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Elite controllers or suppressors (ES) are a group of HIV-1-infected individuals who maintain viral loads
below the limit of detection of commercial assays for many years. The mechanisms responsible for this
remarkable control are under intense study, with the hope of developing therapeutic vaccines effective against
HIV-1. In this study, we addressed the question of the intrinsic susceptibility of ES CD4� T cells to infection.
While we and others have previously shown that CD4� T cells from ES can be infected by HIV-1 isolates in vitro,
these studies were confounded by exogenous activation and in vitro culture of CD4� T cells prior to infection.
In order to avoid the changes in chemokine receptor expression that have been associated with such exogenous
activation, we infected purified CD4� T cells directly after isolation from the peripheral blood of ES, viremic
patients, and uninfected donors. We utilized a green fluorescent protein (GFP)-expressing proviral construct
pseudotyped with CCR5-tropic or CXCR4-tropic envelope to compare viral entry using a fluorescence reso-
nance energy transfer-based, single-round virus-cell fusion assay. The frequency of productive infection was
also compared by assessing GFP expression. CD4� T cells from ES were as susceptible as or more susceptible
than cells from viremic patients and uninfected donors to HIV-1 entry and productive infection. The results of
this physiological study strongly suggest that differences in HIV-1 entry and infection of CD4� T cells alone
cannot explain the elite control of viral replication.

Elite suppressors (ES) maintain control of HIV-1 infection
without the use of antiretrovirals (5, 30, 36), despite the pres-
ence of ongoing viral replication and evolution (37). The mech-
anism by which they do this is unknown. Initial reports sug-
gested that ES and long-term nonprogressors are able to
control viremia due to defects in the infecting virus (2, 9, 13,
19, 22, 24, 27, 28, 42, 48). However, replication-competent
(RC) virus has been isolated from ES (4, 7, 23, 26) and shown
to be comparable in fitness to laboratory HIV-1 strains (7).
Furthermore, full-genome sequence analysis of RC virus has
not revealed large deletions or signature mutations in virus
from ES (7). Thus, it appears that, in many cases, differences in
the host account for the diverse pathogenesis observed in HIV-
1-infected patients.

While significant attention has been paid to the role of
cytotoxic T cells and immune activation in the control of HIV-1
replication, potential differences in the inherent susceptibility
to infection of target cells have not been as carefully evaluated.
The dramatic impact of the CCR5 �32 mutation on disease
pathogenesis (18, 21, 29, 44) initially suggested that this mu-
tation accounted for the ability of individuals to control infec-
tion, but this mutation is present in only a minor fraction of ES
(11, 25, 35, 40).

We and others have previously shown, directly or indirectly,

that CD4� T cells from ES can be infected by both autologous
(4, 7) and laboratory strain HIV-1 isolates (7, 14, 23, 26, 38,
47). However, previous infection assays have utilized in vitro
activation of potential target cells to facilitate infection. Such
activation can affect coreceptor expression (1, 8, 10) and cause
cytokine and chemokine release, all of which may, in turn,
impact the susceptibility to infection of the cells. For example,
stimulation of CD4� T cells with phytohemagglutinin and in-
terleukin-2 results in upregulation of CXCR4 within 72 h (8).
In contrast, stimulation with monoclonal antibodies to CD3
and CD28 results in downregulation of CCR5 (10). This down-
regulation correlates with a reduced susceptibility to infection
of CD4� T cells with CCR5-tropic (R5) virus and may con-
tribute to the selection of CXCR4-tropic (X4) virus in vivo, as
the frequency of CCR5-positive targets decreases (10).

In this study, we examined the susceptibility to infection of
freshly isolated and purified CD4� T cells without exogenous
activation. We aimed to develop the most physiological system
possible so as to more closely recapitulate HIV-1 infection in
vivo. In addition to looking at infection with pseudotyped vi-
ruses as measured by green fluorescent protein (GFP) expres-
sion, we examined susceptibility to infection in terms of fusion
of the virus to the target cell. We utilized both R5 and X4
pseudoviruses and characterized the expression of CCR5 and
the baseline activation state of T cells from the different groups
of patients.

