PNAS

v NexXuUs

HIV-1 mutants that escape the cytotoxic T-lymphocytes
are defective in viral DNA integration
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Abstract

HIV-1 replication is durably controlled without antiretroviral therapy (ART) in certain infected individuals called elite controllers
(ECs). These individuals express speci ¢ human leukocyte antigens (HLA) that tag HIV-infected cells for elimination by presenting
viral epitopes to CD8+ cytotoxic T-lymphocytes (CTL). In HIV-infected individuals expressing HLA-B27, CTLs primarily target the viral
capsid protein (CA)-derived KK10 epitope. While selection of CA mutation R264K helps HIV-1 escape this potent CTL response, the
accompanying tness cost severely diminishes virus infectivity. Interestingly, selection of acompensatory CA mutation S173A restores
HIV-1 replication. However, the molecular mechanism(s) underlying HIV-1 escape from this ART-free virus control by CTLs is not
fully understood. Here, we report that the R264K mutation-associated infectivity defect arises primarily from impaired HIV-1 DNA
integration, which is restored by the S173A mutation. Unexpectedly, the integration defect of the R264K variant was also restored upon
depletion of the host cyclophilin A. These ndings reveal a nuclear crosstalk between CA and HIV-1 integration as well as identify a
previously unknown role of cyclophilin A in viral DNA integration. Finally, our study identi es a novel immune escape mechanism of
an HIV-1 variant escaping a CA-directed CTL response.
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Signi cance Statement:

HIV-1 replication is durably suppressed in a small percentage of infected individuals without ART. This natural control is asso-
ciated with the expression of speci ¢ HLAs that displays a fragment of the HIV-1 CA protein on the infected cells and marks
them for destruction by the killer T cells. Speci ¢ CA mutations allows HIV-infected cells to escape from these killer T cells but
causes severe infectivity defect. We report that this infectivity defect arises from the inability of HIV-1 mutants to integrate into
human chromosomes. We also discovered a novel role of cyclophilin A in the integration of HIV-1 CTL escape mutant. Collec-
tively, these ndings signi cantly advance our understanding of CA function and the mechanism by which HIV-1 escapes CTL
response.

Introduction compromised by escape mutations that diminish recognition of

The host immune system can control HIV and delay disease
progression (1-3). For instance, the virus replication is durably
suppressed and disease progression is delayed in untreated
HIV-1-infected individuals known as “elite controllers-ECs” (4).
Such long-term asymptomatic infection in the absence of an-
tiretroviral therapy (ART) has been attributed to immunological
mechanisms coordinated by human leukocyte antigens (HLA)
(5) and CD8+ cytotoxic T-lymphocytes (CTLs) (6, 7). Notably, a
strong association between virus control and presentation of viral
epitopes by HLA-B57 or HLA-B27 to HIV-1-speci ¢ CTLs has been
well-documented (8-11). However, CTL-mediated HIV-1 control is

viral epitopes (12-15).

HLA-B27 targets the KK10 epitope (16) located in the capsid
(CA) domain of the HIV-1 Gag polyprotein (1, 17-19). However, mu-
tations in this epitope results in the escape of HIV-1 from this
immunological constraint (18, 20-23). Speci cally, the prerequi-
site L268M (LM) mutation emerges early followed by the conse-
quential R264K (RK) mutation selected late in the course of in-
fection (12, 18, 24). The RK mutation inhibits viral epitope pre-
sentation (18, 25) but signi cantly reduces HIV-1 infectivity (12,
14, 18, 21, 24-27). This is because CA is genetically fragile (28, 29)
and is a key regulator of HIV-1 replication (30-36). Particularly, CA

Received: January 18, 2022. Accepted: May 17, 2022

OXFORD

UNIVERSITY PRESS

Competing Interest: The authors declare no competing interest.

