.,
Sugiura, W., 2014. HIV-1 near full-length genome analysis by next-generation
sequencing: evaluation of quasispecies and minority drug resistance. In:
International Workshop on Antiviral Drug Resistance: Meeting the Global
Challenge, Antiviral Therapy, Berlin, Germany, p. A8O.

Raffi, F., Rachlis, A, Stellbrink, HJ., Hardy, W.D,, Torti, C,, Orkin, C, Bloch, M.,
Podzamczer, D., Pokrovsky, V., Pulido, F., Almond, S., Margolis, D., Brennan, C,,
Min, S, S-S Group, 2013. Once-daily dolutegravir versus raltegravir in
antiretroviral-naive adults with HIV-1 infection: 48 week results from the
randomised, double-blind, non-inferiority SPRING-2 study. Lancet 381, 735~
743.

Rhee, S.Y., Liu, T.F, Kiuchi, M., Zioni, R,, Gifford, R]., Holmes, S.P.,, Shafer, R.W., 2008,
Natural variation of HIV-1 group M integrase: implications for a new class of
antiretroviral inhibitors. Retrovirology 5, 74.

Shimura, K., Kodama, E., Sakagami, Y., Matsuzaki, Y., Watanabe, W., Yamataka, K.,
Watanabe, Y., Ohata, Y., Doi, S, Sato, M., Kano, M., Ikeda, S., Matsuoka, M., 2008.
Broad antiretroviral activity and resistance profile of the novel human
immunodeficiency virus integrase inhibitor elvitegravir (JTK-303/GS-9137). J.
Virol. 82, 764-774.

Vavro, C,, Hasan, S., Madsen, H., Horton, J., DeAnda, F., Martin-Carpenter, L., Sato, A,
Cuffe, R., Chen, S., Underwood, M., Nichols, G., 2013. Prevalent polymorphisms
in wild-type HIV-1 integrase are unlikely to engender drug resistance to
dolutegravir (5/GSK1349572). Antimicrob. Agents Chemother. 57, 1379-1384.

Walmsley, S.L., Antela, A, Clumeck, N., Duiculescu, D., Eberhard, A, Gutierrez, F,
Hocqueloux, L., Maggiolo, F., Sandkovsky, U., Granier, C., Pappa, K., Wynne, B.,
Min, S., Nichols, G. Investigators, S., 2013. Dolutegravir plus abacavir-
famivudine for the treatment of HIV-1 infection. N, Engl. ]. Med. 369, 1807~
1818.

Wensing, AM.,, Calvez, V., Gunthard, H.F., Johnson, V.A,, Paredes, R., Pillay, D., Shafer,
RW., Richman, D.D., 2014. 2014 Update of the drug resistance mutations in
HIV-1. Topics Antivir. Med. 22, 642-650.

Yang, X., Charlebois, P, Gnerre, S., Coole, M.G., Lennon, NJ., Levin, J.Z, Qu, ], Ryan,
EM., Zody, M.C., Henn, M.R,, 2012. De novo assembly of highly diverse viral
populations. BMC Genomics 13, 475.



frontiers

METHODS
published: 12 November 2015

in Micro"biolog Y doi: 10.3389/fmicb.2015.01258
Crosrk
Quasispecies Analyses of the HIV-1
Near-full-length Genome With
lllumina MiSeq
Hirotaka Ode '**, Masakazu Matsuda ¥, Kazuhiro Matsuoka '™, Atsuko Hachiya’,
Junko Hattori'?, Yumiko Kito', Yoshiyuki Yokomaku', Yasumasa lwatani’? and
OPEN ACCESS Wataru Sugiura 2t
Edited by: ' Department of Infectious Diseases and immunology, Clinical Research Center, National Hospital Organization Nagoya

Francois Villinger,
Emory University School of Medicine,
USA

Reviewed by:

Kazuhisa Yoshimura,
National Institute of Infectious
Diseases, Japan

Siddappa Byrareddy,

Emory University, USA

*Correspondence:
Hirotaka Ode
odehir@mail-nmc.jp

Present Address:

Kazuhiro Matsuoka,
Proteo-Science Center, Ehime
University, Ehime, Japan;

Junko Hattori,

HIV Dynamics and Replication
Program, National Cancer Institute,
National Institutes of Health, Frederick,
USA;

Wataru Sugiura,

GlaxoSmithKiine, Tokyo, Japan

*These authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Virology,

a section of the journal
Frontiers in Microbiology

Received: 12 September 2015
Accepted: 29 October 2015
Published: 12 November 2015

Citation:

Ode H, Matsuda M, Matsuoka K,
Hachiya A, Hattori J, Kito ¥,
Yokomaku Y, Iwatani Y and Sugiura W
(2015) Quasispecies Analyses of the
HIV-1 Near-full-length Genome With
Mlurmina MiSeq.

