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ABSTRACT Professional antigen-presenting cells (APC; myeloid dendritic cells [DC]
and macrophages [M�]; B lymphocytes) mediate highly efficient HIV-1 infection of
CD4� T cells, termed trans infection, that could contribute to HIV-1 pathogenesis.
We have previously shown that lower cholesterol content in DC and B lymphocytes
is associated with a lack of HIV-1 trans infection in HIV-1-infected nonprogressors
(NP). Here, we assessed whether HIV-1 trans infection mediated by another major
APC, M�, is deficient in NP due to altered cholesterol metabolism. When comparing
healthy HIV-1 seronegatives (SN), rapid progressors (PR), and NP, we found that
monocyte-derived M� from NP did not mediate HIV-1 trans infection of autologous
CD4� T cells, in contrast to efficient trans infection mediated by SN and PR M�. M�

trans infection efficiency was directly associated with the number of DC-specific in-
tercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN)-expressing M�. Sig-
nificantly fewer NP M� expressed DC-SIGN. Unesterified (free) cholesterol in M� cell
membranes and lipid rafting was significantly lower in NP than PR, as was virus in-
ternalization in early endosomes. Furthermore, simvastatin (SIMV) decreased the sub-
population of DC-SIGN� M� as well as cis and trans infection. Notably, SIMV de-
creased cell membrane cholesterol and led to lipid raft dissociation, effectively
mimicking the incompetent APC trans infection environment characteristic of NP.
Our data support that DC-SIGN and membrane cholesterol are central to M� trans
infection, and a lack of these limits HIV-1 disease progression. Targeting the ability
of M� to drive HIV-1 dissemination in trans could enhance HIV-1 therapeutic strate-
gies.

IMPORTANCE Despite the success of combination antiretroviral therapy, neither a
vaccine nor a cure for HIV infection has been developed, demonstrating a need for
novel prophylactic and therapeutic strategies. Here, we show that efficiency of M�-
mediated HIV trans infection of CD4� T cells is a unique characteristic associated
with control of disease progression, and it is impaired in HIV-infected NP. In vitro
treatment of M� from healthy donors with SIMV lowers their cholesterol content,
which results in a strongly reduced trans infection ability, similar to the levels of M�

from NP. Taken together, our data support the hypothesis that M�-mediated HIV-1
trans infection plays a role in HIV infection and disease progression and demonstrate
that the use of SIMV to decrease this mechanism of virus transfer should be consid-
ered for future HIV therapeutic development.
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The development and implementation of combination antiretroviral therapy (ART),
which can effectively lower HIV-1 viral load to undetectable levels, has greatly

decreased the morbidity and mortality associated with HIV-1 infection. Even with
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ART-mediated viral suppression, however, there is a reservoir of HIV-1-infected CD4� T
lymphocytes that contributes to incomplete viral clearance or eradication (1–5). With-
out ART, fewer than 5% of infected individuals can control HIV-1 infection and greatly
slow or prevent progression to AIDS (6). Collectively referred to as nonprogressors (NP),
this is a heterogeneous group characterized by having either consistently undetectable
levels of HIV-1 RNA (elite controllers), 50 to 2,000 plasma HIV-1 RNA copies/ml (viremic
controllers), or CD4� T cell counts of �500/mm3 (long-term nonprogressors).

HIV-1 T cell-to-T cell trans infection is believed to be a critical factor contributing
to viral persistence during ART (7, 8). However, in vitro CD4� T cell trans infection
mediated by professional antigen-presenting cells (APC), i.e., dendritic cells (DC), mac-
rophages (M�), and B lymphocytes, results in much higher virus replication in T cells
than in either T cell-to-T cell trans infection or direct cis infection of T cells (9). It is
plausible that such transfer of virus during direct cell-to-cell contact through the
infectious synapse represents a mechanism to evade immune responses, particularly in
lymphoid tissue, thereby aiding the maintenance of an infected CD4� T cell latent HIV-1
reservoir. Thus, elucidation of trans infection mechanisms could provide novel targets
for prophylactic and therapeutic medicine, as well as reveal potential methods for
identifying and eliminating the viral reservoir.

Cellular cholesterol is essential for HIV-1 trans infection of CD4� T cells mediated by
DC and B cells (10). Research has focused on the impact of cholesterol content in virion
envelopes on HIV-1 infection and pathogenesis (11, 12) and characterized the associ-
ation of cholesterol with binding, entry, and budding of HIV-1 particles from target
CD4� T cells. Although elegant studies have demonstrated that M� mediate highly
efficient HIV-1 trans infection (13–15), there is no information on the role of cholesterol
in this process. We have demonstrated that DC and B cells of NP do not trans infect
autologous or heterologous CD4� T cells. We discovered a unique association of
decreased DC and B cell total cholesterol content and their inability to trans infect (10).
While past research has focused on the impact of virion envelope cholesterol content
on HIV-1 infection and pathogenesis (11, 12), there is no information on M� trans
infection and cholesterol content related to HIV-1 disease progression. Here, we
demonstrate that M� are similar to the other APC in the inability to trans infect T cells
in NP. This deficiency is cholesterol dependent as well as being related to low
expression of DC-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-
SIGN), a C-type lectin that serves as a receptor for HIV-1 on APC (16).

RESULTS
M�-mediated HIV-1 trans infection enhances virus production from CD4� T

cells in SN. To establish our model for assessing HIV-1 trans infection mediated by M�,
we cultured monocyte-derived M� from 10 SN recruited from the Multicenter AIDS
Cohort Study (MACS) (Table 1). M� were loaded with a low multiplicity of infection
(MOI) of HIV-1 R5-tropic BaL (MOI, 10�3), followed by coculture with autologous CD4�

T cells and assessment of HIV-1 p24 core antigen in cell-free supernatant. We chose to
load M� with an MOI of 10�3 because it is suboptimal for efficient cis infection of CD4�

T cells yet is highly effective in APC-T cell trans infection (10). Under these conditions,
M�-mediated trans infection of HIV-1 to autologous CD4� T cells was detected in eight
of 10 SN. The trans infection of the eight SN was demonstrated by detectable HIV-1 p24
by 4 to 12 days of coculture (Fig. 1A). This was comparable to our established models
of trans infection mediated by activated B cells (Fig. 1B) and monocyte-derived DC (Fig.
1C) from the same SN. By day 12 of coculture, M�-mediated trans infection of CD4� T
cells was significantly greater (P � 0.05) than virus production in cis-infected CD4� T
cells (Fig. 1D). Moreover, as seen with M�, both B cell- and DC-mediated trans infection
enhanced overall production of p24 compared to T cell cis infection (Fig. 1E and F).

Notably, none of the three types of APC mediated detectable trans infection in 2 of
the 10 SN tested (SN4 [orange] and SN5 [purple]) (Fig. 1D, E, and F). These results were
confirmed by repeated testing of APC and T cells from these same MACS participants
obtained at different clinic visits.
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M� loaded with the same low concentration of HIV-1 (MOI, 10�3) and cultured
alone for cis infection in parallel to each trans infection experiment demonstrated
negative or minimal levels of p24 for all SN (Fig. 1G). We also did not detect infection
in cis-exposed CD4� T cells at the low MOI (10�3) (Fig. 1H), with the exception of those
for one participant (SN3). As expected, CD4� T cells from all SN, including SN4 and SN5,
were susceptible to cis infection with a high concentration of HIV-1 (MOI, 10�1) (Fig. 1I).
Taken together, these data support that both myeloid- and lymphoid-derived APC
share a feature essential for HIV-1 trans infection independent of susceptibility of T cells
to cis infection. They also indicate that APC from some SN have an inherent inability to
trans infect T cells.

M� mediate HIV-1 trans infection in PR but not NP. Previous work from our
laboratory demonstrated that DC- and B cell-mediated trans infection was defective in
NP while being completely functional in PR (10). Therefore, we sought to determine if
M�-mediated trans infection was also altered in NP compared to that in PR and SN. We
assessed trans infection efficiency of M� from 5 PR, 5 NP, and 10 SN (Table 1).
Peripheral blood mononuclear cell (PBMC) samples were acquired while individuals
were ART naive and not taking cholesterol-lowering medication.

M� exposed to the low concentration (MOI 10�3) of HIV-1 were cocultured with
autologous CD4� T cells for 12 days; coculture supernatants were assessed over time
for HIV-1 p24 production. Under these conditions, M�-mediated trans infection was
undetectable in all NP tested throughout the 12 days of coculture, while M� from PR
were able to trans infect autologous CD4� T cells. In addition, M� trans infection in PR
was not significantly different from that of SN beyond day 4 (Fig. 2A). Levels of cis
infection controls of CD4� T cells alone with the low MOI used for trans infection
experiments were very low or undetectable in all clinical groups (Fig. 2B). However,
CD4� T cells from all PR and NP (Fig. 2C) were susceptible to cis infection at a higher
MOI (10�1). Taken together, these data show that M� derived from NP do not
efficiently transfer HIV-1 to autologous CD4� T cells, which are capable of supporting
HIV-1 CD4� T cis infection, in accordance with our previous DC and B cell results (10).

