TABLE 1 Description of acute controllers (n = 10)"
eDPI” (pVL)

Participant HLAs Initial Follow-up

ACO1 A*01:01/A*31:01; B*37:01/B*51:09; 33 (25,000) 383 (50)
C*01:02/C*06:02

ACO2 A*02:01/A%32:01; B*35/B*44; 72 (15,200) 469 (774)
C*04:01/C*05

ACO03 A*02:01/A724:01; B*15:01/B*41:01; 86 (1,490)
C*03/C*17

ACO04 A*02:01/A%24:02; B*27:05/B*35:12; 72 (1,140) 251 (50)
C*01:02/C*01:02

ACO05 A*24:02/A%31:01; B¥39:01/B*52:01; 71 (7,160) 587 (250)
C*07:02/C*12:02

ACO06 A*01:01/A*02:01; B*44:02/B*57:01; 135 (440)
C*05/C*06:02

ACO07 A*25:01/A%68:01; B*18:01/B*57:01; 98 (23,900) 204 (1,720)
C*06:02/C*12:03

AC08 A*02:01/A%31:01; B*08:01/B%44:02; 102 (572)
C*05/C*07

AC09 A*01:01/A%68:02; B*08:01/B%44:02; 52 (45,700) 268 (110)
C*05/C*07

AC10 A*01:01/A*01:01; B*15:17/B*49:01; 59 (22,200)

C*07:01/C*12:03
@ Abbreviations: HLA, human leukocyte antigen; eDPI, estimated number of days
postinfection; pVL, plasma viral load at baseline.
? Median (IQR) eDPI for AC (1 = 10) at baseling, 72 (57 to 99). Median (IQR) eDPI
for all AP (1 = 50) at baseline, 56 (39 to 75) (P = 0.07). Median (IQR) eDPI for AP >
40 eDPI (n = 37) at bascline, 72 (53 to 88) (P = 0.4). P values represent Mann-Whitney
comparisons to AC cohort.
¢ Median (IQR) pVL in numbers of HIV RNA copies per milliliter for AC (n = 10) at
baseline, 11,180 (998 to 24,175). Median (IQR) pVL for all AP (1 = 50) at baseline,
337,500 (35,925 to 750,100) (P << 0.001). Median (IQR) pVL for AP > 40 ¢DPI (n =
37) at baseline, 186,000 (22,350 to 750,005) (P << 0.001). P values represent Mann-
Whitney comparisons to AC cohort,

described previously (52), with modifications as follows. Total cell lysates
were subjected to SDS-PAGE using Mini-Protean TGX 4% to 20% gels
(Bio-Rad Laboratories), and proteins were electroblotted onto a polyvi-
nylidene difluoride (PVDF) membrane. Nef protein was detected using a
polyclonal rabbit (catalog no. 2949; NIH AIDS Reagent Program) (1:4,000)
(54) or sheep (catalog. no. ARP444; NIBSC Center for AIDS Reagents) (1:
2,000) antibody followed by staining with secondary donkey anti-rabbit (GE
Healthcare) (1:30,000) or anti-sheep (Jackson ImmunoResearch) (1:35,000)
antibody. For all experiments, expression of beta-actin was assessed simulta-
neously using primary mouse anti-actin (Sigma) (1:20,000) and secondary
goat anti-mouse (Jackson ImmunoResearch) (1:20,000) antibodies. Band in-
tensities were quantified with ImageQuant LAS 400 (GE Healthcare) and
compared to the positive-control SF2 Nef values.

Site-directed mutagenesis. mef variants were generated using a
QuikChange II site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions or using a PCR-based overlap extension
method (55). Mutations were validated by bidirectional sequencing of the
full-length nef insert prior to functional analysis.

Statistics. Statistical analyses were conducted in Prism 5.0 (Graphpad
Software, Inc.). The Mann-Whitney U test was used to compare Nef func-
tions between groups. In patients with longitudinal (baseline versus fol-
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low-up) Nef functional assessments, the Wilcoxon paired test was em-
ployed. Spearman’s correlation was used to investigate relationships
between different Nef functions or samples with clinical HIV-1 parame-
ters (e.g., CD4 T-cell count and plasma viral load). All tests were two-
tailed, with P << 0.05 considered statistically significant.

Nucleotide sequence accession numbers. All unique clonal nef se-
quences from AC have been deposited in GenBank (accession numbers
KJ996014 to KJ996066).

RESULTS

Isolation of early Nef clones from HIV-1 controllers and pro-
gressors. Clinical data from HIV-1-infected individuals enrolled
at sites in the United States, Germany, and Australia were retro-
spectively screened to identify persons with acute/early infection
who subsequently maintained viremia control below 2,000 RNA
copies/ml during the first year postinfection and for whom a base-
line sample within 150 days of their estimated date of infection was
available for study (32) (Fig. 1). A comparison group of 50 acute
progressors (AP) enrolled at the same sites who displayed pVL of
greater than 2,000 RNA copies/ml over a similar period of time
were also assessed. Consistent with a previous study undertaken in
this cohort (32), no significant enrichment of protective HLA class
I alleles was observed in AC compared to AP (e.g., HLA-B*57
prevalence was 20% in AC versus 10% in AP; Fisher’s exact test P =
0.3) (data not shown).

The times of baseline sample collection differed slightly be-
tween cohorts: for AC, samples were collected a median of 72
(interquartile range [IQR], 57 to 99) days following the estimated
infection date, while those for AP were collected a median of 56
(IQR, 39 to 75) days postinfection (Mann-Whitney test; P =
0.065) (Table 1). Baseline pVL was also significantly lower in AC,
which is not surprising given that these patients were selected
based on their ability to subsequently control viremia. Neverthe-
less, we were concerned that differences in baseline pVL could
have been due in part to the earlier enrollment times for AP (who
thus had a higher likelihood of being sampled closer to the time of
peak viremia) and that this could potentially bias downstream
analyses. Exclusion of AP with the earliest enrollment times (prior
to 40 days postinfection) allowed us to identify a subset of 37 AP
with baseline sample dates (median, 72 {IQR, 53 to 88] days) that
were comparable to those of AC (P = 0.42) (Table 1). For the
remainder of our study, all primary analyses were performed on
the entire AP cohort, with secondary analyses performed using the
AP subset matched for the enrollment date. Results were consis-
tent in all cases, even when not explicitly indicated in the text.

Participant-derived nef alleles were amplified from baseline
plasma by nested RT-PCR and sequenced. As expected from an
acutely infected population, the median number of amino acid
mixtures observed in bulk Nef HIV sequences was low: a median
of 0 (IQR, 0 to 1) for AC compared to 0 (IQR, 0 to 2) for AP (P =
0.3). Nef amplicons were cloned into a cytomegalovirus (CMV)
expression plasmid, and individual clones were isolated and rese-
quenced to confirm an intact Nef open reading frame. For each
AC, aminimum of 5 baseline nef clones (median, 7; range, 5 to 13)
were isolated and sequenced. For each AP, 1 to 13 baseline clones
(median, 2) were isolated and sequenced. All clones were HIV-1
subtype B. Each Nef clone was verified to cluster closely with the
original bulk plasma HIV RNA sequence (see Fig. S1 in the sup-
plemental material). Overall, the median number of amino acid
differences between the clonal and original bulk sequences was 0
(IQR, 0 to 1) for both AC and AP. For each patient, the first
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representative Nef clone isolated from 10 AC (red) and 50 AP (blue), indicating that sequences did not exhibit substantial clustering by cohort. The HIV-1gp, Nef
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material. (B) Western blot analysis was used to examine steady-state protein levels in AC and AP Nef clones, along with Nefy, (positive control) and ANef

(negative control). B-Actin was used as a cellular protein control.

isolated clone was arbitrarily designated a “representative clone,”
while the most frequently observed clone was designated the “pre-
dominant clone” (see Fig. S1). AC and AP nef sequences did not
display substantial intracohort clustering in a combined phylog-
eny (Fig. 2A; see also Fig. S1), consistent with previous analyses of
gag and pol genes from these persons (32). Together with previous
results, our data indicate that early HIV-1 control in ACis unlikely
to be due to gross HIV sequence defects or recent descent from a
common attenuated viral ancestor. We confirmed Nef expression
by Western blotting for the predominant clone isolated from all 10
AC and compared detection levels to those of a random subset of
10 AP. No significant differences in band intensity were observed
between cohorts (representative data shown in Fig. 2B), suggest-
ing that Nef proteins from AC exhibited in vitro stability compa-
rable to the stability of those from AP.