Front. Microbiol, 6:1258.

doi: 10.3389/fmicb.2015.01258

Medical Center, Nagoya, Japan, 2 Department of AIDS Research, Graduate School of Medicine, Nagoya University, Nagoya,
Japan

Human immunodeficiency virus type-1 (HIV-1) exhibits high between-host genetic
diversity and within-host heterogeneity, recognized as quasispecies. Because HIV-1
quasispecies fluctuate in terms of multiple factors, such as antiretroviral exposure and
host immunity, analyzing the HIV-1 genome is critical for selecting effective antiretroviral
therapy and understanding within-host viral coevolution mechanisms. Here, to obtain
HIV-1 genome sequence information that includes minority variants, we sought to
develop a method for evaluating quasispecies throughout the HIV-1 near-full-length
genome using the lllumina MiSeq benchtop deep sequencer. To ensure the reliability of
minority mutation detection, we applied an analysis method of sequence read mapping
onto a consensus sequence derived from de novo assembly followed by iterative
mapping and subsequent unique error correction. Deep sequencing analyses of aHIV-1
clone showed that the analysis method reduced erroneous base prevalence below
1% in each sequence position and discarded only <1% of all collected nucleotides,
maximizing the usage of the collected genome sequences. Further, we designed primer
sets to amplify the HIV-1 near-full-length genome from clinical plasma samples. Deep
sequencing of 92 samples in combination with the primer sets and our analysis method
provided sufficient coverage to identify >1%-frequency sequences throughout the
genome. When we evaluated sequences of pol genes from 18 treatment-naive patients’
samples, the deep sequencing results were in agreement with Sanger sequencing
and identified numerous additional minority mutations. The results suggest that our
deep sequencing method would be suitable for identifying within-host viral population
dynamics throughout the genome.

Keywords: HIV-1, deep sequencing, drug resistance, error correction, consensus sequence estimation,
quasispecies

INTRODUCTION

Knowledge of the genome sequence of human immunodeficiency virus type-1 (HIV-1) is
fundamental for improving the clinical outcome of patients infected with HIV-1 and for
understanding viral co-evolution within hosts. However, not only between-host HIV-1 genetic
diversity and within-host viral heterogeneous population make it difficult to determine the viral
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sequences within host. HIV-1 is classified into four groups
(M, N, O, and P), and the group that is most widespread
globally, M, is further divided into nine subtypes (A, B,
C, D, F G H, J and K), with more than 70 circulating
recombinant forms (CRFs), according to the Los Alamos HIV
Sequence database (http://www.hiv.lanl.gov/), and numerous
unique recombinant forms (URFs; Sharp, 2002; Taylor et al.,
2008; Hemelaar et al.,, 2011; Sharp and Hahn, 2011). Genetic
diversity between the subtypes ranges from 25 to 35% (Korber
et al.,, 2001), which is extremely high compared to the human
population, in which <1% of distinct DNA sequences are distinct
(International HapMap, 2003, 2004). This diversity is considered
a consequence of HIV-1’s short replication period, lack of
proofreading machinery, and recombination in viral replication
(Robertson et al., 1995; Perelson et al., 1996; Blackard et al., 2002).
The genetic diversity of HIV-1 likely influences the effectiveness
of antiretroviral therapy (Wainberg and Brenner, 2012) and
at least partially prevents the development of curable strategy
against HIV-1 infection (Thomson et al,, 2002). Moreover, the
error-prone replication induces a within-host genetically diverse
heterogeneous viral population, recognized as quasispecies
(Ojosnegros et al, 2011). The quasispecies are considered a
source of drug-resistant or immune escape variants. Within-host
minority viruses likely influence clinical outcome (Johnson et al.,
2008; Balduin et al,, 2009; Geretti et al., 2009; Metzner et al,,
2009; Simen et al., 2009; Paredes et al., 2010), although some
reports have found no association between treatment failure and
minority variants (Peuchant et al., 2008; Jakobsen et al,, 2010;
Metzner et al., 2010; Stekler et al., 2011).

To improve clinical outcomes and further understand viral
co-evolution within-hosts, the HIV-1 RNA genome has been
sequenced using the direct Sanger sequencing method. For
example, before treatment against HIV-1 infection, the pol and
env V3 regions are sequenced in genotyping resistance tests and
tropism tests that predict viral susceptibility to antiretroviral
drugs (Smit, 2014). However, analysis of viral polymorphic
sequences is limited using Sanger sequencing method. For
example, direct Sanger sequencing is inappropriate for analyzing
regions containing heterogeneous insertions or deletions, such as
gag and env. Within-host quasispecies population analyses using
direct Sanger sequencing can detect low-frequency mutations
in only up to 10-20% of the population. In addition, primer
design may be troublesome when analyzing sequences of large
or multiple segments.

Recently developed next-generation sequencing technologies
that output unprecedented amounts of short sequence reads
enable the analysis of viral quasispecies in further depth (Willerth
et al.,, 2010; Dudley et al., 2012; Gall et al,, 2012; Henn et al,,
2012; Gibson et al,, 2014; Park et al,, 2014). Bench-top deep
sequencers Roche/454 GS Junior and Ion PGM, both based on
the pyrosequencing method, are applicable for analyses of limited
regions of the HIV-1 genome (Dudley et al., 2012; Gibson et al.,
2014; Park et al,, 2014). Illumina has released another bench-top
deep sequencer, MiSeq, based on bridge sequencing technology,
which, compared with the aforementioned pyrosequencing
platforms, can output large amounts of sequence reads with a
lower intrinsic error rate, especially at homopolymeric regions,

including the drug-resistance-related reverse transcriptase (RT)
K65 codon (Varghese et al., 2010; Loman et al,, 2012; Junemann
et al, 2013). Here, we have proposed a practical method to
analyze viral quasispecies of the HIV-1 near-full-length genome
in clinical samples using the Illumina MiSeq deep sequencing
method and especially evaluated nucleotide variations in viral
sequences of the Pol and the Env V3 encoding regions.