C The Author(s) 2022. Published by Oxford University Press on behalf of the National Academy of Sciences. This is an Open Access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

£20Z 1890100 | | Uo Jasn Aieiqi aremeja( 10 Ausieaiun Agq 29006S59/7900e6d/z/1 /a1o1ue/snxauseud;woo dno-oiwapese//:sdiy woll papeojumoq


https://doi.org/10.1093/pnasnexus/pgac064
https://orcid.org/0000-0003-1171-6816
https://orcid.org/0000-0003-4466-8355
mailto:cdash@mmc.edu
http://www.oxfordjournals.org
https://creativecommons.org/licenses/by/4.0/

2 | PNAS Nexus, 2022, Vol. 00, No. 0

forms the capsid shell that houses the viral genome and other
viral/cellular factors (37-40). CA also provides binding interfaces
for host factors like cyclophilin A (CypA) (41, 42) and cleavage and
polyadenylation-speci c factor 6 (CPSF6) (43, 44) to promote in-
fection (45-49). Remarkably, the infectivity defect of the RK mu-
tant is restored by the compensatory CA mutation S173A (SA) (21)
or upon depletion of CypA (21, 26). However, the mechanism by
which these CTL-escape CA mutations reduce or restore HIV-1
replication is poorly understood.

The infectivity defect of the RK mutant has been attributed to
a block at the reverse transcription step (21). In CEM cells, reverse
transcription of VSVg-pseudotyped RK mutant was reduced to a
log-fold compared to the wild type (WT) virus. Strikingly, the re-
verse transcription levels of the WT and the RKLMSA viruses were
comparable. Interestingly, blocking the interaction between HIV-1
CA and CypA restored the infectivity of the RK mutant (21). These
data suggested that the interaction between the RK mutant capsid
and CypA impaired virus replication. Additionally, data from cy-
closporine washout assays in Owl monkey cells inoculated with
VSVg-pseudotyped viruses, suggested that the RK mutation in-
creased capsid stability, that was corrected by the compensatory
SA mutation (27). Although, capsid stability is coupled with HIV-
1 reverse transcription, the mechanism of infectivity defect re-
mained unclear in these studies.

Here, we report the comprehensive biology of the CTL-escape
RK mutant virus using a multipronged approach that included
structure-guided molecular dynamics (MD) simulations, protein
interaction studies by yeast two hybrid (Y2H) assay, virus infectiv-
ity assays, biochemical characterization of isolated viral replica-
tion complexes, and genetic analysis of the viral genome. Collec-
tively, our results have uncovered that reduced HIV-1 integration
is the principal mechanism underlying the infectivity defect of the
RK variant. These ndings also support aregulatory role of CAand
a novel role of CypA in postnuclear entry steps of HIV-1 infection.

Results

CTL escape-associated CA mutations do not alter
capsid structure

The conical HIV-1 capsid is assembled by 1,500 copies of CA
monomers organized into a lattice of hexameric and pentameric
units (37, 38, 50). Since the capsid structure is essential for HIV-
1 infection (51), we probed whether CTL escape-associated CA
mutations alter stability of the CA hexamers and tubular assem-
blies by molecular modeling and MD simulations. Figure 1(A) de-
picts the relative positions of the CTL escape-associated amino
acids [R264(R132), L268(L136), and S173A(S41)] and the substi-
tution changes [R264K, L268M, and S173A] linked to the HLA-
B27-restricted KK10 epitope in the CA. These amino acids are
located in the NTD-NTD interface between two neighboring CA
monomers and are positioned on the exterior of the CA hexamers
(Fig. 1B) and pentamers (Fig. 1C). Notably, these amino acids are
not positioned in the proximity of CypA binding loop (BL) or the
CPSF6 binding pocket.

MD simulations showed similar dynamic properties of the WT
and CTL escape mutant hexamers (Fig. 1D-F). Speci cally, the Ca
root mean square deviations (RMSDs) of all the CA hexamer sys-
tems showed an increase at 20 ns and were plateaued at around
2 A after 50 ns (Fig. 1D, top panel). Importantly, the mean Ca root
mean square uctuations (RMSFs) of all systems exhibited neg-
ligible differences, especially in the structured regions (Fig. 1D,
bottom panel), and the structural exibilities of all the hexamer