MATERIALS AND METHODS

Subjects. The clinical characteristics of the ES (n � 10) and viremic patients
(n � 7) used in this study are shown in Table 1. Laboratory donors (n � 8) were
used as controls.

* Corresponding author. Mailing address: Broadway Research Bldg.,
Rm. 880, Johns Hopkins University School of Medicine, 733 N. Broad-
way, Baltimore, MD 21205. Phone: (410) 955-7757. Fax: (443) 287-6218.
E-mail: jblanks@jhmi.edu.

† S.A.R. and K.A.O. contributed equally to the manuscript.
� Published ahead of print on 10 November 2010.

979



Infection assay. CD4� T cells were isolated by negative selection from freshly
isolated peripheral blood mononuclear cells (PBMCs) using the Miltenyi human
CD4� T cell isolation kit according to the manufacturer’s instructions. To ensure
removal of CD8� T cells and NK cells, isolated CD4� T cells were further
purified using anti-CD8 and anti-CD16 antibodies and sheep anti-mouse sec-
ondary antibody conjugated to magnetic beads (Dynabeads; Invitrogen). Purity
was confirmed using flow cytometry analysis with CD3-allophycocyanin (APC),
CD4-APC-H7, CD8-fluorescein isothiocyanate (FITC), and CD16-phyco-
erythrin (PE; BD). Cells were then infected with X4 and R5 pseudotype NL43
virus in which GFP replaces most of the envelope gene, resulting in a virus
capable of only a single round of infection (NL43-deltaEnvGFP) (49). Infection
was via spinoculation (39) in a round-bottom 96-well plate for 1.5 h in RPMI
1640 medium supplemented with 10% fetal bovine serum. After infection, cells
were placed in an incubator at 37°C for 72 h. After 72 h, cells were stained with
CD3-PE, CD4-APC-H7, and HLA-DR–APC for 25 min on ice and fixed with 2%
paraformaldehyde, and 50,000 events were analyzed on the fluorescence-
activated cell sorter (FACS) Canto II. The percentage of lymphocytes was
used as an indirect measure of viability to ensure that superinfection did not
lead to cell death. To normalize the percentage of infection across patient
samples, the percentage of CD3� GFP� cells was normalized to the percent-
age of CD4� CD3� cells after subtracting any background from negative
controls.

Entry assay. CD4� T cells were isolated as described above for the infectivity
assay. Viruses utilized were similar to what has been previously described (12):
single-round infective X4 and R5 pseudotyped viruses were made which incor-
porate the enzyme �-lactamase fused to the viral accessory gene vpr. Equivalents
of 177 ng and 227 ng of p24 were used to infect 100,000 CD4� T cells with X4
and R5 pseudotyped viruses, respectively. To address whether a high multiplicity
of infection artificially influenced the results, three lower concentrations of X4
virus (1.68, 0.96, and 0.48 ng p24/100,000 cells) and one lower concentration of
R5 virus (2.7 ng p24/100,000 cells) were used to infect CD4� T cells from a
randomly selected subset of patients in this study. After spinoculation for 1.5 h
as described for the infectivity assay, the viruses were allowed to fuse with the
target cells for 2 h at 37°C. Target cells were washed once in RPMI 1640 medium
supplemented with 10% fetal bovine serum and then incubated with a cell-
permeating substrate, CCF2-AM (Invitrogen) for 1 h at room temperature. To
stop any further fusion events, 1 �M T20 was added. After the cells were washed
two times, they were incubated overnight in CO2-Independent Medium (Invitro-
gen) supplemented with 10% fetal bovine serum (FBS). CCF2 is a fluorescence
resonance energy transfer (FRET) substrate. The intact dye emits at 520 nm
when excited by a 405-nm laser. Upon cleavage by the enzyme �-lactamase, the
dye emits at 447 nm. This change in emission can be monitored by flow cyto-
metric analysis. After approximately 12 h, the cells were stained with CD3-PE,
CD4-APC-H7, and HLA-DR–APC for 25 min on ice, fixed with 2% parafor-
maldehyde, and analyzed on the FACS Canto II. The percentage of CD3� cells
that had undergone a fusion event was normalized to the percentage of CD3�

CD4� cells as described above.