MATERIALS AND METHODS

Plasmid Sample Preparation

To examine analytical biases that may produce misleading results
and intrinsic errors in sequence reads from Illumina MiSeq,
pNL4-3 (pNL4-3,;) was used as a reference clone. Furthermore,
to examine the threshold of deep sequencing in detecting
minority mutations in clinical samples, artificially simulated
samples were prepared by mixing multiple different clones. For
this purpose, three pNL101-based recombinant infectious clones
(Neuveut and Jeang, 1996) possessing drug-resistance mutations
RT KI103N (pNL10lykiosn), RT M184V (pNL101avi184v),
and integrase (IN) Q148H (pNL101i,qi4sm) were constructed
using standard site-directed mutagenesis protocols as described
previously (Hachiya et al, 2008; Shimura et al, 2008).
Seven ratios of pNL4-3,: pNLIOIxkiosn: PNLIOLavisav:
pNL101inqias were mixed as follows: (a) 100:0:0:0, (b)
99.97:0.01:0.01:0.01, (c) 99.7:0.1:0.1:0.1, (d) 98.5:0.5:0.5:0.5, (e)
97:1:1:1, (f) 70:10:10:10, and (g) 40:20:20:20.

Clinical Sample Collection and Sanger

Sequencing

Fifty-two plasma samples were collected from 33 HIV-1-infected
patients who visited the Nagoya Medical Center in Japan
from January 2009 to April 2014 (Supplementary Table S1).
Forty-five plasma samples collected from 25 patients enrolled
in the Japanese Drug Resistance HIV-1 Surveillance Network
(Gatanaga et al., 2007; Hattori et al,, 2010; Shiino et al,, 2014)
were also used in this study. Thus, a total of 97 plasma
samples obtained from 58 patients were used. To monitor viral
quasispecies chronologically, plasma samples were obtained at
10 time points from one patient failing protease inhibitors
(PIs) containing regimens. The total RNA was extracted from
200- or 400-pL of the plasma sample using the MagNA Pure
Compact Nucleic Acid Isolation Kit I (Roche Diagnostics K.K,,
Tokyo, Japan). Extracted RNA was eluted in a final volume of
50 wL of elution buffer and used for subsequent analyses. HIV-
1 protease (PR) (297 bps; 2253-2549, positions based on HXB2
numbering), RT (720bps; 2550-3269) and env V3 (108 bps;
7110-7217) sequences of each sample were analyzed using the
bulk sequencing method as previously reported (Gatanaga et al,,
2007; Hattori et al,, 2010; Shiino et al, 2014). Drug-resistance
mutations in Pol were determined according to the list reported
by Shafer et al. (Bennett et al., 2009) and IAS-USA (Wensing
etal,, 2014). HIV-1 subtypes were determined using phylogenetic
analysis with reference sequences recommended by the Los
Alamos Database (http://www.hiv.lanl.gov/). Genotypic tropism
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FIGURE 1 | Four overlapping segments covering the HIV-1
near-full-length genome. The blue numbers represent the 5'- and 3’-end
positions (HXB2 numbering) for RT-PCR, whereas red numbers show those for
nested PCR.

tests were performed using geno2pheno [coreceptor] (http://
coreceptor.geno2pheno.org/) with a false-positive rate of 10%.
This study was conducted according to principles in the
Declaration of Helsinki. The Ethical Committee at the National
Institute of Infectious Diseases and Nagoya Medical Center in
Japan approved the study. All patients provided written informed
consent for the collection of samples and subsequent analyses.

Amplification of the HIV-1 Near-full-length

Genome in Clinical Samples

To analyze the full-length HIV-1 genome (excluding LTR
regions) using MiSeq, the gag to nef (8825 bps; 706-9530) region
of the genome was amplified in four overlapping segments,
as shown in Figurel. The primer sequences used for the
amplifications are listed in Supplementary Table S2. RT-PCR
was performed using a PrimeScript II High Fidelity One Step
RT-PCR Kit (Takara, Shiga, Japan), followed by nested PCR
using PrimeSTAR GXL DNA Polymerase (Takara, Shiga, Japan).
Finally, four amplified PCR products were combined into one
sample with a MultiScreen HTS PCR96 filter plate according
to the manufacturer’s instructions (Merck Millipore, Billerica,
Massachusetts, USA). The purified DNA was eluted into a final
volume of 50 WL of distilled water.

Library Preparation and Deep Sequencing
with lllumina MiSeq

Viral DNA libraries for deep sequencing were prepared using
the Nextera DNA Sample Prep Kit (Illumina K.K.,Tokyo, Japan)
according to the manufacturer’s instructions. Unamplified DNA
of the recombinant clones and amplified DNA obtained from
clinical samples were used for the preparation. The prepared
library was sequenced using Illumina MiSeq, generating paired-
end 2 x 250-bps-long sequence reads. For each run, a maximum
of 24 samples were concurrently examined.

Sequence Read Analysis for Deep

Sequencing
The sequence reads obtained from Illumina MiSeq were analyzed
following three procedures: (I) mapping of the sequence reads

onto a reference sequence or a consensus sequence; (II) error
correction; and (III) frequency estimation of bases, amino acids,
or short (<250-bps-long) fragment sequences. The detailed
methods at each step are described below.

(I) Consensus Sequence Estimation and Read Mapping.
Sequence read mapping was conducted with the BWA-
MEM algorithm implemented in the BWA-0.6.4 program
(Li and Durbin, 2009, 2010) using the default setting.
We performed four sequence read mapping methods
(Supplementary Figure S1A) as follows:

(i) Simple mapping onto an infectious clone sequence.
The sequence reads were mapped on a given infectious
clone sequence, such as NL4-3, HXB2, JRCSF (GenBank
accession no. M38429) in subtype B, and 93]P-
NHI1(NH1) in CRFO1_AE (AB052995).