Nef clones from AC display impaired CD4 and HLA class 1
downregulation function. The ability of Nef clones to downregu-
late cell surface CD4 and HLA class I molecules was examined at
24 h following transfection using flow cytometry (Fig. 3). For each
AC, the function of 2 to 5 unique clones was assessed. Results were
normalized to those of a positive control (SF2y.¢) that displays
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strong CD4 and HLA class I downregulation activities (21, 56)
such that values less than 1.0 indicate lower Nef function and
values greater than 1.0 indicate higher Nef function relative to
SF2y.s A negative-control plasmid lacking nef did not downregu-
late either surface protein (Fig. 3A and B); as such, its activity is 0
in this assay. Based on an assessment of a representative clone
isolated from each individual, the ability of Nef to downregulate
CD4 in AC (median, 0.94 [IQR, 0.87 to 0.98]) was modestly lower
than that observed in AP (0.99 [0.97 to 1.02]) (P = 0.004) (Fig.
3C). In addition, HLA class I downregulation activity was mark-
edly lower in AC (0.83 [0.65 to 0.93]) than in AP (1.00 [0.94 to
1.06]) (P < 0.001) (Fig. 3D). Secondary analyses using the “date-
of-enrollment-matched” AP subset were consistent with a lower
function of AC compared to that seen with AP Nefs (CD4, P =
0.01; HLA, P = 0.001; data not shown), indicating that our find-
ings are not attributable simply to biases related to the sample
collection date. Similarly, analyses comparing the median down-
regulation functions of all Nef clones isolated in AC versus AP also
indicated significantly lower activities in the latter group (CD4,
P = 0.01; HLA, P < 0.001; Fig. S2 in the supplemental material
and data not shown), suggesting that our observations were not
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FIG 3 Reduced in vitro function is observed for AC Nef clones. Nef CD4 and HLA class I downregulation functions were assessed in =3 replicates, using flow
cytometry. (A and B) Representative flow cytometry plots display relative levels of downregulation of CD4 (A) and HLA class I (B) for CEM-A*02" cells
transfected with Nefgy,, (positive control) or ANef (negative control) or for one participant-derived Nef clone. The x axis (GFP™) indicates transfected cells, and
the y axis indicates surface expression of CD4 or HLA class I molecules. (C and D) Scatter plots depict normalized CD4 (C) or HLA class I (D) downregulation
activities in representative Nef clones from AC (1 = 10, red) compared to downregulation activities in those from AP (1 = 50, blue). A dashed line (---) in each
panel illustrates normalized activity of 1.0, which represents the function of Nef,. Values below 1.0 indicate lower function relative to Nef;.,, while values above

1.0 indicate higher Nef function.

driven by biases related to analyses of only a single clone per pa-
tient. Together, these results suggest that Nef-mediated HLA
downregulation (and, to a lesser extent, CD4 downregulation)
may contribute to early viremia control.

Nef clones from AC show reduced ability to enhance virion
infectivity. We next constructed recombinant NL4.3 viruses en-
coding a representative early clonal nef sequence from 10 AC and
41 AP and assessed virion infectivity. No difference in viral pro-
duction between stocks containing AC and AP nef sequences was
observed, as determined by p24%" ELISA, although there was a
trend toward higher values among AC-derived viruses (Fig. 4A).
TZM-bl cells were inoculated with virus (3 ng p24“°8), and infec-
tivity was measured at 48 h postinfection using chemilumines-
cence assays. Data were normalized to a positive-control virus,
NL4.3-nefsp,, as described above. All recombinant viral stocks dis-
played infectivity values greater than those determined for the
NL4.3Anef negative control, whose mean activity was 0.02 (stan-
dard deviation, 0.009; n = 8 replicates) in this assay. Overall, vi-
ruses encoding AC-derived nefalleles displayed significantly lower
infectivity values (median, 0.59 [IQR, 0.44 to 0.71]) compared to
those from AP (1.16 [0.71 to 1.51]) (P = 0.003) (Fig. 4B). Results
were consistent in a secondary analysis using “date-of-enroll-
ment-matched” AP clones (P = 0.01; data not shown).

HLA class I downregulation activity correlates with baseline
clinical parameters in AC. We next wanted to characterize the
relationship between these three Nef functions and markers of
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clinical status in the AC and AP cohorts (Table 2 and Table 3,
respectively; see also Fig. S3 in the supplemental material). As
expected for samples obtained during early infection following
peak viremia, pVL correlated inversely with the estimated number
of days postinfection in both AC (Spearman R = —0.77, P = 0.01)
and AP (R = —0.38, P = 0.007). Consistent with previous obser-
vations in other cohorts (21, 56, 57), Nef CD4 and HLA class 1
downregulation functions correlated positively in both AC (R =
0.74, P = 0.02) and AP (R = 0.56, P < 0.001). Given that these
activities are largely genetically separable in mutational studies of
HIV-1 reference strains (58, 59), this result supports the idea of
the existence of secondary genetic determinants lying outside
critical motifs in patient-derived Nef isolates that may modu-
late function and/or protein stability. Of note, the ability of Nef
to enhance virion infectivity correlated significantly with base-
line pVLin AP (R = 0.54, P < 0.001) but not AC. This may have
been due to the generally low activity seen among AC clones for
this function, but it warrants further investigation. Surpris-
ingly, Nef's HLA class I downregulation activity correlated in-
versely with estimated numbers of days postinfection (R =
—0.85, P = 0.004) and positively with pVL (R = 0.81, P =
0.007) in AC. Similar associations were not seen for AP, despite
enhanced statistical power to observe differences in this group.
Together, these results suggest that longitudinal alterations in
Nef function may contribute to spontaneous HIV-1 control in
AC but not in AP.
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FIG 4 Reduced ability to enhance virion infectivity in AC Nef clones. Plots depict the normalized ability of recombinant viruses encoding representative Nef
clones from AC (1 = 10, red) and AP (# = 41, blue) to enhance viral production (p24°* ng/ml) (A) and viral infectivity (B) in Tzm-bl cell assays. A dashed line
(---) in each panel illustrates normalized activity of 1.0, which represents the function of positive-control NL4.3-nefsp,. Values below 1.0 indicate lower Nef
function relative to NL4.3-nefsp,, while values above 1.0 indicate higher function. Each Nef-containing recombinant virus was tested in duplicate. Note that the
negative-control NL4.3Anef strain displayed a mean infectivity level of 0.02 (standard deviation [SD], 0.009; » = 8 replicates) in this assay.

Changes in Nef activity observed over time in some AC par-
ticipants. To directly explore changes in Nef function over time in
AC, we cloned plasma RNA Nef sequences at a single follow-up
time point, collected a median of 283 (IQR, 161 to 427) days after
the date of baseline enrollment, from 6 AC individuals from
whom a sample was available (Table 1). A median of 4 Nef clones
(range, 1 to 11) were isolated per patient at the follow-up time
point. CD4 and HLA class I downregulation activities were mea-
sured for all unique clones, while a single nef allele was used to
generate recombinant NL4.3 stocks to assess viral infectivity en-
hancement (Fig. 5). In a paired analysis comparing the functions
of a representative Nef clone from baseline and follow-up sam-
ples, we observed no overall differences in the ability of Nef to
downregulate CD4 or HLA class I or to enhance viral infectivity
(Wilcoxon paired test; all P > 0.5). This suggests that Nef func-
tional alterations (whether they be increases or decreases over
time) are not generalizable or consistent phenomena during the
first year postinfection. However, we did observe substantial
changes in these Nef functions in individual cases.

To address this further, we analyzed clonal nef sequences from
baseline and follow-up time points in 4 AC who displayed the

TABLE 2 Correlation analyses for acute controllers (n = 10)”

greatest changes in Nef function over time to identify polymor-
phisms that might contribute to these observations. Notably, in all
4 individuals, most observed sequence changes were linked to an
HLA class I allele expressed by the host or to reversion of trans-
mitted viral polymorphisms associated with HLA alleles presum-
ably expressed in previous a host, as defined by reference lists of
HLA-associated polymorphisms derived from published statisti-
cal association studies (60, 61). For example, selection of 4 poly-
morphisms associated with HLA-A*31 and B*37 in subject AC01
(discussed below) was accompanied by a 19% reduction in HLA
class I downregulation activity, while in subject AC02, reductions
in Nef-mediated infectivity enhancement corresponded to the ap-
pearance of a B¥35-associated polymorphism, H40Q, and rever-
sion to the consensus sequence at D63E (located in the acidic
E¢,EEEqs cluster that binds PACS-2 [62]). In ACO05, an 18% re-
duction in CD4 downregulation activity was observed in conjunc-
tion with D54E and the B*39-associated N162S polymorphism.
Finally, recovery of wild-type HLA class I downregulation func-
tion in follow-up clones from ACO07 coincided with 10 polymor-
phisms in the C-terminal half of Nef, the most notable being re-
version of a well-characterized A*23/A*24-associated escape

Baseline Nef CD4 Nef HLA Nef infectivity

Parameter Statistic pvL downregulation downregulation enhancement
Baseline eDPI R —0.77 —0.52 —0.85 0.19

P 0.007 0.1 0.004 0.6
Baseline pVL R 0.48 0.81 0.01

P 0.2 0.01 1.0
CD4 downregulation R 0.74 -0.05

P 0.02 0.9
HLA downregulation R 0.15

P 0.7

@ Abbreviations: pVL, plasma viral load; HLA, human leukocyte antigen; eDPIL, estimated days postinfection. Data represent Spearman R and P values. Significant associations are

highlighted in bold type.
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TABLE 3 Correlation analyses for acute progressors (11 = 50)"

Early Nef Function in HIV Controllers

Baseline Nef CD4 Nef HLA Nef infectivity

Parameter Statistic pVL downregulation downregulation enhancement
Baseline eDPI R ~0.38 —0.05 0.05 -0.11

P 0.007 0.7 0.8 0.5
Baseline pVL R 0.17 0.15 0.54

P 0.3 0.3 <0.001
CD4 downregulation R 0.56 0.20

P <0.001 0.2
HLA downregulation R —0.10

P 0.6

@ Abbreviations: HLA, human leukocyte antigen; ¢DPI, estimated days postinfection; pVL, plasma viral load. Data represent Spearman R and P values; significant associations are

highlighted in bold type.

mutation (F135Y) that is reported to alter this activity (63). These
results indicate that certain host HLA-associated CTL pressures
can select mutations that impact Nef function.