Three independent plasma and proviral envelope genes from two patients with
progressive HIV-1 disease were cloned as described previously (3). Virus con-
taining the Vpr–�-lactamase protein pseudotyped with these envelope genes was
made by transfection as described above. Cell-free supernatant was obtained by
spinning at 1,200 rpm for 10 min. Thirty-two nanograms of virus was used to
infect 100,000 CD4� T cells isolated from patients or healthy donors. The entry
assay was performed as described above, and the results of three independent
entry experiments were averaged.

Immunological analyses. Whole PBMCs from each patient were frozen in
10% dimethyl sulfoxide (DMSO) and 90% FBS and then quick thawed at 37°C
prior to CCR5 and activation marker analysis. Prior to staining with fluorescent
conjugated antibodies, cells were treated with an Fc receptor blocking agent
(Miltenyi) to minimize nonspecific binding. CCR5-APC (clone 3A9), CD3-
PerCpCy5.5, CD4-APC-H7, and HLA-DR–FITC were used in combination for
CCR5 expression analysis. CD3-PerCpCy5.5, CD4-APC-H7, HLA-DR–FITC,
and CD38-PE were used in combination for CD38/HLA-DR expression analysis.
All antibodies were from Becton Dickinson.

CCR5 genotyping. DNA was isolated from PBMCs of each patient using the
Gentra Puregene kit from Qiagen. CCR5 genotyping for the �32 mutation was
determined by amplifying a portion of the gene as described previously (45),
using primers CCR5-D32-F (5�CTTCATTACACCTGCAGCT3�) and CCR5-
D32-R (5�TGAAGATAAGCCTCACAGCC3�).

Statistical analysis. P values were derived from the Wilcoxon-Mann-Whit-
ney rank-sum test unless otherwise stated. P values for correlations are
calculated using the Analysis tool kit of Microsoft Excel 2007 assuming a
linear regression model. A P value of �0.05 was chosen to represent statis-
tical significance.

Investigators were blinded to the HIV-1 status of subjects when conducting all
experiments, and the infectivity assay, the entry assay, and flow cytometry anal-
ysis were performed by different investigators.

FIG. 1. (A) Purity of CD4� T cells was determined by flow cyto-
metric analysis to ensure depletion of CD8� T cells and NK cells. Data
shown are averages of patient cohorts with standard deviations. Less
than 1% CD8 or CD16 contamination was usually observed after
purification. (B) Viability as determined by the percentage of cells in
the lymphocyte forward and side scatter gates after infection with X4
and R5 virus and for uninfected controls. Data shown are averages of
patient cohorts, i.e., uninfected donors, ES, and viremic patients.

TABLE 1. Clinical characteristics of ES and viremic patients used
in this study

Subject Yr of
diagnosis

Last CD4� T
cell count/�l

No. of HIV-1
RNA copies/ml

CCR5 �32
genotyping

ES3* 1991 728 �50 Wild type
ES4 1996 678 �50 Wild type
ES5 1990 839 �50 Wild type
ES6 1996 1,139 �50 Wild type
ES8 2003 602 �50 Wild type
ES9 1999 1,027 �50 Heterozygous �32
ES18 1998 1,330 �50 Wild type
ES24 2009 2,033 �50 Wild type
ES25 2002 579 �50 Wild type
ES31 2006 758 �50 Wild type
Viremic 1 2000 383 55,987 Wild type
Viremic 2 1990 348 12,481 Wild type
Viremic 3 2006 475 8,190 Wild type
Viremic 4 2010 490 155,000 Wild type
Viremic 5 2003 213 105,662 Wild type
Viremic 6 1997 413 19,681 Wild type
Viremic 7 2009 970 22,220 Wild type
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RESULTS

Infection of unactivated, isolated CD4� T cells. To compare
susceptibilities to infection of cells from ES, viremic progres-
sors, and uninfected donors in the most physiological manner
possible, we infected freshly isolated CD4� T cells without
exogenous activation. CD4� T cells underwent double purifi-
cation to eliminate the possibility of confounding effects due to
contaminating CD8� T cells or NK cells (Fig. 1A). We also
compared the percentage of viable lymphocytes in uninfected
samples and samples infected with X4 or R5 virus to ensure
that superinfection was not decreasing viability (Fig. 1B). In-
fection of cells had no effect on viability in any patient or donor
subset, although viremic patients had lower viability than ES
and uninfected donors overall (P � 0.002 and 0.084, respec-
tively, using Student’s t test).