systems were comparable (Fig. 1E). The interhexamer interac-
tions of the amino acid residues 264,268, and 173 in the WT and
the mutant hexamers were also maintained (Fig. 1F). For example,
the top two contacts made by R264 (with residues 1261 and 1267),
by L268 (with residues W265 and N271), and by S173 (with residues
S176 and P170) are preserved in mutant hexamers. The overall
electrostatic potentials of all the mutant hexamers are very simi-
lar to the WT hexamer (Figure S1, Supplementary Material) albeit
the RK mutation rendering a relatively more positive potential to
the sidechain. Comparison of ion occupancy of WT hexamers to
that of the RK, RKLM, and RKLMSA hexamers, showed no signi -
cantdifference in the interaction between the capsid and the ionic
environment (Figure S2, Supplementary Material).

Next, we constructed and simulated RK, RKLM, and RKLMSA
mutant CA tubes to test the effects of the CA mutations on the
structure and dynamics of the tubular CA assembly (Fig. 2). After
20 ns of MD equilibration, no structural differences between any
of the CA tubes were observed. Tube radii and length values vary
by no more than 0.1 to 0.2 nm for all mutant systems (Fig. 2A)
and the conformational distributions of each mutation site were
similar (Fig. 2B). Similarly, the RMSF of capsid residues remained
comparable (Fig. 2C). Together, these data from molecular model-
ing and MD simulations illustrate that the CTL escape-associated
CA amino acid changes linked in the KK10 epitope do not alter the
structural integrity and dynamics of the CA hexamers and capsid
lattice.

CA mutation RK does not perturb CA-CA and
CA-host protein interactions

The HIV-1 capsid structure possesses critical binding interfaces
for host factor recognitions (32, 52). For example, CypA selectively
bridges two neighboring CA hexamers through the CypA BL (42,
53). The CPSF6 (44) and Nucleoporin 153 (NUP153) (54) target the
CA NTD-NTD interface. The central pore of CA hexamer recog-
nizes IP6 (55), nucleotide (56), and Fasciculation and Elongation
Protein Zeta 1 (FEZ1) (57) and the trihexamer region recognizes
MX dynamin like GTPase 2 (MXB) (58). Since these binding inter-
faces are critical for HIV-1 infection, we assessed the effect of the
RK mutation on CA-CA and CA-host factor interactions by yeast
GAL4-based two-hybrid (Y2H) assay (59). We chose the RK mu-
tation because it is the primary determinant of the infectivity
defect associated with HLA-B27 CTL escape (21). The yeast cells
cotransformed with the plasmid pairs encoding the GAL4 DNA
Binding Domain fused with the WT CA (BD-CAwr) and the GAL4
Activation Domain in fusion with the WT CA (AD-CAwr), exhib-
ited histidine prototrophy and a-galactosidase activity (Fig. 2D,
top panel). Yeast cells cotransformed with plasmid pairs encod-
ing BD-CAwt and AD-mCherry or AD-CAwt and BD-mCherry ex-
hibited auxotrophy on selection media lacking leucine and trypto-
phan but did not exhibit histidine prototrophy or a-galactosidase
activity. Importantly, we observed histidine prototrophy and a-
galactosidase activity by the yeast coexpressing BD-CAgrx and AD-
CAgk, but not by the negative control yeast coexpressing BD-CAgk
and AD-mCherry or AD-CAgx and BD-mCherry (Fig. 2D, bottom
panel). These results indicate that the RK mutation does not dis-
rupt CA-CA binary interaction. Interestingly, histidine prototrophy
and a-galactosidase activity was also observed in the yeast coex-
pressing BD-CAwt or BD-CAgk and AD-CypA (Fig. 2E) or AD-CPSF6
(Fig. 2F). These results demonstrate that the RK mutation has no
signi cant effect on the binary interactions between CA and CypA
or between CA and CPSF6. Together, these data strengthen our
in silico studies and establish that the RK mutation minimally
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Fig. 1. (A) Location of CTL-targeted epitopes in the HIV-1 CA N-terminal domain (NTD) and the CTL escape-associated amino acid changes linked to
the HLA-B27-restricted KK10 epitope. The standard Gag numbering of the amino acids is followed, and the capsid numbering of the amino acids are in
parentheses. (B) Relative positions of three CA residues, R264(R132), L268(L136), and S173(S41) in WT CA monomer and hexamer. (Left) A CA hexamer
(PDBId: 4XFX) is represented by a surface model. The NTD is colored in gold, while the C-terminal domain (CTD) is in blue. (Right) Ribbon
representation a CA monomer and the NTD from one of its neighboring monomers. The positions of R264, L268, and S173 residues in the NTD-NTD
interface are labeled, CypA BL is colored in red, and the CPSF6 binding pocket is depicted as a green triangle. (C) Relative positions of R264(R132),
L268(L136), and S173(S41) in a WT CA pentamer. (Left) Ribbon representation of a CA pentamer. The NTD is colored in gold, while the CTD is in blue.
The positions of R264, L268, and S173 residues in the NTD-NTD interface are labeled and the CypA BL is colored in red. (Right) R264 and S173 residues
on two CA pentamer models, PDB accession codes 3P05 and 5MCY. (D) Structural stability of HIV-1 CA hexamers. (Top) The average Ca root mean
square deviations (RMSDs) of the HIV-1 WT, RK, RKLM, and RKLMSA hexamers derived from MDs simulations. (Bottom) The Ca root mean square