M� susceptibility to HIV-1 cis infection is associated with HIV-1 disease pro-
gression. M� susceptibility to HIV-1 cis infection was assessed across the three study
groups. M� were exposed to HIV-1 BaL (MOI, 10�1) and cultured for 12 days. Only 4 of

TABLE 1 Virological and genotypic characterization of SN, NP, and PR

Participant
Infection
durationa (yr)

CD4� T cell count
(mean � SE)

HIV-1 load
(mean � SE)

CCR5�32
genotype

HLA B locus
genotype

SN1 NA 1,200 � 206 NA WT/WT 0801/5501
SN2 NA 987 � 142 NA WT/WT 0702/1501
SN3 NA 770 � 64 NA WT/WT 3503/4403
SN4 NA 924 � 94 NA WT/WT 2705/4403
SN5 NA 615 � 40 NA WT/WT 3801/3801
SN6 NA 1,198 � 168 NA WT/WT 1402/5802
SN7 NA 786 � 101 NA WT/WT 4001/5501
SN8 NA 683 � 95 NA WT/WT 5001/5201
SN9 NA 924 � 233 NA WT/WT 3501/5501
SN10 NA 928 � 71 NA WT/WT 2705/4501
NP1 �8 924 � 62 3,055 � 566 WT/WT 3910/5301
NP2 �8 743 � 59 3,242 � 1,931 WT/WT 3501/8101
NP3 �29 1,259 � 62 4,764 � 4,432 WT/WT 1402/4701
NP4 �8 1,007 � 31 571 � 90 WT/WT 1501/4201
NP5 �18 759 � 57 20,893 � 7,585 Δ32/WT 1501/4402
PR1 7 232 � 49 396,572 � 136,552 WT/WT 5001/5701
PR2 �13 415 � 119 12,507 � 8019 WT/WT 1401/5101
PR3 �6 335 � 154 13,524 � 9606 WT/WT 0801/0801
PR4 �7 424 � 135 25,643 � 3,935 WT/WT 4403/5601
PR5 4 598 � 387 188,576 � 119,553 WT/WT 0801/3503
aYears HIV-1 seropositive prior to ART while enrolled in the Multicenter AIDS Cohort Study (MACS). NA, not
applicable; �, individuals were HIV seropositive upon enrollment into the MACS. Mean CD4� T cell counts
and mean HIV-1 loads were calculated from compiled data from all visits while enrolled in the MACS prior
to ART.
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the 10 SN exhibited M� cis infection (Fig. 3A). Of the 6 individuals with no detectable
cis infection, 5 had efficient trans infection. Additionally, no correlation was found
between M� trans and cis infection efficiency in SN (data not shown), suggesting the
susceptibility of M� to HIV-1 cis infection does not determine trans infection ability. M�

cis infection was only detected in 1 NP (NP2) (Fig. 3B). However, it was detected in 4 of
5 PR (PR1, PR2, PR4, and PR5) (Fig. 3C). Importantly, compared to results on day 12, the
magnitude of M�-positive cis infection was significantly higher in PR than NP (Fig. 3D).
These findings further support a novel divergence of M� function among PR and NP
and its correlation with disease progression.

The number of DC-SIGN-expressing M� correlates with trans infection effi-
ciency. To identify potential factors influencing M� trans and cis infection efficiency,
M� were phenotyped by flow cytometry. To assess M� differentiation, CD16 expres-
sion, which is low on monocytes and high on macrophages (17), was compared on
CD14� monocytes (day 0) and cultured macrophages (day 7). A significant increase in
CD16 expression levels (mean fluorescence intensity, or MFI) was observed in the
cultured macrophages (Fig. 4A and B). trans infection of CD4� T cells is believed to
occur by two different, but not mutually exclusive, pathways following DC or M�

exposure to virus: (i) exposure through rapid virus uptake via endocytosis into vesicles

FIG 1 M�-mediated trans infection enhances virus production in autologous CD4� T cells in SN. (A to C) HIV-1 trans infection in M� (n � 8 SN) (A), B cells
(n � 7 SN) (B), and DC (n � 6 SN) (C) loaded with HIV-1 BaL (MOI, 10�3) and cocultured with activated, autologous CD4� T cells for 12 days. Supernatants were
assessed for p24 concentration at days 4, 8, and 12. (D to F) CD4� T cells loaded with the low concentration of HIV-1 BaL (MOI, 10�3) and analyzed for cis
infection compared to trans infection mediated by M� (D), B cells (E), and DC (F) at day 12. (G) M� loaded with HIV-1 BaL (MOI, 10�3) and assessed for cis
infection (n � 10). (H) CD4� T cells were loaded with HIV-1 BaL (MOI, 10�3) and assessed for cis infection (n � 10). (I) CD4� T cells loaded with a higher
concentration of HIV-1 BaL (MOI, 10�1) as a cis control to assess susceptibility to infection (n � 10). *, P � 0.05. Histograms represent the means � standard
errors (SE).
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and (ii) after de novo infection (9). Because M� are both susceptible to cis infection with
R5-topic HIV-1 and capable of trans infection, cells were analyzed for classic markers
associated with cis infection as well as HIV-1 endocytosis. M� surface expression of the
primary HIV-1 receptor CD4, and coreceptor CCR5 for R5-tropic HIV BaL, was analyzed.
CD4 expression level was significantly lower in HIV-1-infected NP than SN, and was
similar to M� expression in HIV-1-infected PR, while CCR5 expression was similar
among the three groups (Fig. 4C).

The C-type lectin DC-SIGN facilitates endocytosis-mediated HIV-1 trans infection (18,
19). The sialic acid binding adhesion molecule Siglec-1 has also been implicated in
HIV-1 trans infection (20). Therefore, we assessed surface expression of both DC-SIGN
and Siglec-1 on M�. Levels of the glycoproteins did not differ among the three groups
(Fig. 4D). However, a significantly lower percentage of NP than PR M� were DC-SIGN

FIG 2 M�-mediated trans infection is negative in NP compared to PR and SN. (A) M� from PR, NP, and SN were loaded with HIV-1 BaL (MOI, 10�3) and
cocultured with activated autologous CD4� T cells for 12 days. Supernatant was assessed for p24 concentrations at days 4, 8, and 12. (B) CD4� T cells were
loaded with HIV-1 BaL (MOI, 10�3) in cis as a control for coculture trans infections. (C) CD4� T cells were loaded in cis with a higher concentration of HIV-1 BaL
(MOI, 10�1) to assess susceptibility to infection. PR, n � 5; NP, n � 5; SN, n � 10. *, P � 0.05. X, below the limit of detection. Histograms represent the
means � SE.

FIG 3 M� cis infection is significantly higher in PR than NP. (A to C) SN M� (A), NP M� (B), and PR M� (C) were loaded with the higher concentration of HIV-1
BaL (MOI, 10�1) and cultured, and supernatants were analyzed by p24 ELISA at days 4, 8, and 12. (D) p24 content was compared in day 12 supernatant of SN
(n � 10), NP (n � 4), and PR (n � 5). *, P � 0.05. Histograms represent the means � SE.
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positive, while no difference was seen in the percentage of Siglec-1-positive cells (Fig.
4E). MFI of all four markers was variable within SN (Fig. 4C and D) but did not correlate
with M� trans infection efficiency (data not shown). Collectively, these data suggest
that the lack of M�-mediated trans infection seen in NP is associated with the number
of M� expressing DC-SIGN, a protein known to be involved in HIV-1 attachment (18, 21)
and endocytosis (22).

M� trans and cis infections of HIV-1 are facilitated by DC-SIGN. In addition to
observed differences in the number of M� expressing DC-SIGN in NP compared to that
in PR, the number of DC-SIGN� M� positively correlated with trans infection efficiency
in SN (Fig. 5A). To investigate further the role of DC-SIGN in HIV-1 trans infection,
antibody blocking experiments were done as detailed in Materials and Methods.
Blocking of DC-SIGN prior to virus exposure reduced M� susceptibility to cis infection
by 72% compared to that of isotype-treated M� by day 12 (Fig. 5B). In addition,
blocking DC-SIGN on M� prior to virus exposure and coculture with autologous CD4�

T cells reduced M� trans infection by 87% by day 12 (Fig. 5C). Blocked M� stained
negative for DC-SIGN by flow cytometry, unlike isotype-treated M�, supporting a
successful occlusion of DC-SIGN (Fig. 5D). These data indicate that a DC-SIGN-

FIG 4 Number of DC-SIGN� M� is lower in NP than in PR. (A) Gating strategy and live cell selection for M� phenotype by flow cytometry. (B) CD16 surface
expression level (MFI) of SN CD14� monocytes (day 0) and M� (day 7) was assessed by flow cytometry (n � 9). (C and D) Representative fluorescence intensity
histograms (isotype, black; experimental, white) and individual MFI of M� measured by flow cytometry at day 7 for surface expression of CD4 and CCR5 (C)
and CD209 (DC-SIGN) and CD169 (Siglec-1) (D). (E) Percentage of M� displaying surface expression of DC-SIGN and Siglec-1 was analyzed by flow cytometry
and compared among SN (n � 9 or 10), NP (n � 5), and PR (n � 5). *, P � 0.05. Histograms represent the means � SE.
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dependent mechanism of M�-virus engagement is pivotal for both M� cis and trans
infection.

NP M� have lower total cellular and cell membrane-associated free cholesterol
than PR. We have previously shown that alterations in cellular cholesterol metabolism
correlate with the inability of DC and B lymphocytes from NP to efficiently trans infect
CD4� T cells (10). Therefore, we sought to determine if cellular cholesterol levels in M�

were linked to HIV-1 trans infection and disease progression by quantifying total
cholesterol, including esterified and unesterified free cholesterol (FC). In SN partici-
pants, total cholesterol was highest in M�, which was significantly higher than that in
the B and T cells but not significantly different from that of DC. However, total
cholesterol in DC trended lower than that in M� (Fig. 6A). When comparing the two
HIV-1-infected groups, total cholesterol concentration of M� was significantly lower in
NP than PR (Fig. 6B), suggesting that there is a cholesterol-dependent mechanism of
trans infection in M�, in line with our previous findings in DC and B cells (10).

To further elucidate the effect of decreased M� cholesterol in NP, we assessed the
level of cell membrane-associated FC as well as lipid rafting in NP and PR M� by flow
cytometry using filipin III, a naturally occurring fluorescent polyene antibiotic that binds
FC (23), and the lipid raft containing GM1-specific marker cholera toxin subunit B
(CTx-B). Membrane-associated FC was significantly lower in NP M� than in PR (Fig. 6C).
This characteristic was also reflected in confocal imaging analysis of filipin III of SN, NP,
and PR M�. Both cholesterol and DC-SIGN staining appeared dimmer in NP than in SN
and PR (Fig. 6D). Some PR M� had very high levels of lipid raft staining, and overall the
lipid rafting detected in PR M� was significantly higher than that of NP (Fig. 6E).
Furthermore, single-cell fluorescent images (acquired with the Millipore ImageStream X
Mark II flow cytometer) revealed more punctate rafting of the CTx-B staining of PR

FIG 5 Number of DC-SIGN� M� is positively correlated with M�-mediated cis and trans infection efficiency. (A) SN M�-mediated trans infection efficiency and
percentage of DC-SIGN-positive M� were assessed for association by linear regression (P � 0.03, F � 7.18, R2 � 0.47) (n � 10). (B and C) Anti-DC-SIGN- and
isotype control-treated SN M� were loaded with HIV-1 BaL (MOI, 10�1) and cultured alone, or loaded at an MOI of 10�3 and cultured with activated autologous
CD4� T cells, to assess cis (B) and trans (C) infection (n � 5). (D) SN M� were treated with a MAb against CD209 (DC-SIGN) or an isotype control and then
assessed by flow cytometry for DC-SIGN detectability (n � 2). *, P � 0.05. Histograms represent the means � SE.
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compared to that of NP M� (Fig. 6F). This suggests that lipid raft distribution is different
in NP than PR. Together, these data support that the presence of insufficient cholesterol
in M�, specifically FC in M� cell membranes, could lead to the lack of M�-mediated
trans infection in NP.