We utilized an X4 envelope (NL4-3) and an R5 envelope
(SF162) to package the same viral vector. In this vector, env
was partially replaced by the GFP coding sequence, making the
virus capable of only a single round of replication and permit-
ting enumeration of infected cells by flow cytometric analysis,
as described in Materials and Methods. Figure 2A shows rep-
resentative infection data for patients from each subset. As

summarized in Fig. 2B, we observed significant infection of
unstimulated CD4� T cells from uninfected donors, ES, and
viremic patients with both X4 and R5 viruses. The percent
infection was actually higher for CD4� T cells from ES and
uninfected donors than for CD4� T cells from viremic pa-
tients, and this difference was still significant after normal-
ization for the difference in baseline lymphocyte viability
(data not shown). Interestingly, the percent infection with
R5 virus also correlated with the percent infection with X4
virus (Fig. 2C).

Viral entry. Having evaluated infection in terms of viral
protein expression, we examined viral entry into CD4� T cells
from the same cohort of uninfected donors, ES, and viremic
patients by using a previously described viral fusion assay (12).
Data for representative patients from each subgroup are
shown in Fig. 3A. As summarized in Fig. 3B, there was a trend
toward a higher level of fusion of R5 virus with CD4� T cells
from ES compared to CD4� T cells from viremic patients and
uninfected donors. Interestingly, there was a trend toward a
higher rate of X4 virus entry in cells from uninfected donors
compared to cells from ES and viremic patients (Fig. 3B). The
trend may be due to the fact that uninfected donors have

FIG. 2. Infection of freshly isolated CD4� T cells with X4 and R5 pseudotyped viruses. (A) Representative infection data for uninfected donors,
ES, and viremic patients. (B) Percent infection of CD3� CD4� T cells as measured by GFP expression. The percentage of GFP� CD3� cells was
normalized to the percentage of CD4� CD3� cells in the uninfected controls for each patient. P values were derived from the Wilcoxon-Mann-
Whitney rank-sum test. The median is indicated by a black bar. (C) Correlation between the percentage of cells infected with R5 virus and the
percentage of cells infected with X4 virus.
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generally lower levels of cellular activation and higher levels of
naïve CD4� T cells than ES or viremics (unpublished obser-
vations), and CXCR4 is expressed on naïve T cells whereas
CCR5 generally is not (8, 33). Thus, this may result in fusion of
virus to naïve cells that did not then result in productive infec-
tion, as measured by GFP expression.

There was a significant correlation between viral entry and
productive infection for R5 virus (Fig. 3C) in spite of the fact
that different viruses (with the same env gene) were used for
the assays. No such correlation between X4 virus entry and
infection was seen (Fig. 3D), possibly due to infection of naïve
T cells expressing CXCR4, as described above.

The high level of entry we observed raised the question of
whether we were missing subtle differences in viral fusion
events by using too large a viral inoculum. To address this

question, we titrated the amount of virus in order to achieve a
level of viral entry that was comparable to the levels of
productive infection we observed in Fig. 2. As shown in Fig.
4A, there was a correlation between the concentration of
virus used and the amount of viral entry seen for both the
R5 and X4 pseudotyped viruses. Using cells from a subset of
patients randomly selected from each group, we found that
using lower concentrations of virus resulted in patterns of
infection with the X4 (Fig. 4B) and R5 (Fig. 4C) viruses that
were very similar to the patterns seen when larger viral
inoculums were used.