(i) Mapping onto consensus sequence derived from de novo
assembly. Long fragments (>1000bps) of the HIV-1
near-full-length genome sequence were assembled de
novo from sequence reads with the VICUNA program
(Yang et al,, 2012; Malboeuf et al., 2013). The estimated
long fragment sequences were mapped onto the HXB2
sequence with the BWA program. Next, the long
fragment sequences were connected to construct a near-
full-length consensus sequence. Sequence reads were
then mapped onto the constructed consensus sequence.

(iii) Mapping onto consensus sequence estimated from
iterative mapping (McElroy et al., 2014; Verbist et al,,
2015). The first cycle of iterative mapping was performed
on a given reference sequence, such as NL4-3, HXB2,
JRCSE, or NH1, with BWA using an option of “-B 17
to reduce mismatch penalty for mapping. The majority
base at each position was accepted as the consensus base.
In cases of insertions or deletions, the longer sequences
were always chosen for consensus sequence estimation;
i.e., deletions were ignored and insertions were accepted
regardless of their prevalence. The consensus sequence
estimated in the first cycle was used as a reference
sequence of the second cycle of iterative mapping with
the BWA program at the default setting. This procedure
was repeated nine times to refine a consensus sequence,
and, finally, the sequence reads were mapped onto
the consensus sequence obtained in the 9th iterative
mapping.

(iv) Combination of (ii) and (iii): Sequence reads were
mapped onto the consensus sequence estimated from de
novo assembly using the VICUNA program (Yang et al.,
2012; Malboeuf et al., 2013) followed by the iterative
mapping (McElroy et al., 2014; Verbist et al., 2015).

(II) Error Correction. We performed error correction using
averaged quality score (QS)-values for each reference
sequence position. The detailed method is described below.

(III) Frequency Estimation. We estimated the frequency of
each base at a given position by counting the number
of nucleotides for each base that remained after error
correction. We also calculated the occupancy of sequences
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within a <250-bps-long range because the maximum
length of Illumina MiSeq sequence reads is 250 bp. First,
we extracted short fragment sequences from the mapped
sequence reads within the targeted range. Then, identical
fragment sequences were grouped into a haplotype
sequence. The number of the fragment sequences was
counted for each haplotype sequence. Next, haplotype
sequences including bases of averaged QSs below 20 were
removed. The remaining haplotype sequences were used
for frequency estimation.

RESULTS

Use of the Consensus Sequence Estimated
from de novo Assembly or lterative
Mapping Improved the Sequence Read
Mapping Results

To examine analytical bias that may produce misleading
results and an intrinsic error rate of output sequence reads
from IHlumina MiSeq, pNL4-3y; was deeply sequenced in
quadruplicate. The obtained sequence reads from each of the
quadruplicate runs were individually mapped onto the original
pNL4-3y sequence [Schema (i) in Supplementary Figure S1A].
The mapping results demonstrated >5000-fold coverage
throughout the HIV-1 genome (Figure2, Supplementary
Figure S1B and Supplementary Table S3). To investigate the
effect of selected reference sequences on the mapping accuracy
and coverage of the sequence reads, two different subtype B
sequences, HXB2 (97.4% identical to NL4-3) and JRCSF (93.8%),
and one CRF01_AE sequence, NH1 (85.0%), were selected as
reference sequences for mapping [Schema (i) in Supplementary
Figure S1A]. As shown in Figure 2, the mapping coverage by
HXB2 (5722- to 23,058-fold) and JRCSF(3038- to 22,570-fold)
were comparable to that of NL4-3 (5424- to 21,616-fold), whereas
a considerable reduction in coverage was observed when NHI1
was used as the reference sequence (0- to 21,064-fold). Thus,
selection of the reference sequence is clearly a critical factor
for accurate mapping and high coverage of deep sequencing
reads. However, for clinical samples, selection of an appropriate
reference sequence is problematic because the sample sequences
are unknown at the time of deep sequencing. To overcome
this problem, we estimated a consensus sequence from de novo
assembly, iterative mapping, or de novo assembly followed by
iterative mapping (Yang et al,, 2012; Malboeuf et al., 2013; Gibson
et al,, 2014; McElroy et al., 2014; Verbist et al., 2015) [Schema
(i))-(iv) in Supplementary Figure S1A]. We used the resulting
consensus sequence as the reference sequence for mapping, as
previously proposed by others (Yang et al., 2012; Malboeuf et al.,
2013; Gibson et al.,, 2014; McElroy et al.,, 2014; Verbist et al,
2015). The use of the de novo assembled consensus sequence
provided comparable mapping results (5731-to 23,053-fold) to
that of NL4-3. The assembled consensus sequence was analogous
to the original NL4-3 reference sequence but included ~10 nef
mutations, suggesting that de novo assembly is likely insufficient
to estimate the true consensus sequence. By contrast, iterative
mapping or de novo assembly followed by iterative mapping

gag-nef
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FIGURE 2 | Analytical biases at read mapping. The red and blue symbols
represent minimum and maximum coverage in the gag-nef region. The
sequence read coverage from four deep-sequencing runs is plotted using
squares, triangles, rhombuses, and circles.

estimated a consensus sequence that was identical to the NL4-3
sequence and resulted in the same mapping coverage as that
achieved using NL4-3 as the reference sequence. These results
suggest that iterative mapping and de novo assembly followed
by iterative mapping can estimate the true consensus sequence
and are most appropriate for sequence read mapping. Hence,
in the following sections, we mapped sequence reads from
deep sequencing using consensus sequence estimation by de
novo assembly followed by iterative mapping (Yang et al,, 2012;
Malboeuf et al., 2013; Gibson et al.,, 2014; McElroy et al., 2014;
Verbist et al., 2015).