HLA-driven polymorphisms act in combination to reduce
Nef function in AC01. AC01 was of particular interest because
this subject displayed the greatest reduction in HLA class I down-
regulation activity and also controlled pVL to less than 50 RNA
copies/ml within the first year. Of the 11 clones isolated from this
patient at 383 days postinfection, 10 were identical and encoded 4
amino acid polymorphisms (R19K, H40R, M182L, and V194A)
that together resulted in a 19% reduction in HLA class I down-
regulation compared to baseline clone levels (Fig. 6A). The re-
maining follow-up clone contained a fifth polymorphism (E149K)
and displayed 15% and 13% reductions in HLA class I and CD4
downregulation activities, respectively (data not shown). E149 is
located at the base of a central loop in Nef (amino acids 149 to 179)
that binds to AP-2 (64), suggesting that an E149K charge-reversal
mutation may alter interactions with this clathrin adapter com-
plex that are required for CD4 downregulation.

Published HLA-association studies (60, 61) indicate that mu-
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tations at Nef residues 19, 40, 182, and 194 are highly significantly
associated with HLA-A*31 (codons 19 and 194) and B*37 (Nef
codons 40 and 182), two alleles expressed by ACO1. R19K is lo-
cated in a putative A*31-restricted CTL epitope predicted on
the basis of this individual’s autologous baseline viral sequence
(KoLAGWPTIR,, [the site of mutation is underlined]; prediction
made using NetMHCpan?2.8 [65, 66]), while V194A lies within a pub-
lished A*31-restricted epitope (S,3sLAFRHVAR o¢), although the
baseline nef sequence in ACO1 is slightly different (TLAFHHVAR)
(67). Likewise, H40R is found within a published CTL epitope
(R3sDLEKHGAL,) detected in B*37-expressing vaccine recipi-
ents (68), while M182L resides in a predicted A*31-restricted
epitope (V3 LEWRFDSR 45, based on the nef consensus se-
quence) as well as a putative B*37-restricted epitope that is pre-
dicted in ACO1’s baseline viral sequence (K,,sEVLMKEDTRL, 5,).

Viral adaptation to CTL in early infection commonly involves
the appearance of transient polymorphisms in or near the epitope
that is under immune pressure, from which the final escape form
is ultimately selected (67, 69, 70). Baseline Nef clones from ACO1
exhibited polymorphisms near codon 40, notably, D36N and
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FIG 5 No consistent changes in Nef activity were observed in AC patients over time. The ability of Nef to downregulate CD4 (A) and HLA class I (B) or to
enhance viral infectivity (C) is shown for representative clones derived from 6 AC patients at the baseline (closed circles) and follow-up (open circles) time points,
as presented in Table 1. A dashed line (---) indicates normalized activity of 1.0, which represents the function of the positive-control Nefyy, in each assay. The
Wilcoxon P value is shown; no significant differences in Nef function were observed between baseline and follow-up clones in a paired test. Nef downregulation
activities were tested in =3 replicates, while viral infectivity was tested in duplicate.
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FIG 6 Accumulation of HLA-associated polymorphisms is associated with reduced Nef function and expression. (A) An HXB2 alignment of unique Nef
sequences derived from patient ACO1 at the baseline (n = 5) and follow-up (1 = 2) time points is shown. Nefy;y 5, data are indicated for reference. Sequences are
labeled by participant identifier (ID) (AC01) followed by the time of sample collection (baseline, b; follow-up, f) and colony identifier (A, B, etc). A solid line
distinguishes baseline clones (above the line) from follow-up clones (below the line). Four polymorphisms (R19K, H40R, M182L, and V194A; highlighted in
yellow) were observed in all follow-up clones and are associated with host HLA-A*31 or HLA-B*37, as discussed in the text. (B) A model of the Nef protein
structure illustrates the location of residues/motifs previously associated with HLA class I downregulation function (green), the four polymorphisms observed
in ACO1 (red and magenta), and an area of potential overlap near R19 (magenta). (C) A bar graph depicts the normalized HLA class I downregulation activities
of baseline clone AC01b_F and follow-up clone AC01f_A (red) and their corresponding single-amino-acid mutants (yellow) at the four polymorphic sites; all
samples were tested in =4 replicates. A dashed line (---) indicates normalized activity of 1.0, which represents the function of the positive-control Nefg,. (D)
Steady-state protein expression for Nefg, (positive control), ANef (negative control), AC01b_F, and ACO1f_A and their corresponding single-amino-acid
mutants was examined by Western blotting. B-Actin was used as a cellular protein control. The relative band intensity (%) for each Nef clone was calculated by
normalization to B-actin and then Nefgg,. As such, a number > 100% or < 100% represents relative Nef expression greater or less than that of Nefgg,.
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E38K, that are consistent with this phenomenon (PFig. 6A). Fur-
thermore, clones isolated at days 51, 65, and 93 encoded D36N,
E38G, and K39T (adjacent to the final escape site at codon 40) and
H192Y (adjacent to the final escape site at codon 194) (data not
shown).

These observations motivated us to undertake a more in-depth
analysis of Nef-mediated HLA class I downregulation activity in
ACO1. Of these 4 polymorphisms, only R19K is located near a
residue or motif (namely, M20) that has been associated with this
function (Fig. 68) (58, 63, 71~77). To directly examine their im-
pact on Nef, forward mutations corresponding to each of the 4
polymorphisms were introduced individually into the baseline
clone (ACO1b_F) whose sequence most closely resembled the
B/HXB2 nef consensus sequence and backward mutations were
introduced into the predominant follow-up clone (ACO1{_A) to
revert each of these polymorphisms individually. Single-amino-
acid changes in the baseline clone had only a modest impact on
HLA class I downregulation function (~3% reduction in each
case; Fig. 6C). None of the forward mutations altered baseline Nef
protein stability appreciably, but each backwards mutation re-
stored expression of the follow-up clone to a level that was com-
parable to that seen with the baseline sequence (Fig. 6D). Since
none of these polymorphisms appeared to have a major effect on
Nef function individually, and since Nef expression levels and in
vitro function could be largely restored by reversion of any one of
these mutations alone, our results suggest that all 4 HLA-associ-
ated polymorphisms acted in combination to reduce Nef stability,
yielding reduced HLA class I downregulation activity in later
clones from ACO1. In summary, the emergence of HLA-associated
mutations that additively impaired Nef function over time in sub-
ject ACO1 strongly suggests that Nef functional impairment in this
individual is not solely attributable to transmission of an attenu-
ated virus but is rather a direct consequence of HLA immunoge-
netics and CD8™ T cell selection in vivo.

DISCUSSION

In this study, we examined nef alleles from 10 recently infected
individuals who controlled HIV-1 plasma viremia to less than
2,000 RNA copies/ml in the absence of antiretroviral therapy
(acute controllers [AC]) and 50 noncontrollers (acute progressors
[AP]). While baseline Nef clones from both cohorts were generally
functional (all patient-derived clones exhibited activities greater
than that of the ANef control), those from AC displayed a median
of a 5%-reduced ability to downregulate surface CD4, 17%-re-
duced ability to downregulate HLA class I molecules, and 57%
poorer enhancement of virion infectivity compared to those from
AP. Although we cannot draw definitive conclusions regarding
the clinical significance of these observations, even small changes
at the level of each virus-infected cell could be amplified through
multiple cycles of infection, thereby influencing pathogenesis.
We previously observed that multiple Nef functions were im-
paired in chronically HIV-1-infected EC (21), and results pre-
sented here demonstrate that similar impairments can be seen at
early times postinfection. We therefore conclude that modest
functional attenuation of Nef is a relatively common occurrence
in individuals who spontaneously control HIV-1. Our results in-
dicate that this may be attributed to transmission of less-fit HIV-1
strains as well as to the acquisition of HLA-associated mutations
that compromise Nef function at early times postinfection—and
that the precise mechanism may be unique to each individual.
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Notably, the in vitro replication capacity of gag and protease re-
combinant viruses is also reduced in this AC cohort through ap-
parently similar means (32). Together, our data support a model
where the early function of major HIV-1 structural and accessory
proteins has a long-term impact on viremia control and disease
progression, which is consistent with studies highlighting the im-
pact of a transmitted/founder viral sequence on clinical outcome
(78-80).

In a cross-sectional analysis, baseline HLA class I downregula-
tion function correlated inversely with the baseline sampling date
in Nef clones from AC (Table 2). This is consistent with early
attenuation of Nef following infection as the transmitted/founder
virus adapts to its new host through selection of CTL escape mu-
tations. A similar correlation was not observed for AP (Table 3),
suggesting that early changes in Nef sequence in these individuals
were not associated with reduced function. Intriguingly, Nef-me-
diated enhancement of virion infectivity correlated directly with
pVL in AP but not in AC; however, additional studies will be
necessary to confirm a potential link with this Nef function in the
establishment of the viral load set point in HIV-infected persons
whose disease progresses normally.