We also tested the hypothesis that the use of env genes from
laboratory strains resulted in very efficient viral entry, thereby
masking subtle differences between patient groups. A prior
study has shown that env can significantly affect simian immu-

FIG. 3. Fusion of X4 and R5 pseudotyped viruses to freshly isolated CD4� T cells. (A) Representative entry data for uninfected donors, ES,
and viremic patients. (B) Percentage of cells undergoing fusion as measured by flow cytometry, normalized to the number of CD3� CD4� cells
in the uninfected controls for each patient as described for infection. P values were derived from the Wilcoxon-Mann-Whitney rank-sum test. The
median is indicated by a black bar. (C) Correlation between productive infection (percent GFP�) and fusion of R5 pseudotyped virus and (D) X4
pseudotyped virus for all patients.
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nodeficiency virus replication in a postentry step (34). env
genes cloned from patients with progressive HIV disease were
thus used to generate pseudotyped viruses as previously de-
scribed (3). Cells from a subset of patients from each group
were infected with these pseudotyped viruses. As shown in Fig.
5, the pattern of viral entry by viruses pseudotyped with env
from three different primary HIV-1 isolates was similar to the
pattern seen with infection by laboratory strains. Taken to-

gether, these data indicate that both viral fusion to target cells
and productive infection are functional in ES.

CCR5 cell surface expression and cellular activation.
Trends seen in viral fusion with R5 virus were similar to those
seen upon measurement of the expression of GFP. We there-
fore sought to determine whether differences in coreceptor
expression might account for differences between patient
groups. None of the patients or donors were homozygous for
the delta 32-bp deletion (Table 1). In addition, there were no
significant differences in the percentage of CD4� T cells that
were CCR5� in the three patient groups (data not shown). We
thus examined CCR5 expression on HLA-DR� (activated)
and HLA-DR� (unactivated) CD3� CD4� PBMCs in order to
determine whether differences in the density of this coreceptor
could explain the differences in susceptibility to infection.

As anticipated, viremic patients had a higher percentage of
CD3� CD4� HLA-DR� lymphocytes than did those in the ES
and uninfected patient groups (Fig. 6A). We then examined
the mean fluorescence intensity (MFI) of CCR5 staining on
CCR5� lymphocytes from CD3� CD4� HLA-DR� and CD3�

CD4� HLA-DR� cellular subsets from each patient in our
cohort (Fig. 4B). We found no significant difference in the MFI
of CCR5 on CD4� T cells from ES versus CD4� T cells from
viremic patients or uninfected donors (Fig. 6B), and there was
no correlation between CCR5 expression and susceptibility to
infection or viral fusion (data not shown). HLA-DR� cells
expressed higher surface levels of CCR5 than HLA-DR� cells
(Fig. 6B). These differences were not statistically significant,
however.

Considering the apparently higher susceptibility to infection
of CD4� T cells from ES than those from viremic patients, we
also examined the level of coexpression of CD38 and HLA-DR
on CD3� CD4� PBMCs in our cohort to determine whether
higher activation levels of T cells in our ES might account for
the disparity in infection. Our data, however, showed that
viremic patients had significantly higher CD4� CD38� HLA-
DR� T cells than did ES or uninfected donors (Fig. 6C), in
agreement with previous studies (20).

FIG. 4. Titration of X4 and R5 pseudotyped viruses. (A) Serial
dilutions of X4 and R5 pseudotyped viruses were used to infect CD4�

T cells isolated from a healthy donor. CD4� T cells (n � 100,000) from
a randomly selected subset of uninfected donors (triangles), ES (dia-
monds), and viremic patients (circles) were infected with 1.68, 0.96, or
0.48 ng p24 equivalents of X4 virus (B) or 2.7 ng p24 equivalents of R5
virus (C). Each symbol represents cells from an individual patient that
were infected with different concentrations of virus.

FIG. 5. Infection with pseudotyped viruses utilizing patient-derived
env. CD4� T cells (n � 100,000) isolated from a randomly selected
subset of HIV-1-negative donors (triangles), ES (diamonds), and vire-
mic patients (circles) were infected with 32 ng p24 equivalents of virus
pseudotyped with three independent plasma and proviral envelope
genes from two patients with progressive HIV-1 disease. Each symbol
represents cells from an individual patient which were infected with
one of three different viruses pseudotyped with env from three differ-
ent primary HIV-1 isolates (black, white, or gray).
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DISCUSSION

More than a decade of rigorous research has led to the
conclusion that in many cases, ES control HIV-1 infection
through unique host mechanisms and not by virtue of infection
by deficient virus (36). Identification of effective cytotoxic T
lymphocyte responses in ES has suggested that the adaptive
immune response is responsible for the control of viremia (6,
17, 31, 32, 41). However, the relatively low viral loads seen in
acute infection (16) have suggested that the earliest possible
stages of HIV-1 infection may play a determining role in
disease pathogenesis. This observation suggests that innate
immunity, or intrinsic resistance of CD4� T cells to infec-
tion, may play a key role in the early control of HIV-1
replication in ES.