Our Unique Error-correction Method

Reduced the Prevalence of Erroneous
Bases Found in Sequence Reads for a
Recombinant Clone Below 1% in Each

Sequence Position

We also analyzed intrinsic errors in the sequence reads from deep
sequencing for pNL4-3y. As shown in Figure 3A, without any
error-correction handling, even with clonal pNL4-3: sequencing
results, the erroneous bases occupied a maximum of 6.4%
of the population at each reference sequence position. The
erroneous bases induced drug-resistance-associated mutations
such as IN T66A/I/K and QI148H/K/R at maximums of 1.7
and 1.6% of the population. Considering minority mutation
detection by deep sequencing, this error rate is excessive, making
minority-mutation determinations inaccurate. In analyzing the
patterns of errors, a dominant pattern was substitution (~99.6%
in total errors), whereas insertions or deletions were not
frequently observed, as previously reported by others (Loman
et al,, 2012; Junemann et al., 2013). Further examination of
substitution patterns revealed that C>A and T>G transversion
errors were most frequently observed in the pNL4-3y: sequence
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reads (Supplementary Figure $2). The predominance of T>G
transversion was previously reported for MiSeq (Schirmer et al,,
2015) and Illumina Genome Analyzer (Nakamura et al., 2011;
Flaherty et al., 2012), both of which are based on the bridge
sequencing method, suggesting that the transversion errors
might be intrinsic to the apparatuses and the technology.

To improve the accuracy of the sequencing results, we sought
to establish a novel error correction method by distinguishing
true minority bases from erroneous bases. To differentiate
true and erroneous bases, we focused on Phred QS-values of
nucleotides in pNL4-3; sequence reads. QSs of 10, 20, and 30
indicate 90, 99, and 99.9% base-calling accuracy, respectively.
Nucleotides with true bases tend to demonstrate high QS-values,
whereas low QS-values are associated with erroneous bases
(Supplementary Figure S3). When the QSs of nucleotides with
true bases were averaged at the respective reference sequence
positions, the averaged QS-values for true bases were >25,
suggesting >99.7% base-calling accuracies (Figure 3B). By
contrast, when we focused on bases occupying >1% of the
population at the respective positions, the averaged QS-values
for erroneous bases were below 20 and were clearly different from
those for true bases at a threshold of 20 (Figure 3B). Thus, this
result indicates that “an averaged QS-value of 20” is a reasonable
cut-off threshold to distinguish true and erroneous bases.

Figure 3C shows the results of pNL4-3,,; sequencing managed
by our novel error-correction method that removed bases with
averaged QS-values below 20 at each reference sequence position
(Supplementary Figure S3), and the erroneous bases did not
occupy >0.54% of the population. Especially, each population
of the drug resistant mutations in Pol and erroneous sequences
at Env V3 and PR cleavage sites in Gag, Pol, Nef (Shafer and
Schapiro, 2008; Fun et al.,, 2012) was not exceeded 0.2%. The
error rates were reduced to 0.017 £ 0.002 from 0.52 £ 0.098%
of the raw sequence reads (Figure 3D). Of note, our error-
correction method removed only <1% of all nucleotides
(Figure 3D), suggesting selective removal of erroneous
bases.

As a comparative method, we applied the simple quality-
filtering correction method reported by others (Dudley et al,
2012; Gall et al,, 2012; Pessoa et al., 2014) to the same pNL4-
3wt sequence reads. The quality-filtering method simply discards
any nucleotides with a QS below 20 or 30 as a cut-off value
(Supplementary Figure S3). This alternative method was also
successful in reducing error rates to 0.041 & 0.006 and 0.026 =+
0.003% with a cut-off of QS < 20 and QS < 30, respectively
(Figure 3D). However, the quality-filtering method discarded 7%
and 11% of all nucleotides by the QS < 20 and QS < 30 cut-offs,
respectively (Figure 3D).
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FIGURE 4 | Deep sequencing to detect minority viral populations.
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(e) 97:1:1:1, (f) 70:10:10:10, and (g) 40:20:20:20. The estimated frequencies
of RT K103N, RT M184V, and IN Q148H are shown in orange circles, red
squares, and black triangles, respectively.

Deep-sequencing Analyses Coupled with
Our Analysis Method for Distinct
Recombinant Clone Mixtures Successfully
Detected Minority Mutations with a