Longitudinal analyses of Nef clones from six AC revealed sub-
stantial changes in Nef function in individual patients over time,
though neither the direction nor magnitude of these changes was
consistent across patients (possibly due to the small number of
individuals examined). However, among the four AC who exhib-
ited substantial functional increases or decreases over time, these
could be attributed to unique polymorphisms that arose in the
first year of infection. Many were consistent with HLA-driven
adaptations in the current host or with reversion of HLA-associ-
ated polymorphisms present in the baseline sequence; however,
only one (F135Y) had been previously described to affect Nef
function (63).

Our detailed forward and reverse mutagenesis of clones from
ACO1 demonstrated that multiple substitutions acted synergisti-
cally to affect Nef function in this individual. In particular, four
polymorphisms selected by HLA-A*31 and B*37 were required to
reduce the ability of Nef to downregulate HLA class I. Together,
these results indicate that host CTL pressure can select for escape
mutations that directly reduce Nef function over the infection
course, indicating that, in at least a subset of controllers, func-
tional impairments are not solely attributable to acquisition of
attenuated strains but are rather a direct consequence of HLA-
restricted CD8™ T cell selection in vivo. Reduced HLA class I
downregulation function in follow-up clones from ACO1 corre-
lated with lower steady-state Nef protein levels in cells (Fig. 5), and
site-directed mutagenesis confirmed that all four HLA-associated
polymorphisms were necessary to see both effects. Intriguingly,
we observed a 42% reduction in protein levels for the quadruple
Nef mutant but only a 19% reduction in its HLA class I downregu-
lation function. This suggests that there may be a threshold effect
such that modest reductions in Nef expression are tolerated with-
out asignificant loss of function. It is well established that a greater
amount of Nef protein is required to promote efficient downregu-
lation of HLA class I (compared to CD4) (81); as such, HLA class
I downregulation activity is likely to be more sensitive to altera-
tions in protein expression or stability. Impaired HLA class I
downregulation was thus likely due to reduced Nef expression in
this case rather than to disruption of a critical functional motif.
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Further studies will be necessary to determine if this is a consistent
observation for patient-derived Nef clones in other contexts.

Some limitations of this study merit discussion. First, the AC
cohort represents a rare group of individuals enrolled during
acute/early infection; therefore, the number of individuals and the
number of specimens available were limited. When possible, we
tested the downregulation activity of multiple Nef clones from
each AC, allowing a better assessment of functional diversity
within each individual. Similar results for CD4 or HLA class I
downregulation were obtained when we analyzed a representative
clone, a predominant Nef clone, and the median function of all
clones, indicating that our conclusions are not biased by the iso-
late used. Second, Nef performs multiple roles in virus-infected
cells and we have examined only three in vitro functions in this
study. Our results demonstrate significant impairments in CD4
and HLA class I downregulation function as well as infectivity
enhancement for early Nef clones from AC. We have not assessed
the ability of Nef to modulate other cellular proteins or functions
(including TCR signaling) or potential differences in viral replica-
tion capacity using multicycle assays. Further investigation would
therefore extend the observations of this study; however, we be-
lieve that such work is unlikely to alter our conclusions signifi-
cantly. Similarly, it has been reported that the effects of Nef on
host HLA expression may differ between HLA alleles (82). While
we assessed only downregulation of HLA-A*02 here, a previous
study by our group observed a strong correlation between the
abilities of patient-derived Nef clones to downregulate A*02 and
B*07 in this same assay system (56). Changes in Nef function
between baseline and follow-up clones sampled were observed up
to 516 days later. Thus, it is not clear when these changes occurred.
Even in the case of AC01, from whom some intermediate speci-
mens were available, the 4 polymorphisms examined became
fixed between days 93 and 383. Finally, even though acute control-
lers were recruited, on average, less than 2.5 months following
their estimated date of infection, we cannot rule out the possibility
of very early selection and fixation of immune-driven mutations
prior to sampling. Despite these limitations, we believe that the
data presented here provide a unique window into early events
during natural HIV-1 infection that can help us to better under-
stand the pathways and mechanisms of viral attenuation that may
contribute to the controller phenotype.

We conclude that impaired early Nef function is associated
with spontaneous control of HIV-1 viremia. This observation is
consistent with previous data showing reduced Nef activity in an
independent cohort of chronically HIV-1-infected EC (21) and
suggests that early functional deficits in Nef—via acquisition of
modestly attenuated sequences at transmission or very rapid fix-
ation of host-driven viral mutations— contribute to spontaneous
viral control. Importantly, changes in Nef function during the first
year postinfection frequently coincided with the appearance or
reversion of HLA-associated polymorphisms, indicating that
within-host CTL pressures can drive the selection of mutations
that modulate Nef activity in at least some individuals. These re-
sults highlight the potential for host immune responses to modu-
late HIV pathogenicity and disease outcome by targeting epitopes
in Nef.
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The host anti-HIV-1 factor APOBEC3G (A3G) plays a potential role in restricting HIV-1 replication,
although this antagonist can be encountered and disarmed by the Vif protein. In this paper, we report that
another HIV-1 accessory protein, viral protein R (Vpr), can interact with A3G and intervene in its antiviral
behavior. The interaction of Vpr and A3G was predicted by computer-based screen and confirmed by a co-
immunoprecipitation (Co-IP) approach. We found that Vpr could reduce the virion encapsidation of A3G
to enhance viral replication. Subsequent experiments showed that Vpr downregulated A3G through Vpr-
binding protein (VprBP)-mediated proteasomal degradation, and further confirmed that the reduction
of A3G encapsidation associated with Vpr was due to Vpr’'s degradation-inducing activity. Our findings
highlight the versatility of Vpr by unveiling the hostile relationship between Vpr and A3G. In addition,
the observation that A3G is targeted to the proteasomal degradation pathway by Vpr in addition to Vif
implicates the existence of crosstalk between different HIV-1-host ubiquitin ligase complex systems.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Viral protein R (Vpr), a virion-associated accessory protein com-
posed of 96 amino acids, is an indispensable factor for efficacious
infection and the pathogenesis of HIV-1 (Kogan and Rappaport,
2011). Vpris highly conserved in HIV-1, HIV-2 and SIV, but a homol-
ogous protein, Vpx, is not found in HIV-1 (Tristem et al., 1992).
Early studies of Vpr as a pathogenetic factor reported delayed AIDS
progression and a low viral titer in peripheral blood from monkeys
infected with Vpr-deficient SIV (Hoch et al,, 1995; Lang et al., 1993).
Since that study, numerous functions of Vpr in aiding the life cycle
and pathogenesis of HIV-1 have been reported, including an abil-
ity to induce G2-phase arrest during cell division, import of the
pre-integration complex (PIC) into the nucleus, regulation of apo-
ptosis, transactivation of viral and cellular genes and modulation of
cell signaling (Le Rouzic and Benichou, 2005). Moreover, increas-
ing numbers of host proteins that can interact with Vpr have been

* Corresponding authors. Tel.: +86 27 87198736; fax: +86 27 87198736.
E-mail addresses: sunbl@wh.iov.cn (B. Sun), ryang@wh.iov.cn (R. Yang).

hetp://dx.doi.org/10.1016/j.virusres.2014.08.021
0168-1702/© 2014 Elsevier B.V. All rights reserved.

identified, but the mechanisms of these interactions remain elusive
(Zhao et al., 2011).

One of the most exciting functions of Vpr that has recently
attracted attention is its ability to bind to the E3 ubiquitin ligase
complex (Romani and Cohen, 2012), which may form a bridge
with the proteasome to induce the degradation of a variety of sub-
strates. This widespread phenomenon is a vital regulatory mode of
cells that triggers diverse downstream effects. Vpr-binding protein
(VprBP), also known as DDB1-Cul4A associated factor 1 (DCAF1), is
the key adaptor allowing Vpr to recruit this type of complex. Many
substrates have been reported, such as the DNA repair enzymes
uracil DNA glycosylase 2 (UNG2) and single-strand-selective mono-
functional uracil-DNA glycosylase 1 (SMUG1) (Schrofelbauer et al.,
2005), the type I interferon (IFN) inducer IFN regulatory factor
3 (IRF-3) (Okumura et al,, 2008), a catalytic subunit of telome-
rase named TERT (Wang et al., 2013), the RNA-induced silencing
complex (RISC) promoter Dicer (Kiockow et al, 2013), and the
transcriptional regulators ZIP and sZIP (Maudet et al, 2013).
Intriguingly, it is well accepted that Vpr’'s property of arrest-
ing the cell cycle at G2-phase is most likely dependent on the
degradation of an unknown essential factor (DeHart and Planelles,
2008).
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The effective replication of HIV-1 in host cells can be limited
at nearly every step by several cellular restriction factors, among
which APOBEC3G (A3G) has recently been extensively investigated.
A3G, first identified in 2002 (Sheehy et al., 2002), belongs to the
APOBEC family, possessing cytidine deaminase activity, and is the
member of this family with the most potential in countering HIV-1
infection. To exert its anti-HIV-1 activity, A3G must be packaged
into newly formed virions (Goila-Gaur and Strebel, 2008). During
a second round of infection, A3G encapsidated in viral particles
is delivered to the cytosol and blocks the replication of HIV-1.
The antiviral competence of A3G is mainly ascribed to its cytidine
deaminase activity, which introduce multiple G-to-A hypermuta-
tions into the HIV-1 genome, leading to malfunction or degradation
(Chiu and Greene, 2008). In addition, certain cytidine deamination-
independent mechanisms have recently been revealed (Bishop
et al,, 2008; Newman et al., 2005), suggesting comprehensive and
complicated roles for A3G in antiviral responses. However, the role
of A3G in host defense can be curbed by Vif, an HIV-1 regulatory
protein essential for viral replication, by targeting A3G for polyu-
biquitination and proteasomal degradation, which prevents A3G’s
virion encapsidation and other underlying processes (Feng et al.,
2013; Mariani et al, 2003; Marin et al, 2003; Yu et al, 2003).
Cytosolic A3G may have little or no anti-HIV-1 activity, as suggested
by previous researches in both T cell lines and transfected immortal
HeLa and 293T cells, perhaps because endogenous and exogenous
A3G can form large aggregates that prevent A3G’s intrinsic deami-
nase activity (Chiu et al,, 2005; Kreisherg et al., 2006).