In this study, we compared the susceptibilities to infection of
CD4� T cells from ES, viremic progressors, and uninfected
donors in the most physiological way possible. Because exog-
enous activation affects coreceptor expression levels, we uti-
lized CD4� T cells that were isolated and infected within hours
of phlebotomy. We vigorously ensured that no contaminating
CD8� T cells or NK cells would inhibit infection. Our data
show that CD4� T cells from ES are at least as susceptible to
infection as those isolated from viremic patients and unin-
fected donors. This is true for both R5 and X4 pseudotyped
viruses. We examined susceptibility to infection in terms of
GFP expression (Fig. 2) and in terms of viral fusion to the
patients’ cells (Fig. 3). Despite the fact that these experiments
used viral vectors which were identical only in their envelope,
there was a strong correlation between productive infection as
determined by GFP expression and fusion with R5 virus.

One limitation of our study is that we used pseudotyped
viruses that are only capable of a single cycle of infection.
While this leads to a very quantitative measurement of viral
infection, it does not measure the events in the viral life cycle
that occur after protein (GFP) expression. It is thus possible
that there are differences in HIV-1 budding from CD4� T cells
from ES versus those from viremic patients and uninfected
donors.

Without the ability to compare samples from ES and viremic
patients before and after infection, it is difficult to separate the
causes of viremic control from the consequences of differing
levels of viremia. While our data suggest that the CD4� T cells
of ES are, in fact, more susceptible to infection than those of
viremic patients, there are potentially confounding factors that
must be considered. Cells from viremic progressors may have
been altered by the presence of high levels of viremia in their
blood, and it is inevitable that some small portion of the cells
we utilized in our study were already infected by autologous
HIV-1 isolates. It is also possible that the cells that were most
susceptible to infection in viremic patients have already been
selectively infected and depleted in vivo, and thus the re-
maining CD4� T cells in these patients are less susceptible
to infection. Alternatively, infected cells from ES may have
slower turnover than those from viremics. A recent study
found that memory cells from ES persist longer than those
from HIV-1-infected individuals, due, at least in part, to dif-
ferences in the FOX03a pathway (46). It is possible that this
phenomenon also aids in the survival of HIV-1-infected cells in
ES in vitro, resulting in an apparently higher percentage of
infected cells in ES than in viremic subjects.

This is the first study to compare HIV-1 fusion and produc-
tive infection of unstimulated CD4� T cells from ES and vire-
mic patients. The finding that CD4� T cells from ES are no less
susceptible to infection than those from viremic patients is a
significant step toward understanding the processes by which
ES control viremia. The finding implies that inherent differ-
ences in the infected cell cannot explain elite control of HIV-1
infection and that it may be possible to develop effective ther-
apeutic vaccines or therapies that derive from host immune
responses to HIV-1.

Our data also show that there is no significant difference in
the levels of CCR5 expression on the surface of CD4� T cells
from ES and those from uninfected donors or viremic patients
and that, in fact, the expression level of this coreceptor varies

FIG. 6. CCR5 expression and HLA-DR expression on PBMCs
from patient subgroups. (A) Average frequencies of HLA-DR-positive
and HLA-DR-negative CD3� CD4� cells from each patient subgroup.
(B) Average MFI of CCR5 expression on CCR5� cells. Gating is on
CD3� CD4� lymphocytes and then on HLA-DR� and HLA-DR�

cells for each patient subgroup. (C) Percentage of CD3� CD4� T cells
that express both CD38 and HLA-DR. The median percentage is
indicated by a black bar. P values were derived from the Wilcoxon-
Mann-Whitney rank-sum test.
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only within a very narrow range across all subjects. Addition-
ally, we show that while CD38 and/or HLA-DR expression on
CD4� T cells may be an excellent surrogate for predicting
disease progression (15, 43), it does not play a direct role in
determining the susceptibility of CD4� T cells to infection in
vitro.
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