SIMV decreases M� trans infection. To test the role of cholesterol in trans
infection, we assessed whether SIMV, an inhibitor of cholesterol synthesis, interfered
with M� cis or trans infection. For this, M� treated with SIMV prior to virus exposure
were used in cis and trans infection assays, as described in Materials and Methods. cis
infection of M� was significantly decreased by 90% (Fig. 7A), and M�-mediated trans
infection trended down sharply (P value of 0.06) (Fig. 7B) in the presence of SIMV. We
then assessed the impact of SIMV on the ability of M� to enhance infection of CD4�

T cells in trans compared to CD4� T cell infection with cell-free virus in cis. Consistent

FIG 6 M� from NP have lower total cellular and cell membrane-associated free cholesterol than those from PR. (A) Total cholesterol
measured by Amplex Red of SN M� (n � 10), DC (n � 8), activated CD4� T cells (n � 10), and activated B cells (n � 8). (B) M� total
cholesterol content was measured in NP and PR by Amplex red. (C) NP and PR M� were exposed to filipin for cell membrane
cholesterol-specific labeling and analyzed by flow cytometry. (D) Representative images from SN, NP, and PR M�, labeled with filipin
(blue) and DC-SIGN (green), by confocal microscopy. (E) M� were exposed to CTx-B for lipid raft labeling and analyzed by flow
cytometry with a Millipore ImageStream. (F) Representative images of NP and PR M� labeled with CTx-B analyzed with a Millipore
ImageStream. *, P � 0.05. Histograms represent the means � SE.
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with the data shown in Fig. 1D, untreated M� loaded with HIV-1 significantly enhanced
infection in trans compared to CD4� T cell in cis infection by day 12 (Fig. 7C). However,
SIMV-treated M� were unable to enhance infection in trans compared to cis infection
in four of five SN samples tested (Fig. 7D). Although SIMV did not completely abrogate
M� cis or trans infection, in both cases SIMV treatment led to a decrease in p24
production. Most importantly, SIMV blocked the ability of M� to significantly enhance
trans infection of CD4� T cells compared to cis infection.

SIMV decreases DC-SIGN-expressing M� and trans infection in a cholesterol-
mediated manner. DC-SIGN RNA levels determined by reverse transcription-PCR (RT-
PCR) were not different among SN, NP, and PR (Fig. 8A). We sought to determine if SIMV
treatment decreased trans infection by altering DC-SIGN expression on the M� surface.
SN M� treatment with SIMV followed by DC-SIGN analysis by flow cytometry revealed
that SIMV decreased the number of DC-SIGN� M� compared to that for untreated cells
(Fig. 8B). SIMV is a known competitor of HMG-coenzyme A (CoA) reductase, and in
addition to mediating cell cholesterol synthesis, HMG-CoA reductase also mediates
protein prenylation in cells (24). Statins are known to interfere with this pathway in
addition to cholesterol synthesis (25). Therefore, to elucidate by which pathway SIMV
was altering DC-SIGN expression, SIMV-treated M� were simultaneously treated with
either squalene or geranylgeranyl pyrophosphate (GGpp), downstream products of the
cholesterol synthesis and protein prenylation pathways, respectively. In the presence of
either squalene or GGpp, SIMV was unable to significantly decrease DC-SIGN, and the
number of DC-SIGN� M� trended higher with the squalene treatment than with GGpp
(Fig. 8C). Additionally, squalene treatment, but not GGpp treatment, of M� recovered
detectable trans infection in NP (Fig. 8D). This supports that low cholesterol in NP M�

contributes to their inability to trans infect HIV-1.

FIG 7 Statins lower M� cis and trans infection. (A and B) SN M� left untreated or treated with 1 �g/ml SIMV for 24 h were assessed for cis
(A) and trans (B) infection (n � 4). Untreated (C) and SIMV-treated (D) M� (MS) trans infection efficiency was compared to autologous CD4�

cis infection at day 12. *, P � 0.05. Histograms represent the means � SE.
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Due to the lack of trans infection observed by SN4 and SN5 (Fig. 1D, E, and F), to
further assess their similarity to NP, we compared their DC-SIGN expression and
cholesterol levels. SN5 M� had lower levels of both DC-SIGN (Fig. 8E) and total
cholesterol than SN4 (Fig. 8F). Although SN5 had lower total cholesterol, similar to NP,
SN4 had cholesterol levels comparable to that of the trans infection-positive SN.
Therefore, we tested the ability of both cholesterol synthesis and protein prenylation
induction with squalene and GGpp, respectively, to recover trans infection in SN4 and
SN5. Squalene, but not GGpp, recovered M�-mediated trans infection in SN5 but not
SN4 (Fig. 8G). Thus, SN5 was both functionally and phenotypically similar to the NP
group, while phenotyping suggests that the lack of trans infection by SN4 was caused
by a mechanism independent of both cholesterol metabolism and protein prenylation.

SIMV alters membrane-associated cholesterol and lipid rafting in M�. To
further understand how SIMV alters M� cholesterol content and the role of cholesterol in
M�-mediated trans infection, we analyzed the abundance of total cellular cholesterol
compared to that of membrane-associated FC in SIMV-treated M�. Total cholesterol
content of SIMV-treated M� did not decrease across a wide range of SIMV concentrations
tested (0.5 to 10 �g/ml) (Fig. 9A). However, cell membrane-associated FC was lowered
by SIMV (Fig. 9B), as demonstrated by analysis of cells treated with filipin III. Fluorescent
CTx-B labeling of untreated and SIMV-treated M� showed that SIMV also significantly
reduced plasma membrane lipid rafting (Fig. 9C). Intriguingly, visualization of filipin III
cholesterol staining revealed a dissociation of FC clustering or rafting after 1 �g/ml
SIMV treatment (concentration used in functional studies depicted in Fig. 7 and 8) and
confirmed that cholesterol-rich lipid rafting was also lowered in SIMV-treated M� (Fig.
9D). These data suggest that SIMV effectively mimics the altered cholesterol state of
M� observed in NP, the mechanism by which we propose SIMV significantly decreases
HIV-1-mediated trans infection.

PR M� express higher levels of PPAR� mRNA. We next sought to identify the
mechanism by which levels of FC were being regulated differentially in NP and PR.
Based on their well-defined roles in lipid sensing, uptake, efflux, and synthesis (26–29),
the following proteins were selected for mRNA expression level analysis: sterol regu-
latory element-binding protein (SREBP), ATP-binding cassette transporter 1 (ABCA1),
ATP binding cassette subfamily G member 1 (ABCG1), low-density lipoprotein
receptor (LDLR), liver X receptor alpha (LXR�), peroxisome proliferator-activated recep-
tor gamma (PPAR�), 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), apolipopro-

FIG 8 SIMV decreases the number of DC-SIGN� M� and trans infection in a cholesterol-dependent manner. (A) Total RNA extracted from SN, NP, and PR M�
was used to measure DC-SIGN gene expression by RT-PCR. The cycle threshold (CT) of the DC-SIGN probe was subtracted from the CT of the RNA polymerase
II probe within each sample for a relative ΔCT value. (B) SN M� were left untreated or were treated with 1 �g/ml SIMV (n � 5) or in the presence of SIMV and
GGpp or SIMV and squalene (C) for 24 h prior to analysis of DC-SIGN surface expression by flow cytometry (n � 4). (D) p24 level on day 12 of trans infection
with untreated NP M�, NP M� treated with GGpp for 24 h, or NP M� treated with squalene for 24 h (n � 3). (E and F) Percentage of DC-SIGN� M� (E) and
total cholesterol (F) of participants SN4 and SN5. (G) p24 level on day 12 of trans infection with untreated SN4 and SN5 M�, SN4 and SN5 M� treated with
GGpp for 24 h, or SN4 and SN5 M� treated with squalene for 24 h (two independent experiments). *, P � 0.05. Histograms represent the means � SE.
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tein E receptor 2 (APOER2), CD36, liver X receptor beta (LXR�), and CD1� were
generated from total RNA isolated from NP and PR M�. Preamplified cDNA was tested
for expression levels by RT-PCR. We found that PPAR� expression was significantly
higher in PR than NP, and that LDLR expression trended higher in NP (Fig. 10A).
However, we found that ABCA1 expression was not significantly different in NP and PR

FIG 9 SIMV alters M� lipid rafting. (A and B) SN M� were treated with 0.5, 1, 5, or 10 �g/ml of SIMV and
tested by Amplex red for total cholesterol concentration (n � 2) (A) and by flow cytometry for cell membrane
cholesterol-specific staining with filipin (n � 2) (B). (C) M� were treated with 0.5, 1, 5, or 10 �g/ml of SIMV,
exposed to CTx-B, and analyzed by confocal microscopy to quantify lipid rafting (n � 2). (D) Representative
images from SN M� left untreated or treated with 1 �g/ml SIMV, followed by filipin labeling (purple) and
imaging with the Millipore ImageStream. *, P � 0.05. Histograms represent the means � SE.