Recently, we performed a computer-based prediction based on
the PRISM (protein interactions by structural matching) algorithm,
which uses structural and evolutionary similarities to find possible
binary interactions within a target dataset based on similar known
interfaces in a template dataset (Mashiach et al., 2010; Shatsky
etal, 2004; Tuncbag et al., 2009, 2011) to screen for potential inter-
actions between HIV-1 proteins and cellular restriction factors. The
results suggested that Vpr (PDB: 1x9v) could interact with A3G
(2jyw), with a similar interface as the A and B chains of 2ast, a
known protein-protein interaction-pair model. Previous research
has suggested that Vpr and A3G might jointly participate in cer-
tain processes. For example, Schrofelbauer noted that Vpr could
facilitate HIV-1 infection by degrading UNG2 and SMUG1, which
remove the uracil residues imported by A3G-catalyzed deamina-
tion (Schrofelbauer et al., 2005). Another group revealed that A3G
activates the DNA damage response pathway (Norman et al., 2011),
although it is widely agreed that this pathway can be triggered by
Vpr (Rosenstiel et al.,, 2009; Ward et al., 2009).

In the present study, we confirmed the interaction of Vpr
and A3G using the co-immunoprecipitation (Co-IP) method and
demonstrated that Vpr could dramatically reduce the virion encap-
sidation of A3G. Vpr could induce the degradation of A3G through a
VprBP binding and the proteasomal pathway. We also determined
that the activity of Vpr in reducing A3G encapsidation, as described
here, was correlated with Vpr’s competence in inducing the degra-
dation of A3G.

2. Materials and methods
2.1. PRISM algorithm and computer-based analysis

Compared with well-accepted templates, the potential inter-
actions and interfaces between HIV-1 proteins such as Vif, Vpu,
Vpr, and Capsid and host antiviral defenders such as A3G, Teth-
erin, SAMHD1, and the TRIM family proteins (128 target proteins)
were screened using the PRISM algorithm. A representative 1036-
template dataset of structurally non-redundant interfaces was
generated using the PRISM protocol, and the biological interactions

were outputted according to NOXclass. Four external programs,
NACCESS, FASTA, MultiProt, and FiberDock, were incorporated into
the PRISM protocol. In particular, FASTA was used to remove
homologous chains; NACCESS was used to extract target protein
surface regions; and MultiProt, which searches for spatial residue
similarity, rather than sequential similarity, was used to evalu-
ate the similarity between the individual target monomer surface
regions and each side of a known template interface. The target
protein surfaces that were similar to each part of the template
interface were then transformed onto the template, forming a com-
plex structure, and the solution was assessed. Ultimately, energies
were calculated, and the predicted protein complexes were ranked
using FiberDock, which can be used to resolve steric clashes, espe-
cially between side chains, and which ranks the putative complexes
by global energy. The combination of geometric complementarity
with docking procedures made the prediction results more accu-
rate. All of the energy optimized complex structures of predicted
interacting pairs were outputted by the PyMOL software.

2.2. Cells and plasmids

293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 1% glutamine and 10% fetal
bovine serum (Gibco). The T lymphocyte cell lines MT4 and H9 were
maintained in RPMI 1640 medium (Gibco) with additions as above.
All cell cultures were grown at 37 °C with 5% CO;.

Carboxyl-terminal HA- and Myc-tagged human A3G-expressing
vectors were amplified from the total cDNA of H9 cells and then
cloned into the pcDNA3.1 (+) backbone (Invitrogen). The HIV-
1 proviral indicator constructs pNL4-3.Luc.F—-R+ (pF—R+) (F and
R represent vif and vpr, respectively) generated by inserting an
Nael linker at the PfiMI site of wild-type pNL4-3, pNL4-3.Luc.F+R~
(pF+R—) (Adachi et al.,, 1986; Tokunaga et al.,, 2001; Zheng et al.,
2004); the pseudo-viral membrane protein vector pVpack-VSV-G
(Koyama et al,, 2013); and the Flag-tagged Vif-expressing vec-
tor (NL4-3-derived) (iwabu et al, 2010) have been previously
described. The vif and vpr double-deletion (Avif Avpr) HIV-1
pseudo-viral plasmid pNL4-3.Luc.F—R— (pF—R~) was constructed
through a recombination method based on pF-R+ and pF+R—.
Flag-tagged wild-type Vpr was a kind gift from Yukihito Ishizaka.
Flag-tagged VprQ65R was mutated using KOD-dependent PCR
(TOYOBO) based on wild-type Flag-Vpr. A human VprBP expres-
sion vector with an amino-terminal HA tag was amplified from the
total cDNA of 293T cells and cloned into pcDNA3.1 (+). The EGFP
expressing vector pEGFP-N2 was purchased from Clontech.

2.3. Transfection

To reach >80% confluency prior to transient transfection, 293T
cells were seeded in plates for overnight culture. Plasmids in
the indicated combinations were transfected into cells using the
FuGENE HD Transfection Reagent (Promega) according to the
manufacturer’s instructions. For certain experiments, proteasome
inhibitor MG132 (Sigma) with the final concentration of 12.5 uM
and the equivalent volume of control reagent DMSO (Sigma) were
added to the cell cultures after 24 h of transfection for another 16 h
of incubation, followed by cell harvesting and specific assays.

For RNAi-based gene knock-down, siRNA for human VprBP,
with the sequence of 5'-GGCAGCTGAAGCTCTATAA-3’, and control
RNA were synthesized (RIBOBIO) and then transfected into 293T
cells at a concentration of 50nM in combination with other indi-
cated plasmids using Lipofectamine 2000 (Invitrogen) following
the manufacturer’s instructions. The culture medium was changed
at 6 h and 48 h post-transfection, and the cells were harvested for
immunoblot analysis after a total incubation of 72 h.
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2.4. Virus production and infection

Virus stocks encoding the luciferase reporter gene were pro-
duced by transfecting HIV-1 proviral constructs, pVpack-VSV-G
and other relevant plasmids into 293T cells using FuGENE HD.
One day later, the cell medium was refreshed, followed by incuba-
tion for another 24 h. The supernatants were then harvested and
centrifuged to remove debris. The supernatants were filtered at
0.45 um and subjected to quantification using an HIV-1 p24 ELISA
(Advanced BioScience Laboratories).

Cell lines plated one day earlier were infected with normalized
virions at specific concentrations. Next, 24 or 48 h later, the cells
were precipitated, washed twice with 1x PBS (Gibco), and then
used in assays such as immunoblotting, luciferase reporter assays
and gPCR.

2.5. Luciferase reporter assay

Cells infected with HIV-1 reporter pseudo-viruses were col-
lected, washed twice with 1x PBS and then assayed using the
Luciferase Assay System (Promega) following the manufacturer’s
instructions. The luciferase activity data were calibrated by total
protein quantification of the cell samples using the BCA method
(Beyotime).

2.6, Immunoblot analysis

Proteins derived from cells and virions were obtained from dif-
ferent experiments. For cellular proteins, a cell precipitate was
lysed on ice with a basic cell lysis buffer (with 100 uM PMSF) (Bey-
otime), and protein samples were prepared as previously described
(Chen et al., 2012). For virion proteins, virus (equivalent to 300 ng
of p24) precipitated using PEG-it virus precipitation solution (5x)
(SBI) was lysed and boiled in a defined amount of Laemmli sample
buffer (containing 1/19 volume of 3-ME) (Bio-Rad). The prepared
protein samples were used to perform immunoblot analysis as
described previously (Chen et al., 2012). The antibodies used were
anti-HA MADb and anti-Flag MADb, purchased from Sigma; anti-HIV-
1 p24 MADb, anti-Myc MAb, anti-A3G MAb and anti-VprBP MADb,
from Santa Cruz Biotechnology; anti-B-actin MADb, from ZSGB-BIO;
mouse control IgG, from Boster; anti-GAPDH MAb and anti-EGFP
MAD, from Beyotime; HRP-linked anti-mouse/rabbit secondary
antibody, from Cell Signaling Technology; and anti-Vpr MAb, which
was a kind gift from Yukihito Ishizaka.