uctuations (RMSFs) of HIV-1 WT and mutant hexamers and from MDs simulations. (E) Structural exibilities of the WT and mutant hexamers,
colored by the average Ca RMSF values, increasing from red to blue. (F) Interhexamer interactions of three CA residues, R264(R132), L268(L136), and
S173(S41). Top ve interhexamer contacts involved in these CA residues are indicated. The residue names with occupancies greater than 60% are
underlined. The formation of a residue contact is de ned as the distance between sidechains from neighboring residues within 3.0 A

Residue 173
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Fig. 2. (A) Effects of the CTL-escape mutation on CA tube assembly. (B) Effects of the CTL-escape mutation on conformational distribution of CA
monomers. Each mutation site, in each system, aligned to a single monomer, demonstrating the conformational distributions of these residues. (C)
Effects of the CTL-escape mutation on the RMSF of capsid residues. (Left panel) Each monomer is aligned by backbone regions in helices. (Right panel)
RMSF of carbon alpha atoms in each CA tube system. RMSF values are averaged for all monomers. (D)-(F) Effect of KK10-linked CTL escape mutation
R264K on CA interactions by Y2H. The effect of RK mutation on (D) CA: CA, (E) CA: CypA, and (F) CA: CPSF6 interactions were assessed. Equal number
of yeast cells cotransformed with the plasmid pairs encoding the GAL4 BD in fusion with the bait protein and the GAL4 AD in fusion with the prey
protein were spotted on synthetic dropout (SD) agar plates lacking leucine and tryptophan (-LT) or leucine, tryptophan, and histidine (-LTH) or leucine,
tryptophan, and histidine but supplemented with X-a-D-galactoside (-LTH/+XaG) and were incubated at 30°C to assess for histidine prototrophy and
a-galactosidase activity. (D) Growth of yeast coexpressing BD-CAwt and AD-CAwT, BD-CAwt and AD-mCherry (AD-mC), and AD-CAwt and BD-mC on
selection media. (Bottom panel) Growth of yeast coexpressing BD-CAgk and AD-CAgk, BD-CAgk and AD-mC, and AD-CAgk and BD-mC on selection
media. (E) Growth of yeast coexpressing BD-CAwt and AD-CypA, BD-CAgrx and AD-CypA, BD-CAwt and AD-mC, BD-CAgx and AD-mC, and BD-mC and
AD-CypA on selection media. (F) Growth of yeast coexpressing BD-CAt and AD-CPSF6, BD-CAgrk and AD-CPSF6, BD-CAwr and AD-mC, BD-CAgk and
AD-mC, and BD-mC and AD-CPSF6 on selection media.
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disrupts the structural integrity of CA or its functional interac-
tions with key host factors.