FIG 10 PR M� express higher levels of PPAR� mRNA. (A) Total RNA extracted from NP and PR M� was
used to measure SREBP, ABCA1, ABCG1, LDLR, LXR�, PPAR�, HMGCR, APOER2, CD36, and LXR� mRNA by
RT-PCR. Histograms represent the means of technical triplicates � SE. (B) CD1� mRNA levels were
assessed by RT-PCR and are expressed as the number of samples with CD1�-expressing M�. *, P � 0.05.
Histograms represent the means � SE.
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(Fig. 10A), which is consistent with B cells and DC from NP and PR (10). Additionally,
expression of SREBP, ABCG1, LXR�, HMCGR, APOER2, CD36, and LXR� were not
significantly different among NP and PR (Fig. 10A). CD1� was not expressed in all the
M� samples but was in significantly more NP (4 of 7; 57%) than both PR (1 of 6; 17%)
and SN (2 of 9; 22%) (Fig. 10B).

NP M� internalize less HIV-1 into early endosomes. Our data thus far indicated
that DC-SIGN was playing a role in HIV-1 interactions with macrophages. To further
understand the role of virion-M� interactions in HIV-1 disease progression, we assessed
HIV-1 binding to and internalization into NP and PR M�. CCR5-tropic HIV-1 binding
trended lower in NP M� than PR M� but was not significantly different (Fig. 11A).
Confocal microscopy visually confirmed less virus binding in NP (Fig. 11B). DC-SIGN is
known to mediate endocytosis of intact HIV-1 virions into early endosomes (16). We
found that significantly less HIV-1 was internalized into NP M� (Fig. 11C). Additionally,
very little internalized virus was visible in NP by confocal microscopy; however, inter-
nalized virus was more abundant in PR and colocalized with early endosomes (Fig. 11D).
Once we determined the associations of less virus binding and internalization into NP
M�, we assessed whether binding and internalization were lower in the 2 SN that
lacked M� trans infection. We found that both binding and internalization of virus to
and into M� was lower than that of SN, with efficient trans infection (Fig. 11E). Together
these data support that virus-M� interactions, specifically virus internalization into
early endosomes, play a role in M�-mediated trans infection and, thereby, disease
progression.

DISCUSSION

Here, we show that M� HIV-1 trans infection is deficient in NP and thus associated
with lack of disease progression. As we have found in B cells and DC (10), the
mechanism of poor M� trans infection of autologous CD4� T cells is a result of altered
cell cholesterol homeostasis. We further demonstrate that NP M� have significantly less
unesterified FC and plasma membrane lipid rafting, which leads to fewer DC-SIGN-
expressing M� and lower virus internalization into M�, resulting in a lack of trans
infection.

We found that NP M� have significantly lower FC and membrane lipid rafting than
PR M�. This corresponds with our previous finding that poor DC and B cell HIV-1 trans
infection in NP is linked to altered cholesterol homeostasis (10). If not esterified and
effluxed, FC in the cytosol is rapidly transported to the plasma membrane (PM), where
it contributes to lipid raft formation which influences membrane fluidity and protein
function (30–32). Blocking cholesterol synthesis in M� with SIMV significantly de-
creased FC, lipid rafting, and trans infection. trans infection was recovered in NP with
squalene rather than GGpp treatment, suggesting cholesterol rather than protein
prenylation is influencing trans infection ability.

NP and PR M� appear capable of sensing and responding to their cholesterol levels,
indicated by their increased transcription of LDLR and PPAR� and leading to increased
virus uptake or efflux, respectively (33). Additionally, more NP have CD1�-expressing
M�, which better equips these cells for lipid antigen presentation and may ultimately
associate with better anti-HIV-1 immune responses, a known characteristic of NP (34).
However, based on our studies, the expression levels of many other genes involved in
cholesterol uptake, efflux, and synthesis do not explain the mechanisms contributing to
the differences in cholesterol levels we see in NP and PR M�, including ABCA1, which
is consistent with our previous work with B cells and DC (10). This suggests that if
greater cholesterol efflux is responsible for lower cholesterol in NP APC, it is mediated
by an ABCA1-independent mechanism. Exosomes disseminated from HIV-1-infected
cells have been shown to facilitate HIV-1 trans infection (35). Additionally, exosomes are
known to transport proteins as well as RNAs, including microRNA (miRNA) (36). We
hypothesize that the low-cholesterol state of NP APC is a result of extracellular factors,
such as miRNA, signaling molecules, or apolipoproteins, all of which alter cellular
cholesterol metabolism (37–39).
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Our data show that SIMV treatment lowers the number of DC-SIGN-expressing M�

from SN and their trans infection efficiency, and DC-SIGN blocking significantly de-
creases M� trans infection. Furthermore, fewer DC-SIGN-expressing M� are detected in
NP compared to PR. DC-SIGN is constitutively expressed on M� in lymph nodes (40), as
well as adult lung and uterine tissue (41). The C-type lectin also facilitates trans infection
of HIV-1 from DC (18, 22), as well as B cells (19), to CD4� T cells. It localizes in
cholesterol-rich lipid rafts on the cell surface (42) and relies on rafting for efficient
internalization of ligands (42, 43). Taken together, our data show that low FC content
of NP M� membranes hinders lipid raft formation and thus functional surface expres-
sion of DC-SIGN, which, in turn, decreases efficiency of trans infection.

Importantly, SIMV treatment and DC-SIGN blocking did not completely abrogate
M� trans infection. While DC-SIGN facilitated HIV-1 trans infection in our study, it is not
the only mechanism by which M� mediate trans infection. HIV-1 can bind DC in a
cholesterol-dependent manner, independent of CD4 and DC-SIGN (44). CD169
(Siglec-1) facilitates the capture of retroviruses by macrophages lining the sinus region
of lymph nodes and its passage to B cells within follicles (45), as well as HIV-1 trans
infection by DC (20). However, M� CD169 expression was not associated with trans
infection in our studies. Analyses of M� isolated from lymphoid tissue from SN, PR, and
NP will help to better understand the role of CD169 expression in HIV trans infection
and its relationship to disease progression.

We have previously identified lack of APC-mediated trans infection as an inherent
characteristic of NP, in that trans infection ability is similar pre- and post-HIV-1 sero-
conversion (10). Two of the 10 SN (SN4 and SN5) in our study lacked trans infection by
all three types of APC. Both SN4 and SN5 exhibited lower HIV-1 internalization than
trans infection-efficient SN. However, while SN5 M� had low cholesterol levels and
DC-SIGN expression similar to that of NP, SN4 displayed no further NP characteristics
and likely has a cholesterol-independent blockade in the trans infection pathway. This

FIG 11 NP M� internalize less HIV-1 into early endosomes. (A) NP and PR M� were exposed to 12 ng p24 of AT-2-inactivated, CCR5-tropic HIV-1 per 0.5 	
106 cells for 2 h at 4°C, lysed, and analyzed for bound p24 by ELISA (n � 4). (B) Representative differential interference contrast (DIC) and fluorescent images
from SN M� treated with RFP-tagged, AT-2-inactivated CCR5-tropic virus (red) for binding assays analyzed by confocal microscopy. (C) NP and PR M� were
exposed to 12 ng p24 of AT-2-inactivated CCR5-tropic HIV-1 per 0.5 	 106 cells for 2 h at 37°C, trypsinized, lysed, and analyzed for internalized p24 by ELISA
(n � 5). (D) Representative differential interference contrast (DIC) and fluorescent images from SN M� treated with RFP-tagged, AT-2-inactivated, CCR5-tropic
virus (red) for virus internalization assays, costained for early endosomes (green), and analyzed by confocal microscopy. (E) M� from trans infection-positive
and trans infection-negative SN were assessed for virus binding and internalization by p24 ELISA. *, P � 0.05. Histograms represent the means � SE.
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supports that the SN population is heterogeneous and comprised of individuals with
genetically determined NP characteristics. Therefore, SN lacking trans infection ability
represent a unique group of individuals from which novel factors of HIV-1 disease
progression control can be identified.

trans infection occurs by endocytosis of intact virions, which can then be passed
between cells through intercellular connections (46) or regurgitated into a synapse
between two immune cells or by the budding of new virions as a result of productive
cis infection into a similar synapse (9). The endocytosis pathway of trans infection is
likely to be more heavily implicated in HIV-1 disease progression as the pathway shared
by all three APC. We show that while NP and PR binding of HIV-1 is not different, NP
M� internalize significantly less HIV-1 into early endosomes. We propose that de-
creased FC and lipid rafting in M� results in less DC-SIGN-facilitated endocytosis,
thereby decreasing HIV-1 trans infection.

As has been previously demonstrated (47), we observed that SN and PR M� are
significantly more susceptible to cis infection than NP M�. However, in SN, M� cis
infection did not correlate with trans infection efficiency, as 5 of 10 SN with efficient M�

trans infection had undetectable M� cis infection. Therefore, M� susceptibility to cis
infection is not required for trans infection. Inefficient M� cis infection is likely not the
sole factor responsible for the complete lack of trans infection observed in NP.

Changes in plasma membrane fluidity due to altered cholesterol and sphingolipid
compositions can alter the expression and function of CD4 and CCR5 and HIV-1 cis
infection (48–50). Although we did not see a difference in CD4 or CCR5 surface
expression by NP and PR M�, membrane fluidity alterations could decrease the
function of CD4, CCR5, and DC-SIGN, thereby impacting cis infection. We postulate that
DC-SIGN enhances cis infection of M�, if not by directly facilitating viral envelope
binding and fusion then by increasing or stabilizing virus interactions with the cell
through gp120 interactions (51). M� in peripheral tissue, secondary lymphoid tissue,
and the central nervous system harbor HIV-1 (52), and M� cis infection can occur in the
presence of ART (53). DC-SIGN-facilitated trans infection mediated by the M� reservoir
in PR would further explain persistence and maintenance of the T cell reservoir in such
individuals despite ART. This mechanism of trans and cis infection could be hijacked by
other viruses to enhance viral dissemination, as DC-SIGN (54, 55) and cholesterol are
important for infection of many viruses (56–58).

In our studies, SIMV significantly decreased levels of FC, lipid rafting, and DC-SIGN-
expressing M� and the ability of M� to enhance T cell infection in trans compared to
that in cis. Collectively, studies suggest that the use of statins does not augment current
HIV-1 treatment regimens (59–64); however, ART drugs can alter statin pharmacoki-
netics (65). Under alternative administration routes less affected by ART drugs, statins
could reduce M� dissemination of HIV-1 and should be reconsidered for prophylaxis
and therapy regimens. Manipulation of ABCA1- or ABCG-1-mediated cholesterol efflux
using nuclear receptor agonists may serve a similar purpose.