2.7. Co-immunoprecipitation (Co-IP) analysis

Transfected 293T cells cultured in 60-mm dishes were collected,
washed twice with 1x PBS, gently resuspendedin450 .l of IP buffer
(50 mM Tris, 1 mM EGTA, 1mM EDTA, 1% Triton X-100, 150 mM
NaCl, 2 mM DTT, 100 .M PMSF, and 1 pg/ml proteinase inhibitors
purchased from Roche, pH 7.4) and placed on a vibrating mixer at
4°C for 20 min. The cell lysate was then centrifuged, and the super-
natant was separated into two aliquots. One aliquot of 400 ul was
mixed with prewashed (with IP buffer, followed by centrifugation)
protein G agarose (Millipore), together with 1 g of the indicated
antibodies (control mouse IgG and anti-Myc MADb), and placed on
a rotational tumbler for incubation overnight at 4°C. The agarose
was washed with IP buffer and boiled in 50 w.l of Laemmli sample
buffer (containing 1/19 volume of B-ME), serving as the [P sample.
Another aliquot of 40 ! of supernatant was boiled in sample load-
ing buffer (5x) (Beyotime), serving as the input sample. All of the
samples were analyzed by immunoblotting.

2.8. Real-time quantitative PCR assay

Infected H9 cells were harvested after 48h of incubation
and washed twice with 1x PBS, after which total RNA was
extracted with TRIzol reagent (Invitrogen). The RNA samples were
immediately reverse transcribed by M-MLV RT (Promega) to pro-
duce cDNA, which was then detected by real-time qPCR with
the primers 5-TCAGAGGACGGCATGAGACTTAC-3’ (sense) and 5'-
AGCAGGACCCAGGTGTCATTG-3' (anti-sense) (Chen et al, 2006)
and using SYBR Green SuperMix (Invitrogen) according to the man-
ufacturer’s instructions. ’

2.9. Statistical analysis

The data from the luciferase reporter assay and gPCR assay are
presented as the mean =+ SD of three independent experiments, and
all analyses were performed using Student’s t-test. P<0.01 (*) was
considered statistically significant.

3. Results
3.1. HIV-1 Vpr forms a binary complex with A3G

To reveal the cryptic interactions between the proteins of HIV-1
and host cells, we first used PRISM to screen for potential physical
interactions and their interfaces in the virus-host interactive net-
work. The target dataset considered here included HIV-1 proteins
and HIV restriction factors with known structures stored in the PDB
database. The results indicated that not only Vif but also Vpr inter-
acted with A3G (Fig. 1A) and that the interface between them was
similar to that of 2astAB, i.e., the interface of the 2ast (the crystal
structure of Skp1-Skp2-Cks1 in complex with a p27 peptide) A and
B chains, consisting of S-phase kinase-associated protein 1A and S-
phase kinase-associated protein 2 separately (Fig. 1B and C). These
bioinformatics results suggest that Vpr directly interacts with A3G.

Previous research demonstrated that Vpr interacts with many
cell proteins to form functional complexes (Klockow et al,, 2013;
Maudet et al., 2013; Okumura et al, 2008; Schrofelbauer et al,,
2005; Wang et al,, 2013; Zhao et al, 2011). Based on our pre-
diction results, we tested the interaction of Vpr and A3G by a
Co-IP approach. Flag-tagged Vpr and Myc-tagged A3G were trans-
fected, either separately or together, into 293T cells. Forty hours
post-transfection, all of the samples were lysed, and Co-IP was per-
formed. We found that Vpr could co-precipitate with A3G (Fig. 1D).
This result confirms our computational prediction that Vpr inter-
acts with A3G.

3.2. HIV-1 Vpr reduces the virion encapsidation of A3G

The prominent anti-HIV-1 activity of A3G requires A3G encapsi-
dation into progeny viral particles (Goila-Gaur and Strebel, 2008).
Because the interaction of Vpr and A3G had been verified, we
next investigated whether the intracellular operation of A3G, par-
ticularly its virion encapsidation and antiviral effect, could be
influenced by Vpr. We first sought to establish the A3G encap-
sidation system before performing our studies and to test the
implication of this encapsidation for anti-HIV-1 activity. Avif Avpr
HIV-1 virions were produced by transfecting 293T cells coupled
with an increasing amount of HA-tagged A3G-expressing vector.
The virions were calibrated with p24 and concentrated using PEG-
it. The protein levels in the virions and virion-producing cells were
detected by immunoblotting. The results in Fig. 2A show that A3G-
HA was successfully encapsidated into new virions according to
the expected increasing amounts. Additionally, 293T cells were
infected with the virions, and after 24 h of incubation, the target
cells were lysed and subjected to a luciferase reporter assay. As the
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Fig. 1. HIV-1 Vpr interacts with A3G. (A) The schematic of the interaction between Vpr and A3G predicted by the PRISM algorithm using the A and B chains of 2ast as a
template. (B) The interaction of the A and B chains of 2ast, used as a template (the green spots represent the interface). (C) The interface of Vpr and A3G is similar to that of the
A and B chains of 2ast. (D) The predicted interaction of Vpr and A3G was confirmed by the Co-IP method. For this purpose, 2937 cells were transfected with A3G-Myc (4 pg
in lanes 1 and 4 co-transfected with Flag-Vpr and 2 p.g in lane 3) and Flag-Vpr (2 pg) in different combinations, as depicted. Cells were treated with MG132 overnight before
harvesting. Cell lysates were used for Co-1P with control mouse IgG (imlgG) {lane 1) and anti-Myc MAD (lanes 2-4). The IP samples and raw lysates (input) were detected by
immunoblotting with the indicated antibodies. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

quantity of virion-associated A3G increased, HIV-1 infectivity was
markedly and gradually inhibited (Fig. 2B).

Next, we tested the anti-HIV-1 effect of cytosolic A3G. One day
after 293T cells were transfected with an increasing amount of
A3G-HA, we used Avif Avpr HIV-1 virions containing no A3G to
infect these cells for another 24 h. Cell lysates were then analyzed
by luciferase reporter and immunoblot assays. Fig. 2C shows that
despite the different but sufficient amounts of A3G synthesized in
the cytosol of the target 293T cells, the infectivity of HIV-1 was
unchanged. These results show that the anti-HIV-1 activity of A3G
is dictated by the status of its virion association.

The encapsidation of A3G into new virions is so important that
theoretically, curbing the efficiency of this process is one of the
most impactful tactics to neutralize this HIV-1 restriction factor.
Using the experimental system established above, we examined the
modulation of A3G encapsidation by Vpr. The expression vectors
A3G-HA and Flag-Vpr, together with pF—R— and pVpack-VSV-G,
were transfected into 293T cells to produce A3G-associated Avif
Avpr HIV-1 virions containing or not containing the Vpr protein.
We precipitated and normalized these virions, followed by detec-
tion of the proteins in cells and virions by immunoblotting. The
existence of Vpr strongly reduced the amount of A3G enclosed
in HIV-1 virions compared with the amount in the group solely
transfected with A3G-HA (Fig. 2D).

To clarify whether the reduction of A3G encapsidation by Vpr
affects virus infectivity, we infected the T lymphocyte cell line MT4
with harvested virions (Fig. 2D). After an incubation of 24 h, the
cells were subjected to a luciferase reporter assay. The resuits show
that the infectivity of virions containing a smaller quantity of A3G
due to Vpr activity (Fig. 2E, lane 4) was stronger than in the group

solely transfected with A3G (Fig. 2E, lane 3); that s, Vpr significantly
increased the infectivity of HIV-1 inhibited by virion-encapsidated
A3G. In conclusion, Vpr strikingly decreases the virion encapsida-
tion of A3G, affecting A3G’s anti-HIV-1 activity.

Since Vpr shares the anti-A3G activity with Vif, it could be
interesting and necessary to compare the neutralizing efficiency
of these two HIV-1 accessory proteins. For this purpose, Avif Avpr
HIV-1 virions were produced from 293T cells by co-transfecting
with pF—R-, pVpack-VSV-G, A3G-HA and Flag-Vpr or Flag-Vif.
Normalized virions and virion-producing cells were lysed for
immunoblotting (Fig. 2F). Meanwhile, the corresponding virions
were separated into two groups, Vpr-associated group (lanes 1, 2,
4,5 of Fig. 2F) and Vif-associated group (lanes 1, 3, 4, 6 of Fig. 2F) for
the test of viral infectivity (Fig. 2G and H). These data show that, Vif
almost entirely inhibited the encapsidation of A3G, resulting in an
extremely significant recovery of HIV-1 infection blocked by A3G,
while in comparison, such effect of Vpr was moderate.

3.3. Vpr decreases the protein level of A3G

The results in Fig. 2D and F suggested that Vpr might reduce the
protein level of A3G. To clarify the interplay between Vpr and A3G,
we co-transfected A3G-HA and an increasing amount of Flag-Vpr
into 293T cells and detected the levels of the indicated proteins
(Fig. 3A). The transfected EGFP was used as the internal control and
the ratio of immunoblot signals for A3G and EGFP was calculated
(Fig. 3B). These results show that Vprinduced a significant decrease
in exogenously transfected A3G in a dose-dependent manner.