RK mutation impairs HIV-1 infection but the
compensatory mutation SA restores infectivity

HIV-1 escape from the KK10 epitope-targeted CTL response is
linked to speci ¢ CA mutations (18, 20-22, 60). The prerequisite
LM mutation has no signi cant effect on HLA binding, CTL recog-
nition, and viral infectivity (21, 61). However, the RK mutation, in-
dependently or with LM (RKLM) signi cantly reduces the binding
of the KK10 epitope to the HLA-B27 molecule and impairs infectiv-
ity (21-23, 25). The compensatory CA mutation S173A confers WT-
level, or more, infectivity to the RK and RKLM mutant viruses (21,
27). Thus, to understand the mechanism, we measured the infec-
tivity of the WT and the RK mutants using replication-competent
virus particles. Since, the LM mutation alone does not signi cantly
affect infectivity, this mutant was not included. The titer of the
viruses was determined using a gRT-PCR-based lentivirus titration
kit (Applied Biological Materials, USA) that estimates virus con-
centration as infectious units mL™* based on genomic RNA con-
tent in viral particles. We inoculated TZM-bl cells (Fig. 3A and B)
and Jurkat T-cells (Fig. 3C and D) with equivalent multiplicity of
infection (MOI) of WT or the mutant viruses and assessed infectiv-
ity 48 hours postinfection (hpi). Luciferase activity in the lysates
of TZM-bl cells and intracellular HIV-1 Gag and p24 protein in
the Jurkat cells were measured for infectivity. Compared to the
WT virus, the infectivity of the RK and the RKLM mutant viruses
were drastically reduced. Importantly, the addition of the SA mu-
tation to the RKLM virus restored infectivity to the WT level. These
assays using native envelope-containing HIV-1 particles establish
that the CTL-escape CA mutation RK severely impairs infectivity
and this defect is rescued by the compensatory SA mutation.

RK-associated infectivity defect is not due to
block in the late stages of HIV-1 replication

CA-CA interaction is essential for Gag lattice formation and as-
sembly of immature viruses (62, 63). Cleavage of CA from the
Gag precursor is also critical for the formation of the conical
capsid of the mature virions (64). Therefore, we probed whether
the RK mutations affected Gag processing and particle produc-
tion. HEK293T cells were transfected with the molecular clones
of the WT or the CA mutants and cultured for 48 hours, after
which the viral proteins in the cells and the released particles
were probed by western blotting (Fig. 3E and F). The Gag processing
ef ciency in the producer cell was not signi cantly altered by any
of the CA mutations. Further, the CA mutations did not reduce
virus release ef ciency—measured as the ratio of the amount
of virus-associated CA to the total Gag (total amount of virus-
associated CA, cell-associated Pr55Gag, cell-associated p41Gag,
and cell-associated CA; Fig. 3F). Interestingly, the RKLMSA muta-
tions resulted in a marginal increase in virus release ef ciency.
These results indicate that the RK mutations do not alter the
late stages of HIV-1 replication and suggest a potential postentry
block.

RK mutation minimally affects HIV-1 reverse
transcription and nuclear entry

Itis evident that the RK and RKLM mutations are not positioned to
alter HIV-1 capsid structure (Figs 1 and 2). However, there is indi-
cation that these mutations affect reverse transcription of pseu-
dotyped HIV-1 (21). Therefore, we quanti ed reverse transcrip-
tion levels in T-cells inoculated with native envelope containing

WT and RK mutant viruses. Copy numbers of the late reverse
transcription products, in Jurkat or SupT1 cells spinoculated with
equivalent MOI of the WT or the mutant viruses, was measured by
gPCR. Our results show that the RK and the RKLM mutations did
not impose signi cant alterations in the reverse transcription lev-
els (Fig. 3G and H). The addition of the compensatory SA mutation
to the RKLM virus also had no signi cant effect on reverse tran-
scription. These results diverge from the published work (21) and
suggest that the RK mutation-associated infectivity defect arises
from a block(s) after the reverse transcription step.