In sum, we have shown that DC-SIGN-facilitated M� trans infection is associated
with HIV-1 disease progression. We demonstrate the importance of FC-rich cells and
lipid rafting for DC-SIGN-mediated endocytosis of HIV-1 and subsequent trans infection
of CD4� T cells observed in PR that is lacking in NP (Fig. 12). Additionally, SIMV
treatment lowered the DC-SIGN� M� population, lipid rafting, and M� cis and M�

trans infection efficiency, all features characteristic of NP. Consequently, lowering APC
cholesterol in combination with antivirals should be considered in treating HIV-1
infection. By targeting trans infection in addition to cis infection, we could further
reduce dissemination of virus and the size of the latent reservoir.

MATERIALS AND METHODS
Ethics statement. All recruited participants were over the age of 18 years and provided written

consent prior to biologic sample collection or use according to University of Pittsburgh Internal Review
Board-approved protocols.

Participants. We studied three groups of individuals (Table 1) within the Pittsburgh clinical site of
the MACS (Pitt Men’s Study) defined based on their HIV-1 serostatus and associated disease progression:
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(i) for PR, HIV-1 seropositive individuals with a 100-cells/mm3 annual decrease in CD4� T cell count prior
to ART; (ii) for NP, HIV-1-seropositive individuals displaying a lack of progression to AIDS and CD4� T cell
counts above 500 for at least 7 years postseroconversion without the aid of ART; and (iii) for SN, healthy
HIV-1-negative individuals whose HIV-1 serostatus has been checked biannually. We recruited 10 SN as
well as 5 PR and 5 NP not on ART at the time of study with cryopreserved samples available prior to ART
initiation. Participant-reported data ruled out the use of cholesterol- or lipid-lowering medications during
the time the blood samples were obtained. HLA B locus genotype and CCR5 Δ32 genotype were
considered for all participants as possible confounders of disease progression classification.

Cell isolation and culture. CD4� T lymphocytes, B lymphocytes, and monocytes were positively
enriched from freshly isolated or frozen PBMC using anti-CD4, -CD19, or -CD14 monoclonal antibody
(MAb)-coated magnetic bead separation (Miltenyi Biotech) according to the manufacturer’s instructions.
M� and DC were derived from monocytes cultured with 20 ng/ml macrophage colony-stimulating factor
(M-CSF; Peprotech) for 7 days or 1,000 U/ml granulocyte-macrophage colony-stimulating factor (GM-CSF;
Miltenyi Biotech) and 1,000 U/ml recombinant human interleukin-4 (rhIL-4; R&D Systems) for 5 day in
AIM-V medium (Gibco). CD4� T cells and B cells were activated for 48 h with 10 U/ml of delectinated IL-2
and 2 �g/ml phytohemagglutinin (PHA) (9) or 1,000 U/ml rhIL-4 and 0.1 �g/ml CD40L, respectively.

R5-tropic HIV-1 BaL, grown in and purified from PM1 cells (American Type Culture Collection) (66),
was used for cis and trans infection experiments. Virus stock titration and experimental p24 measure-
ments were acquired by enzyme-linked immunosorbent assay (ELISA) using the HIV-1 p24 antigen
capture immunoassay kit (Leidos Biomedical Research Inc., Frederick National Laboratory for Cancer
Research) per the manufacturer’s instructions.

trans and cis infections. (i) trans infection. A total of 1 	 106 APC were incubated with a low
concentration of HIV-1 (MOI, 10�3) for 2 h at 37°C and then washed 3 times with medium. Virus-loaded
APC were cocultured with autologous activated CD4� T cell targets at a 1:10 effector/target ratio
(104:105) in AIM-V medium, and p24 was quantified in cell-free supernatants at days 4, 8, and 12
postcoculture.

(ii) cis infection. A total of 1 	 106 APC or activated CD4� T cells were incubated with low (10�3)
or high (10�1) MOIs of HIV-1 and cultured independently. The p24 levels were measured in cell-free
supernatants at days 4, 8, and 12 postcoculture.

Cell phenotyping. Cells were assessed for surface and intracellular protein expression. M� were
incubated with an amine-binding viability dye using the LIVE/DEAD fixable aqua dead cell stain kit
(Molecular Probes) for 20 min and then incubated with isotype controls or monoclonal antibodies against
CD4 (V450), CD14 (APC-H7), CD16 (APC-H7), CCR5 (phycoerythrin), CD169 (BB515) (BD Biosciences), and
CD209 (APC or fluorescein isothiocyanate [FITC]) (R&D Systems) diluted in wash buffer (phosphate-

FIG 12 Schematic of the role of cholesterol in HIV-1 trans infection. (A) In HIV-1� progressors, unesterified free cholesterol (FC) and esterified cholesterol (EC)
are abundant in the M� and T cell (1), specifically in the plasma membrane, where it aggregates to form lipid rafts (2). (3) Abundant lipid rafting allows for
abundant DC-SIGN expression on the M� surface and HIV-1 binding. (4) This leads to DC-SIGN-mediated virion endocytosis, intracellular transport, and release
of virus into the virological synapse, where optimal infection of CD4� T cells occurs in trans. (5) At low MOIs, trans infection occurs in the absence of M� and
T cell cis infection. (B) In HIV-1� nonprogressors, M� display significantly lower levels of total cholesterol (1), which we hypothesize is mediated by extracellular
elements such as miRNA, signaling molecules, or apolipoproteins facilitating greater cholesterol efflux. (2) Subsequently, lower levels of FC in the plasma
membrane results in significantly less lipid rafting and DC-SIGN expression. Consequently, DC-SIGN-mediated virus binding (3) and virion endocytosis (4) do
not occur at a rate sufficient enough to mediate CD4� T cell infection in trans (5).
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buffered saline [PBS] supplemented with 0.1% fetal calf serum and 0.1% NaN3) for 30 min. Cells were then
permeabilized with Perm II (BD Biosciences) for 20 min and labeled intracellularly with anti-CD68 (BV421;
BD Biosciences) for 30 min. Cells were fixed in 1% paraformaldehyde (PFA), acquired with a BD LSR
Fortessa, and analyzed with FlowJo v10. Fluorochrome compensation was performed using an anti-
mouse Ig, �/negative-control compensation particles set (BD Biosciences) and ArC amine-reactive
compensation bead set (Thermo Fisher) prior to acquisition.

Cellular cholesterol quantification. (i) Total cellular cholesterol. Cultured cells were washed two
times with PBS to remove any residual media and lysed with 200 �l of 0.1% Triton X-100 for total cellular
cholesterol quantification using the Amplex red cholesterol assay kit the per manufacturer’s instructions
(Thermo Fisher). Total cholesterol content was normalized to total cellular protein quantified with the
micro-bicinchoninic acid (BCA) protein assay kit per the manufacturer’s instructions (Thermo Fisher).
Briefly, total cholesterol (in micrograms) was divided by total protein (in milligrams) for each sample.

(ii) Membrane-associated cholesterol. Cultured cells were analyzed for membrane-associated
cholesterol using filipin III from the cholesterol cell-based detection assay kit (Cayman Chemical), per the
manufacturer’s instructions, and analyzed by flow cytometry or confocal microscopy. For flow-cytometric
analysis, cells were incubated with viability dye, labeled with filipin III, resuspended in 1% PFA, acquired with
a BD LSR Fortessa, and analyzed with FlowJo v10 or acquired with the EMD Millipore Amnis ImageStreamX
and analyzed with IDEAS 6.2. For confocal microscopy analysis, M� were grown in glass-bottom dishes coated
with poly–D-lysine (MatTek). Cells were fixed and labeled with filipin III reagent according to the manufac-
turer’s instructions. Cells additionally stained for DC-SIGN with anti-CD209 (FITC; BD Biosciences) were noted.
Cells were acquired on a Nikon A1 confocal microscope at 40	 with a 3.42	 zoom at the University of
Pittsburgh Center for Biological Imaging and analyzed using NIS Elements.

(iii) Plasma membrane lipid rafts. In addition to cholesterol-specific labels, the GM1 ganglioside
was labeled using the Vybrant Alexa Fluor 488 lipid raft labeling kit (Molecular Probes) and analyzed by
flow cytometry or confocal imaging. Integrated density was calculated with ImageJ2 from an average of
five cells per image using five images per sample.

Cholesterol synthesis and protein prenylation studies. (i) Statin treatment. M� were washed
free of AIM-V media after 6 days of culture and then treated for 24 h with a range of concentrations (0.5
to 10 �g/ml) of simvastatin (SIMV) (Sigma) in RPMI supplemented with charcoal-stripped fetal bovine
serum (FBS; Gibco) and M-CSF prior to downstream assays.

(ii) Statin recovery. During 24 h of incubation with SIMV, cells were simultaneously treated with
squalene (Sigma) to recover cholesterol or geranylgeranyl pyrophosphate (GGpp) (Sigma) to recover
protein prenylation blocked by statin treatment. Cells were then washed extensively prior to use in
downstream assays.

(iii) Cholesterol repletion. After day 7 of culture, M� were incubated with 300 �g/ml of soluble
cholesterol in BCD (Sigma) for 2 h and then washed prior to use in downstream assays.

(iv) cDNA preamplification and RT-PCR. Total RNA was extracted from M� with the RNeasy minikit
(Qiagen), and cDNA was generated per the manufacturer’s instructions. cDNA corresponding to human
DC-SIGN, SREBP, ABCA1, ABCG1, PPAR�, LXR�, LXR�, LDLR, CD36, HMG-CoA reductase, APOE receptor 2,
and CD1� was preamplified using the TaqMan PreAmp master mix kit (Applied Biosystems) per the
manufacturer’s instructions. CD1� was also preamplified using IDT TaqMan primers (primer 1, 5=ACTTT
TGGGCTGATATCTTGGG-3=; primer 2, 5=-CTTCCTTGCTCCTTTTGCTATG-3=; probe, 5=-/56-FAM/CTCATG GGA/Z
EN/TCTGATATGACCGGCG/31ABkFQ/-3=). Preamplified cDNA was then used for RT-PCR using TaqMan
gene expression assays (Applied Biosystems) (SREBP, Hs01088679_g1; ABCA1, Hs01059137_m1; ABCG1,
HS00245154_m1; PPAR�, Hs01115513_m1; LXR�, Hs00172885_m1; LXR�, Hs01027215_g1; LDLR,
Hs00181192_m1; CD36�, Hs00354519_m1; HMGCR, Hs00168352_m1; and APOER, Hs00182998_m1) and
TaqMan Universal master mix II, no UNG. RNA polymerase 2 (RNA pol2) was amplified from each sample
as an internal control. ΔCT values were calculated by subtracting averaged threshold cycle (CT) values of
the gene of interest from the RNA pol2 CT within each sample.