Prevalence of >1%
To confirm the potential of our mapping and error-correction
methods, we performed deep sequencings of mixtures of four
recombinant clones, pNL4-3yt, pNL101 k1038, pPNL101rtM184v,
and pNL10linqiagn in triplicate, at seven different ratios:
(a) 100:0:0:0, (b) 99.97:0.01:0.01:0.01, (¢) 99.7:0.1:0.1:0.1, (d)
98.5:0.5:0.5:0.5, (€) 97:1:1:1, (f) 70:10:10:10, and (g) 40:20:20:20
(Figure 4, Supplementary Table S4). We successfully detected
three amino acid mutations stably in mixture samples when
mutant clones were mixed at >0.5% prevalence [(d)-(g)]. For
samples (b) and (c), where mutant clones were mixed at 0.01
and 0.1% prevalence, one and two in triplicate tests identified
the three mutations, respectively. During the amino acid
population analyses, our error-correction removed only ~3% of
all three-nucleotide sequences. By contrast, the simple quality-
filtering correction method with a QS < 20 or QS < 30 cut-
off, removed ~25 or 27% of all three-nucleotide sequences,
although the quality filtering correction method also allowed
us to stably detect three mutations in samples (d)-(g), where
mutant clones were mixed at >0.5% prevalence (Supplementary
Table S$4). Taken together with the aforementioned results on
error prevalence, our analysis method enables us to detect amino
acid mutations at >1% of the population reproducibly and semi-
quantitatively while maximizing usage of the sequence read data.
Hence, in the following sections, errors in sequence reads
from deep sequencing were corrected with our error-correction
method based on averaged QS-values at a threshold of 20.
Furthermore, we used error-corrected >1%-frequency bases,
amino acids, or short <250-bps-long fragment sequences.

A Near-full-length Genome Amplification

Protocol was Successfully Constructed
We designed primer sets to amplify near-full-length viral RNA
genomes in four overlapping segments (Figure 1). A total of 97

clinical plasma samples were examined. Phylogeny analyses of
pol sequences derived from Sanger sequencing indicated that 58
plasma samples from 22 patients and 39 samples from 36 patients
contained subtype B and non-subtype B viral RNAs. The results
showed that all of the four segments were successfully amplified
for the subtype B samples with >200 copies/mL (Supplementary
Table S5). By contrast, two subtype B samples with 50 and 65.7
copies/mL were incompletely amplified with missing segments.
The same primer sets were tested for the remaining 39 non-
subtype B viruses, including 10 subtype C, 10 CRF01_AE, 9
subtype F, and 10 CRF02_AG HIV-1. We successfully amplified
all four segments for subtype C, CRF01_AE, subtype E and
CRF02_AG viral genomes from samples with up to 432, 700,
2980, and 1600 copies/mL, respectively (Supplementary Table
S5). However, we failed to amplify three subtype F samples
below 1240 copies/mL, suggesting lower amplification eflicacy
for non-subtype B viral genomes than subtype B genomes.
In particular, amplification of the in-env v5 regions in non-
subtype B genomes was relatively unsuccessful. This is likely due
to more nucleotide mismatches between the primer sequences
and non-subtype B viral genome sequences (Supplementary
Table S6). Further adjustment of these primers, especially for
the in-env v5 region, is required to improve amplification
for non-subtype B viral genomes and to effectively amplify
HIV-1 genomes regardless of their subtypes. Consequently,
all four segments were successfully amplified from 92 plasma
samples.

Subsequently, we deeply sequenced 92 amplified samples.
When we analyzed the obtained sequence reads, >95% of the
sequence reads were mapped onto the estimated consensus
sequence for each sample. Further, as shown in Supplementary
Figure S4, >1000-fold coverage of sequence reads were obtained
at each position throughout gag-nef, except for the 5'-end
of matrix in six samples, env in 1 sample, and the 3’-end
of nef in 1 sample (Supplementary Table S7). Therefore,
each minority nucleotide mutation occupying >1% of the
population was confirmed from at least 10 sequence reads.
Taken together, the results highlight that amplification with
our primer sets followed by deep sequencing enabled us to
analyze low-frequency mutations with sufficient sequence read
coverage.

Our Deep Sequencing Method Detected
more Minority Variants than the Direct
Sanger Sequencing Method

To evaluate the potential of detecting quasispecies and minority
population using our near-full-length deep sequencing method,
we compared the results obtained with the proposed method
and the direct Sanger sequencing method. We focused on
sequences at PR-RT encoding regions (1017 bps; 2253-3269)
from 18 treatment-naive patients, including 13 subtype B, 4
CRF01_AE, and 1 CRF02_AG viruses (Supplementary Table
S1). We achieved both deep and Sanger sequencings from
the same amplicons. Only one mismatch was found in one
sample (TNO7) between the consensus sequences derived using
the deep and Sanger sequencing methods (Figure 5A), except
216 positions in 18 samples where Sanger sequencing detected
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FIGURE 5 | Direct Sanger sequencing and deep sequencing
comparison of 18 treatment-naive samples. (A) Identity of consensus
nucleotide sequences at positions where A, T, G, or C was detected by
Sanger sequencings between the two methods. (B) Correlation of
occupancies of bases at the positions where multiple bases at >1%
prevalence were detected by deep sequencings between the two methods.
For Sanger sequencing, occupancies of bases were estimated from their
electropherogram peak heights. Black dots show mixture bases assigned from
Sanger sequencing electropherograms. Red dots show mixture bases that
were unassigned by Sanger sequencing but were identified by the deep
seqguencing method. Bottom graphs represent histograms of occupancies
detected by the deep sequencing method. The black and red bars show
incident rates detected by Sanger sequencings and those detected only by
deep sequencing methods, respectively.

mixture bases. Thus, the concordance rate of the two methods
was 99.994% [one mismatch in 18,090 (1017 x 18 - 216)
positions]. Furthermore, we evaluated the sensitivity of the
deep and Sanger sequencing methods in detecting minority
populations. For Sanger sequencing, base occupancies were

calculated from the electropherogram peak height ratios. As
shown in Figure 5B, when base occupancies were analyzed at
the 216 positions where Sanger sequencing detected mixture
bases, a good correlation was observed between the Sanger
sequencing method and deep sequencing method (1143 peaks,
R? = 076, P < 0.0001, single regression analysis; black
dots in Figure5B), and all mixture bases detected with
Sanger sequencings were identified with the deep sequencing
method. However, using the deep sequencing method, we
detected an additional 1069 minority bases in all 18 samples
that Sanger sequencing failed to recognize (red dots in
Figure 5B). These results suggest that deep sequencing is more
sensitive in detecting minority variants than Sanger sequencing
and enables us to analyze quasispecies in clinical samples
semi-quantitatively. These additional minority bases contained
substitutions conferring drug resistance, and PR M46I (1.1%
in TNO3, 3.8% in TNO04), RT T215S (1.0% in TNO1), and RT
K219R (1.2% in TNO4) were identified. Thus, deep sequencing
is likely useful in determining effective treatment regimen in
clinical settings.