Nuclear import is the next step in HIV-1 replication and prior
reports did not show the effect of RK mutation on viral nuclear
import (21, 27). So, we measured the nuclear import of the WT
and mutant viruses by quantitating the viral 2-LTR circles in in-
fected cells (65), that are commonly used as surrogates of HIV-1
nuclear import (66). The RK and the RKLM mutations did not sig-
ni cantly reduce the levels of nuclear import that could be cor-
related with the magnitude of the infectivity defect (Fig. 31 and J).
Further, the RKLMSA virus did not exhibit any signi cant differ-
ence in the nuclear import levels. As the 2-LTR circles are deriva-
tives of the late reverse transcription products and the RKLM virus
showed a marginal reduction in reverse transcription (Fig. 3G and
H) and nuclear entry (Fig. 31 and J), we calculated the nuclear im-
port ef ciency through the ratio of 2-LTR circles to the reverse
transcription (Fig. 3K). No signi cant difference in the nuclear im-
port ef ciency of the WT and mutants was observed, indicating
that the RK mutations minimally affect the ef ciency of HIV-1 re-
verse transcription and nuclear import.

RK mutation blocks proviral integration and SA
compensatory mutation restores it

To probe the postnuclear entry block associated with the RK mu-
tation, we compared the levels of chromosomally integrated viral
DNA in cells inoculated with WT or the mutant viruses. We used
the Alu-gag nested PCR assay (67-69), that selectively ampli es
the integrated viral DNAs in the 1st round followed by their quan-
titation in the 2nd round gPCR (70). Jurkat or SupT1 cells spinoc-
ulated with equivalent MOI of the WT or the mutant viruses were
cultured for 24 hours, and total DNA was isolated from these cells.
The copy numbers of proviral DNA were calculated by interpola-
tion from a standard curve generated during the 2nd round gPCR
(Fig. 4A and B). As the late reverse transcription products consti-
tute the sole source of the proviral DNAs, the late reverse tran-
scription products in the same samples were also measured by
gPCR (Fig. 4C and D). The integration ef ciency was calculated by
the ratio of the copy numbers of proviral DNAs to the reverse tran-
scription products (Fig. 4E). Strikingly, the results revealed a sig-
ni cant reduction in the proviral DNA levels (Fig. 4A and B) and
integration ef ciency (Fig. 4E) of the RK and RKLM viruses when
compared to the WT infection. Importantly, the addition of the SA
mutation to the RKLM virus led to restoration of its integration ef-

ciency (Fig. 4E), which largely correlated with the magnitude of
the recovery of the infectivity (Fig. 3A-D). These ndings, together
with our data of reverse transcription and nuclear import, reveal
that the infectivity defect of the RK mutant viruses are primarily
due to the dramatic reduction in viral DNA integration.