Virus binding and internalization studies. (i) Binding. M� were incubated with 12 ng of p24 per
0.5 	 106 cells of AT-2 inactivated BaL HIV-1 for 2 h at 4°C, washed extensively with cold PBS, pelleted,
and lysed with 0.1% Triton X-100. Cell lysates were assessed for p24 content by ELISA. For confocal
analysis, cells were incubated with AT-2-inactivated red fluorescent protein (RFP)-tagged BaL HIV-1 for 2
h at 4°C, washed, mounted, and analyzed by confocal microscopy.

(ii) Internalization. M� were incubated with 12 ng of p24 per 0.5 	 106 cells of AT-2-inactivated BaL
HIV-1 for 2 h at 37°C, washed extensively with PBS, trypsinized to remove surface-bound virus, pelleted,
and lysed with 0.1% Triton X-100. Cell lysates were assessed for p24 content by ELISA. For confocal
analysis, CellLight Early Endosomes-GFP, BacMam 2.0 (Thermo Fisher), was added on day 6 of culture and
incubated overnight. Cells were then washed and incubated with AT-2-inactivated RFP-tagged BaL HIV-1
for 2 h at 37°C, washed, mounted, and analyzed by confocal microscopy.

ACKNOWLEDGMENTS
We extend a special thanks to the participants of the MACS for their dedication to

the study, without which this work would not have been possible. We thank Jeremy
Martinson and Phalguni Gupta for their insightful contributions during discussions of
this work. We also thank Phalguni Gupta and Zandrea Ambrose for gifting the virus
used in these studies. Additionally, we thank Kathy Hartle and Patrick Mehta for their
technical contributions.

DeLucia et al. Journal of Virology

July 2018 Volume 92 Issue 13 e00092-18 jvi.asm.org 16

http://jvi.asm.org


REFERENCES
1. Barouch DH, Deeks SG. 2014. Immunologic strategies for HIV-1 remission

and eradication. Science 345:169 –174. https://doi.org/10.1126/science
.1255512.

2. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE,
Quinn TC, Chadwick K, Margolick J, Brookmeyer R, Gallant J, Markowitz
M, Ho DD, Richman DD, Siliciano RF. 1997. Identification of a reservoir for
HIV-1 in patients on highly active antiretroviral therapy. Science 278:
1295–1300. https://doi.org/10.1126/science.278.5341.1295.

3. Chun TW, Stuyver L, Mizell SB, Ehler LA, Mican JA, Baseler M, Lloyd AL,
Nowak MA, Fauci AS. 1997. Presence of an inducible HIV-1 latent reser-
voir during highly active antiretroviral therapy. Proc Natl Acad Sci U S A
94:13193–13197. https://doi.org/10.1073/pnas.94.24.13193.

4. Finzi D, Blankson J, Siliciano JD, Margolick JB, Chadwick K, Pierson T,
Smith K, Lisziewicz J, Lori F, Flexner C, Quinn TC, Chaisson RE, Rosenberg
E, Walker B, Gange S, Gallant J, Siliciano RF. 1999. Latent infection of
CD4� T cells provides a mechanism for lifelong persistence of HIV-1,
even in patients on effective combination therapy. Nat Med 5:512–517.
https://doi.org/10.1038/8394.

5. Siliciano JD, Kajdas J, Finzi D, Quinn TC, Chadwick K, Margolick JB, Kovacs
C, Gange SJ, Siliciano RF. 2003. Long-term follow-up studies confirm the
stability of the latent reservoir for HIV-1 in resting CD4� T cells. Nat Med
9:727–728. https://doi.org/10.1038/nm880.

6. Walker BD, Yu XG. 2013. Unravelling the mechanisms of durable control
of HIV-1. Nat Rev Immunol 13:487– 498. https://doi.org/10.1038/nri3478.

7. Sigal A, Kim JT, Balazs AB, Dekel E, Mayo A, Milo R, Baltimore D. 2011.
Cell-to-cell spread of HIV permits ongoing replication despite antiretro-
viral therapy. Nature 477:95–98. https://doi.org/10.1038/nature10347.

8. Sigal A, Baltimore D. 2012. As good as it gets? The problem of HIV
persistence despite antiretroviral drugs. Cell Host Microbe 12:132–138.
https://doi.org/10.1016/j.chom.2012.07.005.

9. Rinaldo CR. 2013. HIV-1 trans infection of CD4(�) T cells by professional
antigen presenting cells. Scientifica (Cairo) 2013:164203.

10. Rappocciolo G, Jais M, Piazza P, Reinhart TA, Berendam SJ, Garcia-
Exposito L, Gupta P, Rinaldo CR. 2014. Alterations in cholesterol metab-
olism restrict HIV-1 trans infection in nonprogressors. mBio 5:e01031-13.
https://doi.org/10.1128/mBio.01031-13.

11. Nguyen DH, Hildreth JE. 2000. Evidence for budding of human immu-
nodeficiency virus type 1 selectively from glycolipid-enriched mem-
brane lipid rafts. J Virol 74:3264 –3272. https://doi.org/10.1128/JVI.74.7
.3264-3272.2000.

12. Ono A, Freed EO. 2001. Plasma membrane rafts play a critical role in
HIV-1 assembly and release. Proc Natl Acad Sci U S A 98:13925–13930.
https://doi.org/10.1073/pnas.241320298.

13. Waki K, Freed EO. 2010. Macrophages and cell-cell spread of HIV-1.
Viruses 2:1603–1620. https://doi.org/10.3390/v2081603.

14. Nguyen DG, Hildreth JE. 2003. Involvement of macrophage mannose
receptor in the binding and transmission of HIV by macrophages. Eur J
Immunol 33:483– 493. https://doi.org/10.1002/immu.200310024.

15. Kadiu I, Gendelman HE. 2011. Macrophage bridging conduit trafficking
of HIV-1 through the endoplasmic reticulum and Golgi network. J Pro-
teome Res 10:3225–3238. https://doi.org/10.1021/pr200262q.

16. Baribaud F, Pohlmann S, Doms RW. 2001. The role of DC-SIGN and
DC-SIGNR in HIV and SIV attachment, infection, and transmission. Virol-
ogy 286:1– 6. https://doi.org/10.1006/viro.2001.0975.

17. Gordon S, Taylor PR. 2005. Monocyte and macrophage heterogeneity.
Nat Rev Immunol 5:953–964. https://doi.org/10.1038/nri1733.

18. Geijtenbeek TB, Kwon DS, Torensma R, van Vliet SJ, van Duijnhoven GC,
Middel J, Cornelissen IL, Nottet HS, Kewal Ramani VN, Littman DR, Figdor
CG, van Kooyk Y. 2000. DC-SIGN, a dendritic cell-specific HIV-1-binding
protein that enhances trans-infection of T cells. Cell 100:587–597.
https://doi.org/10.1016/S0092-8674(00)80694-7.

19. Rappocciolo G, Piazza P, Fuller CL, Reinhart TA, Watkins SC, Rowe DT, Jais
M, Gupta P, Rinaldo CR. 2006. DC-SIGN on B lymphocytes is required for
transmission of HIV-1 to T lymphocytes. PLoS Pathog 2:e70. https://doi
.org/10.1371/journal.ppat.0020070.

20. Izquierdo-Useros N, Lorizate M, Puertas MC, Rodriguez-Plata MT, Zang-
ger N, Erikson E, Pino M, Erkizia I, Glass B, Clotet B, Keppler OT, Telenti
A, Krausslich HG, Martinez-Picado J. 2012. Siglec-1 is a novel dendritic
cell receptor that mediates HIV-1 trans-infection through recognition of
viral membrane gangliosides. PLoS Biol 10:e1001448. https://doi.org/10
.1371/journal.pbio.1001448.

21. Pohlmann S, Baribaud F, Lee B, Leslie GJ, Sanchez MD, Hiebenthal-
Millow K, Munch J, Kirchhoff F, Doms RW. 2001. DC-SIGN interactions
with human immunodeficiency virus type 1 and 2 and simian immuno-
deficiency virus. J Virol 75:4664 – 4672. https://doi.org/10.1128/JVI.75.10
.4664-4672.2001.

22. Kwon DS, Gregorio G, Bitton N, Hendrickson WA, Littman DR. 2002.
DC-SIGN-mediated internalization of HIV is required for trans-
enhancement of T cell infection. Immunity 16:135–144. https://doi.org/
10.1016/S1074-7613(02)00259-5.

23. Castanho MA, Coutinho A, Prieto MJ. 1992. Absorption and fluorescence
spectra of polyene antibiotics in the presence of cholesterol. J Biol Chem
267:204 –209.

24. Thurnher M, Nussbaumer O, Gruenbacher G. 2012. Novel aspects of
mevalonate pathway inhibitors as antitumor agents. Clin Cancer Res
18:3524 –3531. https://doi.org/10.1158/1078-0432.CCR-12-0489.

25. Greenwood J, Steinman L, Zamvil SS. 2006. Statin therapy and autoim-
mune disease: from protein prenylation to immunomodulation. Nat Rev
Immunol 6:358 –370. https://doi.org/10.1038/nri1839.

26. Goedeke L, Fernandez-Hernando C. 2012. Regulation of cholesterol
homeostasis. Cell Mol Life Sci 69:915–930. https://doi.org/10.1007/
s00018-011-0857-5.

27. Simons K, Vaz WL. 2004. Model systems, lipid rafts, and cell membranes.
Annu Rev Biophys Biomol Struct 33:269 –295. https://doi.org/10.1146/
annurev.biophys.32.110601.141803.