Our Deep Sequencing Method is
Applicable for Detecting Minority X4-tropic
Viruses and Examining the Chronological

Population Dynamics of Quasispecies

To confirm the clinical advantages of deep sequencing, we
applied our deep sequencing method in genotypic tropism
testing to determine the co-receptor usage of 18 treatment-
naive patients samples (Supplementary Figure S$5). The deep
sequencing method identified heterogeneous V3 sequences
in each sample (Supplementary Table S8) and identified
nine samples possessing X4-tropic viruses, whereas only 5
samples were identified using Sanger sequencing. As shown in
Supplementary Figure S5, all X4 tropic viral sequences in four
samples diagnosed using the deep sequencing had less than a 20%
minority population (Supplementary Table S8). Thus, the deep
sequencing is more sensitive in detecting minority X4-tropic
viruses than Sanger sequencings.

To confirm whether our deep sequencing method allows
us to dissect quasispecies population dynamics and identify
minority drug-resistance mutations relevant to treatment
failure, we retrospectively monitored changes in drug-
resistance-related mutations in one multi-drug-resistant
case (Pl-resistant patient #1 in Supplementary Table S1) with
M41L/D67N/T69D/M184V/L210W/T215Y in the RT region
and M461L/G73S/184V/L90M in the PR region (Figure 6). We
analyzed 10 time points and found that under an EFV-based
regimen (time points 3-6), the prevalence of non-nucleoside
RT inhibitor (NNRTI)-resistant mutations L100I and K103N
increased from <1 to 89.2% and 17.7 to 95.2%, respectively, with
viral load relapse from 500 (time point 3) to 5400 copies/mL
(time point 5). At time point 6 with 7200 copies/mL, the
population of the other NNRTI-resistant mutations, Y181C
(33.3%) and G190S (36.4%) increased, whereas the prevalence of
L100I and K103N decreased (58.3 and 59.5%). These NNRTI-
mutations became undetectable after the regimen was switched
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to LPV/r-based therapy (time points 7-10). Emergence of PR
1541 followed by I54V was also correlated with relapse under
LPV/r-based therapy. Thus, the dynamic population movements
of drug-resistance mutations were successfully monitored in
detail using our deep sequencing method. In addition to drug-
resistance mutations, we also found a population possessing
- the NC/p1 cleavage-site mutation AP2V was fluctuating with
the regimen switches, when we analyzed the sequences at all
11 PR cleavage sites in Gag, Pol, and Nef (Shafer and Schapiro,
2008; Fun et al,, 2012). The mutation was first identified as the
major population at time point 1, when SQV-based therapy
was in progress. Subsequently, the mutation became a minority
with EFV-based therapy, and revived as the majority with
LPV/r-based therapy.

Although clinical significance was not confirmed in these
two analyses of tropism testing and drug resistance mutation
monitoring, our results suggest that our deep sequencing
method for clinical sample analysis generates more data for
understanding within-host viral co-evolutions such as tropism
drifting and selection of antiretroviral resistances.

DISCUSSION

In this study, we have proposed a practical method to analyze
viral quasispecies of the HIV-1 near-full-length genome in
clinical samples using the Illumina MiSeq deep sequencing
method (Supplementary Figure S6). Sequence data with low error
rates are crucial for accurately analyzing minority populations
and genetic diversity of HIV-1. We applied a unique error
correction to minimize the effect of artificial errors and facilitate
HIV-1 genome analysis using the Illumina bridge sequencing
technology. Of note, Illumina bridge sequencing produces
0.52 £ 0.098% reading errors, which is significantly greater
than sequencing platforms using high-fidelity polymerases (Cline
et al,, 1996; Palmer et al., 2005), but lower than pyrosequencing
methods exhibiting high error rates at homopolymeric regions
(Varghese et al, 2010; Dudley et al, 2012; Loman et al,
2012; Di Giallonardo et al, 2013; Junemann et al, 2013;
Gibson et al,, 2014). Our sequencing analysis of the infectious
clone pNL4-3,; indicated that the averaged QS-value is a
reasonable guide to distinguish true and erroneous bases.
One advantage of our error-correction method based on
the averaged QS-value is that it removes significantly fewer
nucleotides than quality-filtering error correction methods
previously reported (Dudley et al., 2012; Gall et al,, 2012; Pessoa
et al., 2014), which increases the opportunity for detecting
minority mutations.