HIV-1 DNA integration is carried out by the preintegration com-
plex (PIC) (71). Therefore, the integration defect of the RK variant
could be the consequence of reduced PIC-associated viral DNA in-
tegration activity. To test this, we compared the integration activ-
ity of PICs extracted from cells inoculated with the WT or RK virus
in vitro. Due to the well-recognized technical challenges with
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Fig. 3. (A)-(D) Effect of KK10-linked CTL escape mutations on HIV-1 infectivity. Infectivity of WT and mutant viruses were determined using the (A) and
(B) TZM-bl indicator cell line and (C) and (D) Jurkat T-cells. TZM-bl cells inoculated, in replicates, with the WT or mutant viruses for 2 hours were
further cultured for 48 hours and then lysed. (A) Luciferase activity in the cell lysates, indicative of virus infectivity, was measured as luminescence
and, after subtracting the luciferase activity in mock-infected cells from the data, were plotted as relative light units (RLU). (B) Relative luciferase
activity, indicative of percentage infection ef ciency, was plotted relative to WT. (C) and (D) Jurkat cells spinoculated, in replicates, with the WT or
mutant viruses for 2 hours at 37°C were further cultured for 48 hours at 37°C, after which the cells were xed and stained with FITC-labeled antibody
that identi es viral Gag and p24. (C) The percentage of FITC-labeled cells was determined using FACS analysis. (D) Relative Gag and p24 expression was
plotted relative to WT. (E) and (F) Effect of RK mutations on late stages of HIV-1 replication. HEK293T cells transfected with WT or the mutant proviral
clones were cultured for 48 hours at 37°C and the viral particles in the culture media was collected by ultracentrifugation. (E) Cell (C) and virus (V)
lysates were resolved by SDS-PAGE and the viral proteins were probed by western blotting. (F) The virus release ef ciency was determined as described
in Materials and Methods. (G)—(K) Effect of KK10-linked CTL escape mutations on HIV-1 reverse transcription and nuclear import. Copy number of late
reverse transcription products and 2-LTR circles present in the total DNA isolated from Jurkat cells. (G) Copy number of late reverse transcription
products of WT or the mutant viruses as measured by gPCR. (H) Percentage late RTN products plotted relative to WT. (I) Copy number of 2-LTR circles
as measured by gPCR. (J) Percentage copy number of the 2-LTR circles plotted relative to WT. (K) Calculated ratio of the copy number of 2-LTR circles to
the respective late reverse transcription products plotted as percentage relative to WT. Data are representative of three independent experiments, with
error bars representing the SEMs. represents P < 0.05.
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Fig. 4. (A)—(E) Effect of CTL escape RK mutations on HIV-1 integration. (A) Quanti cation of chromosome-integrated viral DNAs and late reverse
transcription products in SupT1 cells spinoculated with the WT or mutant viruses for 2 hours at 25°C and cultured for 24 hours at 37°C. Copy number
of chromosome-integrated viral DNAs was measured by Alu-Gag nested PCR. (B) Percentage copy number of chromosome-integrated viral DNA plotted
relative to WT. (C) Copy number of late reverse transcription products of WT or the mutant viruses as measured by gPCR. (D) Percentage late RT
products plotted relative to WT. (E) Calculated ratio of the copy number of integrated viral DNAs to the respective late reverse transcription products
plotted as percentage relative to WT. (F)-(J) Effect of RK mutation on the integration activity of cytoplasmic PICs in vitro. Integration activity and the
viral DNA content of the WT and RK cytoplasmic PICs isolated from Jurkat cells spinoculated with the respective viruses for 2 hours at 25°C and
cultured for 5 hours at 37°C were determined. (F) Integration activity of the PICs, i.e. the copy number of viral DNAs that were integrated into the
target DNA during the in vitro integration assay, as measured by qPCR. (G) Copy number of viral DNA content in the cytoplasmic PICs as measured by
gPCR. (H) Percentage integration activity plotted relative to WT. (I) Percentage viral DNA content plotted relative to WT cytoplasmic PICs. (J) Ratio of the
copy number of integrated viral DNAs to the corresponding PIC-associated viral DNAs plotted as percentage relative to WT. Data shown are
representative of at least three independent experiments, with error bars representing the SEMs. represents P < 0.05.

nuclear PIC isolation, we used the cytosolic PIC extracts from Ju-
rkat or SupT1 cells (33, 72, 73). The integration activity of these
PICs quanti ed via a nested PCR assay is the measure of the num-
ber of viral DNA copies integrated into a heterologous target DNA.
Intriguingly, the integration activity of the RK mutant PICs was
higher than that of the WT PICs (Fig. 4F and H; Figure S3A and
B, Supplementary Material), in contrast to the signi cant reduc-
tion in the RK mutant proviral DNA integration levels relative to
the WT virus (Fig. 4A and B). Furthermore, the viral DNA content
of the RK mutant PICs was also higher relative to that of the WT
PICs (Fig. 4G and I; Figure S3C and D, Supplementary Material).
Notably, the integration ef ciency between the WT and the RK

mutant PICs did not differ signi cantly (Fig 4J; and Figure S3E, Sup-
plementary Material). Collectively, these results suggest that the
integration activity of the RK mutant PICs is not defective and the
RK mutation-associated reduction in proviral integration is not
due to faulty assembly or reduced number of PICs.

CypA depletion restores the integration of the RK
mutant virus

Interaction between HIV-1 CA and CypA is essential for viral in-
fection and perturbation of this interaction affects reverse tran-
scription and nuclear import (45, 46, 48, 49, 74, 75). Interestingly,
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