28. Chawla A, Boisvert WA, Lee CH, Laffitte BA, Barak Y, Joseph SB, Liao D,
Nagy L, Edwards PA, Curtiss LK, Evans RM, Tontonoz P. 2001. A PPAR
gamma-LXR-ABCA1 pathway in macrophages is involved in cholesterol
efflux and atherogenesis. Mol Cell 7:161–171. https://doi.org/10.1016/
S1097-2765(01)00164-2.

29. Goldstein JL, Brown MS. 2009. The LDL receptor. Arterioscler Thromb
Vasc Biol 29:431– 438. https://doi.org/10.1161/ATVBAHA.108.179564.

30. Ikonen E. 2008. Cellular cholesterol trafficking and compartmentaliza-
tion. Nat Rev Mol Cell Biol 9:125–138. https://doi.org/10.1038/nrm2336.

31. Simons K, Toomre D. 2000. Lipid rafts and signal transduction. Nat Rev
Mol Cell Biol 1:31–39.

32. Simons K, Sampaio JL. 2011. Membrane organization and lipid rafts. Cold
Spring Harb Perspect Biol 3:a004697. https://doi.org/10.1101/cshperspect
.a004697.

33. Fajas L, Schoonjans K, Gelman L, Kim JB, Najib J, Martin G, Fruchart JC,
Briggs M, Spiegelman BM, Auwerx J. 1999. Regulation of peroxisome
proliferator-activated receptor gamma expression by adipocyte differ-
entiation and determination factor 1/sterol regulatory element binding
protein 1: implications for adipocyte differentiation and metabolism.
Mol Cell Biol 19:5495–5503. https://doi.org/10.1128/MCB.19.8.5495.

34. Zaunders J, van Bockel D. 2013. Innate and adaptive immunity in
long-term non-progression in HIV disease. Front Immunol 4:95. https://
doi.org/10.3389/fimmu.2013.00095.

35. Chiozzini C, Arenaccio C, Olivetta E, Anticoli S, Manfredi F, Ferrantelli
F, d’Ettorre G, Schietroma I, Andreotti M, Federico M. 2017. Trans-
dissemination of exosomes from HIV-1-infected cells fosters both
HIV-1 trans-infection in resting CD4(�) T lymphocytes and reactiva-
tion of the HIV-1 reservoir. Arch Virol 162:2565–2577. https://doi.org/
10.1007/s00705-017-3391-4.

36. Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M,
Curry WT, Jr, Carter BS, Krichevsky AM, Breakefield XO. 2008. Glioblas-
toma microvesicles transport RNA and proteins that promote tumour
growth and provide diagnostic biomarkers. Nat Cell Biol 10:1470 –1476.
https://doi.org/10.1038/ncb1800.

37. Jeon TI, Osborne TF. 2016. miRNA and cholesterol homeostasis. Biochim
Biophys Acta 1861:2041–2046. https://doi.org/10.1016/j.bbalip.2016.01
.005.

38. Dominiczak MH, Caslake MJ. 2011. Apolipoproteins: metabolic role and
clinical biochemistry applications. Ann Clin Biochem 48:498 –515.
https://doi.org/10.1258/acb.2011.011111.

39. Record M, Poirot M, Silvente-Poirot S. 2014. Emerging concepts on the
role of exosomes in lipid metabolic diseases. Biochimie 96:67–74.
https://doi.org/10.1016/j.biochi.2013.06.016.

40. Granelli-Piperno A, Pritsker A, Pack M, Shimeliovich I, Arrighi JF, Park CG,
Trumpfheller C, Piguet V, Moran TM, Steinman RM. 2005. Dendritic
cell-specific intercellular adhesion molecule 3-grabbing nonintegrin/
CD209 is abundant on macrophages in the normal human lymph node

Cholesterol and Macrophage HIV-1 trans Infection Journal of Virology

July 2018 Volume 92 Issue 13 e00092-18 jvi.asm.org 17

https://doi.org/10.1126/science.1255512
https://doi.org/10.1126/science.1255512
https://doi.org/10.1126/science.278.5341.1295
https://doi.org/10.1073/pnas.94.24.13193
https://doi.org/10.1038/8394
https://doi.org/10.1038/nm880
https://doi.org/10.1038/nri3478
https://doi.org/10.1038/nature10347
https://doi.org/10.1016/j.chom.2012.07.005
https://doi.org/10.1128/mBio.01031-13
https://doi.org/10.1128/JVI.74.7.3264-3272.2000
https://doi.org/10.1128/JVI.74.7.3264-3272.2000
https://doi.org/10.1073/pnas.241320298
https://doi.org/10.3390/v2081603
https://doi.org/10.1002/immu.200310024
https://doi.org/10.1021/pr200262q
https://doi.org/10.1006/viro.2001.0975
https://doi.org/10.1038/nri1733
https://doi.org/10.1016/S0092-8674(00)80694-7
https://doi.org/10.1371/journal.ppat.0020070
https://doi.org/10.1371/journal.ppat.0020070
https://doi.org/10.1371/journal.pbio.1001448
https://doi.org/10.1371/journal.pbio.1001448
https://doi.org/10.1128/JVI.75.10.4664-4672.2001
https://doi.org/10.1128/JVI.75.10.4664-4672.2001
https://doi.org/10.1016/S1074-7613(02)00259-5
https://doi.org/10.1016/S1074-7613(02)00259-5
https://doi.org/10.1158/1078-0432.CCR-12-0489
https://doi.org/10.1038/nri1839
https://doi.org/10.1007/s00018-011-0857-5
https://doi.org/10.1007/s00018-011-0857-5
https://doi.org/10.1146/annurev.biophys.32.110601.141803
https://doi.org/10.1146/annurev.biophys.32.110601.141803
https://doi.org/10.1016/S1097-2765(01)00164-2
https://doi.org/10.1016/S1097-2765(01)00164-2
https://doi.org/10.1161/ATVBAHA.108.179564
https://doi.org/10.1038/nrm2336
https://doi.org/10.1101/cshperspect.a004697
https://doi.org/10.1101/cshperspect.a004697
https://doi.org/10.1128/MCB.19.8.5495
https://doi.org/10.3389/fimmu.2013.00095
https://doi.org/10.3389/fimmu.2013.00095
https://doi.org/10.1007/s00705-017-3391-4
https://doi.org/10.1007/s00705-017-3391-4
https://doi.org/10.1038/ncb1800
https://doi.org/10.1016/j.bbalip.2016.01.005
https://doi.org/10.1016/j.bbalip.2016.01.005
https://doi.org/10.1258/acb.2011.011111
https://doi.org/10.1016/j.biochi.2013.06.016
http://jvi.asm.org


and is not required for dendritic cell stimulation of the mixed leukocyte
reaction. J Immunol 175:4265– 4273. https://doi.org/10.4049/jimmunol
.175.7.4265.

41. Soilleux EJ, Morris LS, Leslie G, Chehimi J, Luo Q, Levroney E, Trowsdale
J, Montaner LJ, Doms RW, Weissman D, Coleman N, Lee B. 2002. Con-
stitutive and induced expression of DC-SIGN on dendritic cell and
macrophage subpopulations in situ and in vitro. J Leukoc Biol 71:
445– 457.

42. Cambi A, de Lange F, van Maarseveen NM, Nijhuis M, Joosten B, van Dijk
EM, de Bakker BI, Fransen JA, Bovee-Geurts PH, van Leeuwen FN, Van
Hulst NF, Figdor CG. 2004. Microdomains of the C-type lectin DC-SIGN
are portals for virus entry into dendritic cells. J Cell Biol 164:145–155.
https://doi.org/10.1083/jcb.200306112.

43. Cambi A, Lidke DS, Arndt-Jovin DJ, Figdor CG, Jovin TM. 2007. Ligand-
conjugated quantum dots monitor antigen uptake and processing by
dendritic cells. Nano Lett 7:970 –977. https://doi.org/10.1021/nl0700503.

44. Gummuluru S, Rogel M, Stamatatos L, Emerman M. 2003. Binding of
human immunodeficiency virus type 1 to immature dendritic cells can
occur independently of DC-SIGN and mannose binding C-type lectin
receptors via a cholesterol-dependent pathway. J Virol 77:12865–12874.
https://doi.org/10.1128/JVI.77.23.12865-12874.2003.

45. Sewald X, Ladinsky MS, Uchil PD, Beloor J, Pi R, Herrmann C, Motamedi
N, Murooka TT, Brehm MA, Greiner DL, Shultz LD, Mempel TR, Bjorkman
PJ, Kumar P, Mothes W. 2015. Retroviruses use CD169-mediated trans-
infection of permissive lymphocytes to establish infection. Science 350:
563–567. https://doi.org/10.1126/science.aab2749.

46. Zaccard CR, Watkins SC, Kalinski P, Fecek RJ, Yates AL, Salter RD, Ayyavoo
V, Rinaldo CR, Mailliard RB. 2015. CD40L induces functional tunneling
nanotube networks exclusively in dendritic cells programmed by medi-
ators of type 1 immunity. J Immunol 194:1047–1056. https://doi.org/10
.4049/jimmunol.1401832.

47. Saez-Cirion A, Hamimi C, Bergamaschi A, David A, Versmisse P, Melard A,
Boufassa F, Barre-Sinoussi F, Lambotte O, Rouzioux C, Pancino G, ANRS
CO18 Cohort. 2011. Restriction of HIV-1 replication in macrophages and
CD4� T cells from HIV controllers. Blood 118:955–964. https://doi.org/
10.1182/blood-2010-12-327106.

48. Tamma SL, Sundaram SK, Lev M, Coico RF. 1996. Inhibition of sphingo-
lipid synthesis down-modulates CD4 expression by peripheral blood T
lymphocytes and T lymphoma cells. Biochem Biophys Res Commun
220:916 –921.

49. Matsuda K, Hattori S, Kariya R, Komizu Y, Kudo E, Goto H, Taura M, Ueoka
R, Kimura S, Okada S. 2015. Inhibition of HIV-1 entry by the tricyclic
coumarin GUT-70 through the modification of membrane fluidity.
Biochem Biophys Res Commun 457:288 –294. https://doi.org/10.1016/j
.bbrc.2014.12.102.