We also investigated the effect of Vpr on endogenous A3G.
Two types of HIV-1 pseudo-viruses, NL4-3.Luc.F—R— (F-R-) and
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Fig. 2. The virion encapsidation of A3G is reduced by Vpr. (A) A3G can be encapsidateed into HIV-1 pseudo-viral particles. Avif Avpr HIV-1 virions were produced from
100-mm dishes of 293T cells by co-transfection with pF-—R~, pVpack-VSV-G and an increasing amount of A3G-HA (O ug, 0.5 pg, 1pg, 2 pg, and 5pg). Equal quantities
of normalized virions were precipitated by PEG-it and subjected, together with virion-producing cells, to immunoblotting with the indicated antibodies. Gag and B-actin
were used as internal controls. (B) HIV-1 infectivity is inhibited by virion-associated A3G. Virions containing the A3G-HA packed in (A) were used to infect 293T cells at a
concentration of 25 ng/ml. Twenty-four hours later, the cells were collected and used for a luciferase reporter assay. (C) Cytosolic A3G lacks the anti-HIV-1 effect. Twelve-well
plates of 293T cells were transfected with an increasing amount of A3G-HA (0.1 g, 0.2 pug, and 0.5 pg), followed by infection with 50 ng/ml A3G-free Avif Avprpseudo-HIV-1
virions one day later. Luciferase activity was examined after another 24 h of culture, and the protein level of A3G and GAPDH was detected by immunoblotting. (D) Vpr
reduces the encapsidation of A3G into HIV-1 pseudo-viral particles. Avif Avpr HIV-1 virions were produced from 100-mm dishes of 293T cells by co-transfection with pF—R—,
pVpack-VSV-G, A3G-HA (2.5 ug) and Flag-Vpr (2.5 ug) in the indicated combinations. Harvested virions normalized to p24 were concentrated, and the proteins in the virions
and virion-producing cells were analyzed by immunoblotting with the indicated antibodies. (E) The inhibition of HIV-1 infection by A3G is partially recovered by Vpr. The
normalized virions collected in (D) were used to infect MT4 cells at a concentration of 25 ng/ml. After 24 h of incubation, the cells were collected and subjected to a luciferase
reporter assay. (F, G and H) The Vif's effect on curbing the anti-HIV-1 activity of A3G is stronger than that of Vpr. Avif Avpr HIV-1 virions were produced by co-transfection
with pF—R—, pVpack-VSV-G, A3G-HA (2.5 pg), Flag-Vpr (2.5 ug) and Flag-Vif (2.5 p.g) in the indicated combinations. Proteins were analyzed by immunoblotting as (D).
Meanwhile, the corresponding virions of Vpr-associated group (lanes 1, 2, 4, 5) and Vif-associated group (lanes 1, 3, 4, 6) were used to infect MT4 cells, followed by luciferase
reporter assay as (E) (*P<0.01, Student’s t-test).

NL4-3.Luc.F-R+ (F-R+), were used to infect H9 cells, a category
of T lymphocyte that endogenously produces A3G. Forty-eight
hours after infection, the cells were collected and divided into two
aliquots to determine the A3G protein and mRNA levels. Similar to
the results for the ectopic expression of A3G, the endogenous A3G
level was decreased by Vpr (Fig. 3C). A gPCR assay indicated that a
reduction in A3G levels does not occur during transcription because
the quantity of A3G mRNA was not affected by Vpr (Fig. 3D). These
data are the first to demonstrate that Vpr can downregulate the
protein level of A3G.

3.4. Vprinduces the degradation of A3G through VprBP binding
and a proteasomal pathway

Next, we demonstrated the mechanism of the downregulation
of A3G by Vpr. Considering that the previously reported effect
of Vpr on decreasing the protein level of substrates was VprBP-
triggered proteasomal degradation, we investigated the role of
VprBP in the Vpr-mediated downregulation of A3G. We used Flag-
tagged VprQ65R, a mutant of Vpr deficient in binding VprBP (Le
Rouzic et al., 2007), Flag-Vpr, and A3G-HA to transfect 293T cells
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Fig. 3. Vpr downregulates the protein level of A3G. (A) Vpr reduces the protein level of A3G in a dose-dependent manner. A3G-HA (0.8 pg), pEGFP-N2 (0.08 jug) and an
increasing amount of Flag-Vpr (0 pg, 0.1 pg, 0.2 pg, 0.4 pg, 0.8 pg, and 1.2 pg) were co-transfected into 6-well plates of 2937 cells, followed by 24 h of incubation. The protein
levels of A3G and Vpr were detected by immunoblotting with the indicated antibodies. (B) The ratio of immunoblot signals for A3G-HA and EGFP was calculated from (A).
(C) Vpr downregulates the protein level of endogenous A3G (D) but does not affect transcription. H9 cells were infected with F~R- or F~R+ at a concentration of 50 ng/ml.
The control group was treated with an equivalent volume of DMEM. Forty-eight hours post-infection, one portion of the cells was lysed for immunoblot analysis with the
indicated antibodies, whereas the other, unlysed portion was subjected to total RNA extraction, followed by reverse transcription and qPCR testing for A3G mRNA.

in the indicated combinations. Flag-tagged Vif was used as the
positive control. The cells were cultured for 40h and lysed for
immunoblot analysis. As shown in Fig. 4A, even though the expres-
sion of VprQ65R was stronger than that of wild-type Vpr, despite
transfection of the same amount of DNA, this mutant failed to
decrease the expression of A3G. This result suggests that the inter-
action of Vpr and VprBP is necessary for Vpr to down-modulate
A3G.

To more clearly understand the relevance of VprBP, we per-
formed two series of experiments with opposite strategies. First, we
co-transfected A3G-HA, HA-tagged VprBP, Flag-Vpr, Flag-VprQ65R
and Flag-Vifinto 293T cells in the indicated combinations, followed
by immunoblot analysis to observe the consequence of overex-
pressing VprBP. Fig. 4B shows that when there was a large quantity
of VprBP, the degree of downregulation of A3G increased remark-
ably, regardless of whether A3G encountered Vpr or VprQ65R (not
Vif), and transfected Vpr and Vif (not VprQG65R) could enhance the
degree of VprBP-mediated downregulation of A3G (Fig. 4C). Fig. 4D
shows that solely overexpression of VprBP (without any viral pro-
teins) could reduce the protein level of A3G significantly, which was
consistent with the phenomenon depicted from Fig. 4B and C. Sec-
ond, an experiment using siRNA for VprBP found that when VprBP
was silenced, the downregulation of A3G maintained by Vpr was
nearly completely abrogated (Fig. 4E), while when silencing VprBP,
the degree of Vif-induced degradation of A3G was not disturbed
severely (Fig. 4F). These results strongly suggest that VprBP, being
able to decrease the protein level of A3G without any viral pro-
teins, is absolutely necessary in the Vpr-mediated downregulation
of A3G.

In order to further confirm the significance of VprBP in Vpr-
induced downregulation of A3G, we tested the interaction of
VprQ65R and A3G using the Co-IP method. 293T cells were co-
transfected with Flag-Vpr, Flag-VprQ65R and Myc-A3G in the

indicated combinations, and forty hours post-transfection, all of
the samples were lysed for Co-IP analysis. We found that VprQ65R
mutant could interact with A3G (Fig. 4G). This result excludes
the possibility that the lack of VprQ65R in downregulating A3G is
attributed to a loss of binding to A3G.

Due to the essential role of VprBP in assisting Vpr in triggering
the degradation of putative host proteins (DeHart and Planelles,
2008), we studied whether the Vpr-regulated downregulation of
A3G occurs via proteasomal degradation. MG132 with the final
concentration of 12.5 uM were applied after co-transfecting 293T
cells with A3G-HA, Flag-Vpr, Flag-VprQ65R, Flag-Vif and pEGFP-
N2 in the indicated combinations. The immunoblot results and
the calculation for their signals show that MG132 recovered the
Vpr-mediated inhibition of A3G expression compared with control
treatment (equivalent volumes of DMSO) (Fig. 4H and I). Thus, we
are confident that the downregulation of A3G expression by Vpr is
due to proteasome-dependent degradation. Altogether, our results
confirm that Vpr induces the degradation of A3G through VprBP
binding and participation of the proteasome.