In addition, sequencing analysis of the pNL4-3,; clone
suggested that reference sequence choice is critical for accurate
and efficient sequence read mapping. To select an appropriate
reference sequence in clinical sample analyses, we found that
consensus sequence estimated from sequence reads is applicable
as the reference sequence for the mapping as reported previously
by others (Yang et al, 2012; Malboeuf et al.,, 2013; McElroy
et al,, 2014; Verbist et al,, 2015), and that de novo assembly
followed by iterative mapping [Schema (iv) in Supplementary
Figure S1A] precisely estimates consensus sequence. During

sequence analysis at PR-RT encoding regions of treatment-
naive patients’ samples, de novo assembly followed by iterative
mapping estimated the same consensus sequence as Sanger
sequencing, except for one mutation in TNO7 (Figure5). By
contrast, another estimation method, de novo assembly [Schema
(ii) in Supplementary Figure SIA] inferred consensus sequences
with two mutations for TN11 and another mutation for
TNO7.

When we performed phylogeny analyses of these estimated
near-full-length consensus sequences for each clinical sample,
their phylogenetic tree showed concordant subtypes to those
based on their pol sequences by Sanger method (Supplementary
Figure S7), except two samples (Non-subtype B samples #23
and #26 in Supplementary Table S1). Although these two samples
were classified into CRF02_AG from the pol and of subtype A
or G from the near-full-length sequences, this is likely due to
analyzed sequence lengths and/or recombination breakpoint
positions within CRF02_AG. Furthermore, phylogenetic clusters
were found among samples from each drug-resistant patient.
Samples from a partner pair (TN12 and TN13) diagnosed
in our hospital were also phylogenetically close to each
other. Taken together with high sequence identities of the
Pol and Env V3 encoding regions between Sanger and our
methods, these results suggest that our method may estimate
consensus sequences throughout near-full-length regions
accurately.

With our error-correction and mapping methods, we can
obtain benefit of large genome information from the bridge
sequencing. Our method enables both in-depth and semi-
quantitative quasispecies analyses (Figure 5 and Supplementary
Figure S5). Although we especially evaluated sequences at the
Pol and Env V3 encoding regions in this study, our method
would be applicable for quasispecies analyses at the other
regions such at PR cleavage sites as shown in Figure 6. This
is an advantage of our method that is applicable to analyze
sequences throughout near-full-length genomes in depth at a
run, unlike Sanger or allele specific sequencing methods. Of note,
we successfully amplified genomes from low viral load samples
using our designed primer sets. Therefore, when patients viral
load increases above the detection limit, our method might be
helpful for early detection of drug resistant mutations. Collecting
and analyzing genome date using our methods will lead to
a comprehensive understanding of unknown mechanisms of
resistance acquisition and treatment failure, such as the recent
finding demonstrating the importance of the Env cytoplasmic
tail mutation in PI resistance (Rabi et al., 2013). Moreover,
our method would also be applicable to examine whether
drug resistant variants are persistent as proviral DNA, although
further assessment is required. Combination of in vitro resistance
induction experiments or in vivo infection of HIV-1 relatives
to animal models with our method would help recognize drug
resistant machinery or viral evolution. However, there are at least
two limitations with our analysis method. The first is due to short
sequence reads. Because sequence reads in our study were up to
250-bps long, it was difficult to evaluate interferences of two or
more mutations that locate more than 250-bps distant positions.
Despite the limitation, our deep sequencing method could help
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FIGURE 6 | Application of our deep sequencing method in examination of chronological population changes of drug-resistance mutations.
Chronological changes in viral loads, CD4* T-cell counts, and occupancies of drug-resistance mutations for a patient who failed a Pl-containing regime. In the left
graph, viral loads and CD41 T-cell counts are shown in black and light red lines, respectively. Collection dates of analyzed samples are highlighted in orange
perpendicular lines. Over the orange line, the identification numbers for the collection dates are also shown. At the top of the graph, periods when drugs were used
are shown in horizontal bars. Furthermore, population dynamics of resistance related mutations are shown on the right of the graph. The occupancies of the
mutations are highlighted with colors according to the bottom bar. P, PR inhibitor; NRTI, nucleoside/nucleotide RT inhibitor; NNRTI, non-nucleoside RT inhibitor. 1DV,
indinavir; NFV, nelfinavir; SQV, saquinavir; RTV, ritonavir; LPV/r, lopinavir boosted with ritonavir; AZT, azidothymidine; 3TC, lamivudine; d4T, stavudine; EFV, efavirenz.

obtain hints to know co-evolution within the genome, like
mutations in PR and its cleavage sites, in combination with clonal
sequencings or haplotype inference by recently proposed some
bioinformatics algorithms (Beerenwinkel and Zagordi, 2011;
Beerenwinkel et al., 2012; Prosperi et al., 2013; Giallonardo et al,,
2014; Schirmer et al., 2014; Jayasundara et al., 2015). The second
limitation is attributable to limited stocks of plasma viral RNAs.
In several clinical samples, cDNA was amplified from 2.5pL
of extracted viral RNA for each of the four segments, which
theoretically contained less than 100 copies of viral RNA, as the
original 200 uL plasma had a viral load of <5000 copies/mL.
This limitation alerts that the results might be less heterogeneous
population than in reality, although we attempted to reduce this
risk by triplicate genome amplifications for deep sequencing of
each sample. To address this second limitation, in addition to
triplicate genome amplification, we must consider increasing
several parameters, including the amount of templates, viral
RNA, plasma, PCR volume, interestingly retrogressing direction
of downsizing sequence technology progress in the last decade.
In conclusion, we devised a data management method and
library preparation protocol to analyze quasispecies throughout
the HIV-1 near-full-length genome using Illumina MiSeq
bentchtop deep sequencing technology. Using deep-sequencing

technology with larger genome datasets to precisely analyze
minority drug-resistance mutations may improve the efficacy of
antiretroviral therapy management in clinical settings.
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