50. Nguyen DH, Taub D. 2002. Cholesterol is essential for macrophage
inflammatory protein 1 beta binding and conformational integrity of CC
chemokine receptor 5. Blood 99:4298 – 4306. https://doi.org/10.1182/
blood-2001-11-0087.

51. Hong PW, Flummerfelt KB, de Parseval A, Gurney K, Elder JH, Lee B. 2002.
Human immunodeficiency virus envelope (gp120) binding to DC-SIGN
and primary dendritic cells is carbohydrate dependent but does not
involve 2G12 or cyanovirin binding sites: implications for structural
analyses of gp120-DC-SIGN binding. J Virol 76:12855–12865. https://doi
.org/10.1128/JVI.76.24.12855-12865.2002.

52. Campbell JH, Hearps AC, Martin GE, Williams KC, Crowe SM. 2014. The
importance of monocytes and macrophages in HIV pathogenesis,
treatment, and cure. AIDS 28:2175–2187. https://doi.org/10.1097/
QAD.0000000000000408.

53. Cory TJ, Schacker TW, Stevenson M, Fletcher CV. 2013. Overcoming

pharmacologic sanctuaries. Curr Opin HIV AIDS 8:190 –195. https://doi
.org/10.1097/COH.0b013e32835fc68a.

54. Tassaneetrithep B, Burgess TH, Granelli-Piperno A, Trumpfheller C, Finke
J, Sun W, Eller MA, Pattanapanyasat K, Sarasombath S, Birx DL, Steinman
RM, Schlesinger S, Marovich MA. 2003. DC-SIGN (CD209) mediates den-
gue virus infection of human dendritic cells. J Exp Med 197:823– 829.
https://doi.org/10.1084/jem.20021840.

55. Simmons G, Reeves JD, Grogan CC, Vandenberghe LH, Baribaud F,
Whitbeck JC, Burke E, Buchmeier MJ, Soilleux EJ, Riley JL, Doms RW,
Bates P, Pohlmann S. 2003. DC-SIGN and DC-SIGNR bind ebola glyco-
proteins and enhance infection of macrophages and endothelial cells.
Virology 305:115–123. https://doi.org/10.1006/viro.2002.1730.

56. Danthi P, Chow M. 2004. Cholesterol removal by methyl-beta-
cyclodextrin inhibits poliovirus entry. J Virol 78:33– 41. https://doi.org/
10.1128/JVI.78.1.33-41.2004.

57. Vashishtha M, Phalen T, Marquardt MT, Ryu JS, Ng AC, Kielian M. 1998.
A single point mutation controls the cholesterol dependence of Semliki
Forest virus entry and exit. J Cell Biol 140:91–99. https://doi.org/10.1083/
jcb.140.1.91.

58. Petersen J, Drake MJ, Bruce EA, Riblett AM, Didigu CA, Wilen CB, Malani
N, Male F, Lee FH, Bushman FD, Cherry S, Doms RW, Bates P, Briley K, Jr.
2014. The major cellular sterol regulatory pathway is required for Andes
virus infection. PLoS Pathog 10:e1003911. https://doi.org/10.1371/
journal.ppat.1003911.

59. Longenecker CT, Hileman CO, Funderburg NT, McComsey GA. 2014.
Rosuvastatin preserves renal function and lowers cystatin C in HIV-
infected subjects on antiretroviral therapy: the SATURN-HIV trial. Clin
Infect Dis 59:1148 –1156. https://doi.org/10.1093/cid/ciu523.

60. Funderburg NT, Jiang Y, Debanne SM, Storer N, Labbato D, Clagett B,
Robinson J, Lederman MM, McComsey GA. 2014. Rosuvastatin treatment
reduces markers of monocyte activation in HIV-infected subjects on
antiretroviral therapy. Clin Infect Dis 58:588 –595. https://doi.org/10
.1093/cid/cit748.

61. Eckard AR, Jiang Y, Debanne SM, Funderburg NT, McComsey GA. 2014.
Effect of 24 weeks of statin therapy on systemic and vascular inflamma-
tion in HIV-infected subjects receiving antiretroviral therapy. J Infect Dis
209:1156 –1164. https://doi.org/10.1093/infdis/jiu012.

62. Calza L, Manfredi R, Chiodo F. 2003. Statins and fibrates for the treat-
ment of hyperlipidaemia in HIV-infected patients receiving HAART. AIDS
17:851– 859. https://doi.org/10.1097/00002030-200304110-00010.

63. Lo J, Lu MT, Ihenachor EJ, Wei J, Looby SE, Fitch KV, Oh J, Zimmerman
CO, Hwang J, Abbara S, Plutzky J, Robbins G, Tawakol A, Hoffmann U,
Grinspoon SK. 2015. Effects of statin therapy on coronary artery plaque
volume and high-risk plaque morphology in HIV-infected patients with
subclinical atherosclerosis: a randomised, double-blind, placebo-
controlled trial. Lancet HIV 2:e52– e63. https://doi.org/10.1016/S2352
-3018(14)00032-0.

64. Rasmussen LD, Kronborg G, Larsen CS, Pedersen C, Gerstoft J, Obel N.
2013. Statin therapy and mortality in HIV-infected individuals; a Danish
nationwide population-based cohort study. PLoS One 8:e52828. https://
doi.org/10.1371/journal.pone.0052828.

65. Fichtenbaum CJ, Gerber JG, Rosenkranz SL, Segal Y, Aberg JA, Blaschke
T, Alston B, Fang F, Kosel B, Aweeka F, NIAID AIDS Clinical Trials Group.
2002. Pharmacokinetic interactions between protease inhibitors and
statins in HIV seronegative volunteers: ACTG study A5047. AIDS 16:
569 –577. https://doi.org/10.1097/00002030-200203080-00008.

66. Sankapal S, Gupta P, Ratner D, Ding M, Shen C, Sanyal A, Stolz D, Cu-Uvin
S, Ramratnam B, Chen Y. 2016. HIV exposure to the epithelia in ecto-
cervical and colon tissues induces inflammatory cytokines without tight
junction disruption. AIDS Res Hum Retrovir 32:1054 –1066. https://doi
.org/10.1089/aid.2015.0185.

DeLucia et al. Journal of Virology

July 2018 Volume 92 Issue 13 e00092-18 jvi.asm.org 18

https://doi.org/10.4049/jimmunol.175.7.4265
https://doi.org/10.4049/jimmunol.175.7.4265
https://doi.org/10.1083/jcb.200306112
https://doi.org/10.1021/nl0700503
https://doi.org/10.1128/JVI.77.23.12865-12874.2003
https://doi.org/10.1126/science.aab2749
https://doi.org/10.4049/jimmunol.1401832
https://doi.org/10.4049/jimmunol.1401832
https://doi.org/10.1182/blood-2010-12-327106
https://doi.org/10.1182/blood-2010-12-327106
https://doi.org/10.1016/j.bbrc.2014.12.102
https://doi.org/10.1016/j.bbrc.2014.12.102
https://doi.org/10.1182/blood-2001-11-0087
https://doi.org/10.1182/blood-2001-11-0087
https://doi.org/10.1128/JVI.76.24.12855-12865.2002
https://doi.org/10.1128/JVI.76.24.12855-12865.2002
https://doi.org/10.1097/QAD.0000000000000408
https://doi.org/10.1097/QAD.0000000000000408
https://doi.org/10.1097/COH.0b013e32835fc68a
https://doi.org/10.1097/COH.0b013e32835fc68a
https://doi.org/10.1084/jem.20021840
https://doi.org/10.1006/viro.2002.1730
https://doi.org/10.1128/JVI.78.1.33-41.2004
https://doi.org/10.1128/JVI.78.1.33-41.2004
https://doi.org/10.1083/jcb.140.1.91
https://doi.org/10.1083/jcb.140.1.91
https://doi.org/10.1371/journal.ppat.1003911
https://doi.org/10.1371/journal.ppat.1003911
https://doi.org/10.1093/cid/ciu523
https://doi.org/10.1093/cid/cit748
https://doi.org/10.1093/cid/cit748
https://doi.org/10.1093/infdis/jiu012
https://doi.org/10.1097/00002030-200304110-00010
https://doi.org/10.1016/S2352-3018(14)00032-0
https://doi.org/10.1016/S2352-3018(14)00032-0
https://doi.org/10.1371/journal.pone.0052828
https://doi.org/10.1371/journal.pone.0052828
https://doi.org/10.1097/00002030-200203080-00008
https://doi.org/10.1089/aid.2015.0185
https://doi.org/10.1089/aid.2015.0185
http://jvi.asm.org

	RESULTS
	M-mediated HIV-1 trans infection enhances virus production from CD4+ T cells in SN. 
	M mediate HIV-1 trans infection in PR but not NP. 
	M susceptibility to HIV-1 cis infection is associated with HIV-1 disease progression. 
	The number of DC-SIGN-expressing M correlates with trans infection efficiency. 
	M trans and cis infections of HIV-1 are facilitated by DC-SIGN. 
	NP M have lower total cellular and cell membrane-associated free cholesterol than PR. 
	SIMV decreases M trans infection. 
	SIMV decreases DC-SIGN-expressing M and trans infection in a cholesterol-mediated manner. 
	SIMV alters membrane-associated cholesterol and lipid rafting in M. 
	PR M express higher levels of PPAR mRNA. 
	NP M internalize less HIV-1 into early endosomes. 

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement. 
	Participants. 
	Cell isolation and culture. 
	trans and cis infections. (i) trans infection. 
	(ii) cis infection. 
	Cell phenotyping. 
	Cellular cholesterol quantification. (i) Total cellular cholesterol. 
	(ii) Membrane-associated cholesterol. 
	(iii) Plasma membrane lipid rafts. 
	Cholesterol synthesis and protein prenylation studies. (i) Statin treatment. 
	(ii) Statin recovery. 
	(iii) Cholesterol repletion. 
	(iv) cDNA preamplification and RT-PCR. 
	Virus binding and internalization studies. (i) Binding. 
	(ii) Internalization. 

	ACKNOWLEDGMENTS
	REFERENCES