3.5. A3G degradation by Vpr leads to a reduction in A3G
encapsidation

What is the fundamental mechanism granting Vpr the abil-
ity to reduce A3G encapsidation? To further explore whether
Vpr-mediated A3G degradation leads to decreased A3G encapsida-
tion, A3G-associated HIV-1 virions were produced by transfecting
pF—R—, pVpack-VSV-G, A3G-HA, and Flag-Vpr or Flag-VprQ65R
into 293T cells, followed by virion normalization, precipitation
and immunoblot analysis. The level of A3G in VprQ65R-associated
virions (Fig. 5A, lane 5) was higher than that in wild-type Vpr-
associated virions (Fig. 5A, lane 4) and similar to that in Vpr-absent
virions (Fig. 5A, lane 3). These results suggest that VprQ65R does
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Fig. 4. Vpr induces the degradation of A3G through a VprBP-mediated proteasomal pathway. (A) VprQ65R fails to decrease the expression of A3G. Six-well plates of 293T
cells were co-transfected with the indicated expression vectors (1 g). Forty hours later, the cells were lysed for immunoblot analysis with the indicated antibodies. (B)
Overexpression of VprBP aggravates the Vpr-mediated downregulation of A3G. Six-well plates of 293T cells were co-transfected with the indicated expression vectors
(0.8 ug). After 40h of culture, the cells were analyzed by immunoblotting with the indicated antibodies. (C) VprQ65R lacks the effect of Vpr and Vif on promoting the
VprBP-mediated downregulation of A3G. Expression vectors of 0.8 jug were co-transfected in the indicated combinations, followed by immunoblotting after 40 h of culture.
(D) VprBP is able to downregulate the expression of A3G. Six-well plates of 293T cells were co-transfected with A3G-HA (1 p.g) and HA-VprBP (1.2 pg). Forty hours later, the
cells were lysed and analyzed by immunoblotting. (E) Silencing of endogenous VprBP diminishes Vpr-induced A3G downregulation. In total, 50 nM VprBP siRNA and control
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analysis with the indicated antibodies. (F) The effect of VprBP silence on Vif-induced A3G downregulation was used as a control. (G) VprQ65R mutant interacts with A3G. 293T
cells were transfected with A3G-Myc (4 ug), Flag-Vpr (2 jug) and Flag-VprQ65R (2 jug) in depicted combinations, Cells were treated with MG132 overnight before harvesting,
followed by Co-IP and immunoblot analysis. (H) Vpr triggers A3G degradation through the proteasomal pathway. Six-well plates of 293T cells were co-transfected with
A3G-HA (1 pg), Flag-Vpr (1 pug), Flag-VprQ65R (1 pg), Flag-Vif (1 ug) and pEGFP-N2 (0.1 ug) in the indicated combinations. After 24 h, the cells were treated overnight with
12.5 uM MG132 or an equivalent volume of DMSO, followed by protein extraction and immunoblot analysis with the indicated antibodies. (I) The ratio of immunoblot signals

for A3G-HA and EGFP was calculated from (H).

not reduce A3G encapsidation. Consistent results were obtained
from the infection experiment depicted in Fig. 5C, showing that the
replicative capability of HIV-1 pseudo-virions was inversely pro-
portional to their embedded quantity of A3G. These observations
demonstrate that the ability of Vpr to recruit a VprBP-dependent
E3 ubiquitin ligase complex and to induce the degradation of A3G
is the critical reason for the Vpr-mediated reduction of A3G encap-
sidation.

4. Discussion

Ongoing theoretical research on the mutual effects of HIV-1
accessory proteins and host antiviral agents has been an extremely
important field ever since the first identification of HIV-1 particles.
At the start of our research, we used a computational approach
called PRISM to seek bioinformatics clues to undiscovered inter-
actions between HIV-1 and host proteins. Computational analysis,
combined with Co-IP results, informed us that Vpr could interact
with A3G to form a binary aggregate. This conclusion was sur-
prising because in contrast to Vif, no one has ever considered the
possibility of Vpr relating so closely with A3G. Our subsequent

experiments demonstrated that (i) the virion encapsidation of A3G,
the crucial step for countering the HIV-1 life cycle, can be efficiently
reduced by Vpr, (ii) Vpr can induce the degradation of A3G through
VprBP binding and the proteasomal pathway, and (iii) the activity
of Vpr in curbing A3G virion encapsidation can be ascribed to this
proteasome-dependent degradation.

A3G, a type of enzyme associated with “RNA editing,” has been
viewed as a fundamental and essential protector that maintains
the stability of cells by defending against the invasion of exoge-
nous viruses and the overactivation of endogenous retro-elements
(Esnaultetal., 2005; Kinomoto etal,, 2007; Muckenfuss et al., 2006).
The antiviral ability of A3G is so effective that in one study, only
7 +4 A3G molecules were incorporated into Avif virions derived
from PBMCs, yet such a small amount exerted remarkable anti-HIV-
1 activity (Xu etal., 2007).In fact, some of our infection experiments
(Fig. 2E, G, H and Fig. 5C) indicated that the recovery of HIV-1 infec-
tivity boosted by Vpr and Vif did not achieve the level in the control
lacking A3G. Although Vpr and Vif could significantly reduce the
expression of A3G, this reduction was not exhaustive under the
condition of exogenous transfection, and the remaining A3G was
sufficient for virion encapsidation to keep the replication of HIV-1
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Fig. 5. The reduction in A3G encapsidation by Vpr is correlated with Vpr-mediated A3G degradation. (A) VprQG65R has impaired competence in reducing the virion encapsi-
dation of A3G. Avif Avpr HIV-1 virions were produced from 100-mm dishes of 293T cells by co-transfection with pF—R-, pVpack-VSV-G, A3G-HA (2.5 pg), Flag-Vpr (2.5 1g)
or VprQB5R (2.5 pug). The virions were then normalized and precipitated, and the proteins in the virions and virion-producing cells were analyzed by immunoblotting with
the indicated antibodies. (B) The ratio of immunoblot signals for A3G-HA and GAPDH (cell) or p24 (virion) was calculated from (A). (C) The infectivity of HIV-1 pseudo-virions
is inversely proportional to their amount of encapsidated A3G. Normalized virions harvested from (A) were used to infect MT4 cells. After 24 h, the cells were collected and

used for luciferase reporter assays (“P<0.01, Student’s t-test).

low. So far, a lot of efforts have been put into the study of Vif-A3G
interaction which is becoming more and more explicit. However,
few studies have focused on the relationship of A3G and other HIV-1
accessory proteins, such as Vpr, despite the non-negligible evidence
mentioned earlier.

One of the earliest discovered host factors relevant to Vpr is
UNG2. The role played by UNG2 in the HIV-1 life cycle is still con-
troversial, and conflicting data have been reported (Chen et al,
2004; Guenzel et al, 2012; Jones et al,, 2010; Priet et al.,, 2005;
Schrofelbauer et al, 2005; Weil et al, 2013; Yan et al, 2011;
Yang et al., 2007), whereas the fact that UNG2 can be degraded
by Vpr thxough the proteasomal pathway is widely recognized.
An early viewpoint worthy of remark was that, the anti-HIV-1
effect of A3G could be partially recovered by Vpr through degrading
UNG2, who can work together with A3G to block HIV-1 replication
(Schrofelbauer et al.,, 2005). Subsequent studies, however, ques-
tioned this conclusion by arguing that when deficient in UNG2, the
replication of HIV-1 cannot be disturbed, regardless of the pres-
ence of A3G (Kaiser and Emerman, 2006; Langlois and Neuberger,
2008). Since that time, much work has been devoted to unveiling
the puzzling function of UNG2, yet most studies have not paid due
attention to the potential effect directly exerted by Vpr on A3G.

The complicated interplay between HIV-1 accessory proteins
and host agents always usurps the cellular ubiquitination and the
proteasome-mediated degradation system (Biard-Piechaczyk et al.,
2012). Specifically, Vif recruits Cul5 ubiquitin ligase to downregu-
late A3G (Iwatani et al., 2009; Yu et al., 2003), Vpr degrades UNG2
via the Cul4A-DDB1-VprBP ubiquitin ligase complex (Ahn et al.,
2010; Schrofelbauer et al., 2005, 2007), and Vpu poly-ubiquitinates
CD4 and subjects it to proteasomal degradation (Binette et al.,
2007; Magadan et al., 2010). These conclusions have been gradually
acknowledged over the past decades. However, nearly all of these
results were obtained during investigating Vif-A3G, Vpr-UNG2 and
Vpu-CD4 pairs independently, and few research teams have con-
centrated on the intricate yet likely crosstalk between them. Here,
we showed that besides Vif, Vpr could also mediate the degrada-
tion of A3G. Thus such crosstalk has been verified for the first time
by showing that A3G could be degraded by ether a Vpr-mediated,

VprBP-dependent E3 ubiquitin ligase complex or a Vif-mediated
Cul5-SCF complex. It is necessary to mention that as implied in
Fig. 4B, C and D, VprBP alone was sufficient to induce the degrada-
tion of A3G, whereas Vpracted to enhance the extent of, rather than
to enable, this degradation. Such interesting and slightly perplex-
ing results have been mentioned in some recent reports (Nakagawa
etal, 2013; Wen et al., 2012), and obtaining more accurate details
will require systematic and intensive follow-up studies.

In Fig. 5C, we noticed that the infectivity of virions associated
with VprQ65R (lane 5) was stronger than in the absence of any type
of Vpr (lane 3). In fact, Fig. 5A shows that the amount of virion-
associated A3G co-existing with VprQ65R (lane 5) was less than in
the A3G-alone group (lane 3), consistent with the infection results
in Fig. 5C. The difference in the amount of A3G enclosed in virions
was ascribed to dissimilar expression of A3G in virion-producing
cells co-transfected with empty vector or VprQG65R (Fig. 5B, left
panel). Even if VprBP is deficient in VprBP binding activity, the
degradation-inducing ability of this mutant seemed not to be com-
pletely lost, and some previous reports showed that the VprQ65R
mutant could slightly downregulate the substrates of Vpr (Klockow
et al, 2013; Maudet et al,, 2013).

In summary, we demonstrated that in addition to Vif, Vpr could
also prevent A3G from encapsidation in newly budded HIV-1 viri-
ons by subjecting this host restriction factor to the VprBP-mediated
proteasomal degradation pathway. The crosstalk between the Vif-
Cul5 and the Vpr-VprBP-E3 ubiquitin systems suggested by our data
reveals the subtlety of virus-host interplay, which remains far from
understood. Future investigations and more concentrated efforts
should be dedicated to systematic research on HIV-1 accessory pro-
teins and antiviral agents, rather than isolated investment, and the
accumulated conclusions will inevitably expose more details about
HIV-1 pathogenesis.
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