










DC pretreatment with NB-DGJ inhibitor of glucosphingolipid syn-
thesis (Fig. 2E). These data indicate that TLR7 signaling in mdDCs
induces changes in the sphingolipid pathway and CD1d expression
that support their ability to activate iNKT cells.

The endogenous CD1d-presented Ag GlcCer 24:1 accumulates
in HIV-infected DCs

To investigate whether the abundance of GlcCer 24:1 changes in
infected mdDCs, cells were infected with HIV-1 encoding eGFP.
The eGFP2 and eGFP+ cells were purified by flow cytometric sorting

followed by sphingolipid extraction and analysis by mass spec-
trometry (Supplemental Fig. 2A). The eGFP2 fraction purity was
typically 100%, and the eGFP+ fraction had purity .80%
(Supplemental Fig. 2B). Uninfected (mock) mdDCs and sorted
eGFP2 mdDCs had similar levels of GlcCer 24:1 (Supplemental
Fig. 2C). Notably, sorted eGFP+ mdDCs showed a significant in-
crease in GlcCer 24:1 content compared with eGFP2 cells (Fig. 3).
These results indicate that sensing of productive HIV-1 infection
leads to accumulation of an endogenous CD1d-presented iNKT cell-
activating ligand in DCs.

FIGURE 2. TLR7 stimulation induces changes in

ugcg and b4galt6 expression and iNKT cell activation.

mdDCs were stimulated with imiquimod for 8–48 h and

expression levels of (A) ugcg and (B) b4galt6 were

assessed by quantitative PCR; data are representative of

three independent experiments. mdDCs were infected

with DHIV3 wt or DHIV3 ΔnefΔvpu for 6 d and ex-

pression of (C) b4galt6 (n = 7) and (D) ugcg (n = 8) was

assessed by quantitative PCR; mean and SD from inde-

pendent experiments is shown. (E) The human iNKT cell

clone HDD3 was cocultured with mdDCs in the presence

of imiquimod for 24 h. As a positive control, aGalCer

(100 ng/ml) was added to one coculture condition.

mdDCs were left untreated or preincubated with 50 mM

NB-DGJ for 24 h. FACS plots show one representative

out of six independent experiments. *p , 0.05 by t test.

FIGURE 3. GlcCer 24:1 accumulates in HIV-1–infected

DCs. mdDCs were infected with DHIV3 eGFP for 6 d and

sorted based on eGFP expression. Pellets of sorted cells

were extracted and then subjected to mass spectrometry

analysis for glycolipid content. (A) Representative selected

reaction monitoring (SRM) UPLC-MS/MS chromatograms

of GlcCer 24:1. (B) Relative GlcCer 24:1 levels in eGFP2

mdDCs compared with eGFP+ mdDCs (n = 7). *p , 0.05

by Wilcoxon signed rank test.
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To investigate whether this accumulation was involved in CD1d
upregulation by DCs following TLR7 stimulation or HIV-1 in-
fection, mdDCs were pretreated with NB-DGJ before addition of
TLR7 agonist. Induction of CD1d surface expression was not
affected by pretreatment with NB-DGJ (Supplemental Fig. 3A).
Similarly, no change in CD1d surface expression induction was
observed in NB-DGJ–treated HIV-1 DnefDvpu-infected mdDCs
(Supplemental Fig. 3B), suggesting that the upregulation of CD1d
in response to HIV-1 is independent of GlcCer 24:1 accumulation.

HIV-infected DCs trigger an iNKT cell response that is
inhibited by Nef and Vpu

The combination of elevated CD1d surface expression and accu-
mulation of GlcCer 24:1 in response to HIV-1 infection suggests
that productively infected DCs may be able to trigger an iNKT cell
response independently of viral Ag recognition. Because the fre-
quency of productively HIV-infected mdDCs is low, we used a
microscopy-based assay to investigate the iNKT cell response to
infected DCs at the single cell level (Fig. 4A). We previously
showed that this assay allows assessment of the iNKT cell re-
sponse to the exogenous model Ag aGalCer (38). The iNKT cell
IFN-g production in response to mdDCs infected with wt HIV-1
was significantly reduced compared with uninfected mdDCs
(Fig. 4B). In contrast, HIV-1 DnefDvpu–infected mdDCs triggered
a significantly higher IFN-g production in iNKT cells as com-
pared with uninfected mdDCs (Fig. 4B). The rate of formation
of DC–iNKT cell complexes was similar between wt-infected
mdDCs and DnefDvpu-infected mdDCs as determined by flow
cytometry (data not shown). The iNKT cell response to HIV-1
DnefDvpu–infected mdDCs was dependent on CD1d, as deter-
mined by preincubation of mdDCs with CD1d-blocking mAb
(Fig. 4C). Pretreatment of the HIV-1 DnefDvpu–infected mdDCs
with NB-DGJ inhibitor for 24 h also significantly reduced the
iNKT cell IFN-g response (Fig. 4C), supporting the notion that the
endogenous GlcCer 24:1 Ag may be involved in the triggering of
iNKT cell activation by HIV-infected mdDCs. This iNKT cell re-
sponse was dependent on productive HIV-1 infection, as activation
levels were similarly low when iNKT cells were in complex with
p242 mdDCs in both wt or DnefDvpu HIV-1–infected DC cultures
(data not shown). Furthermore, pretreatment of mdDCs with
NB-DGJ did not alter iNKT cell activation by p242 mdDCs (data
not shown). Taken together, these data suggest that iNKT cells
specifically respond to productively HIV-1–infected DCs in the
absence of functional Vpu and Nef expression, and this occurs in a
CD1d-dependent and endogenous Ag-dependent manner.

iNKT cells and CD1d+ DCs are present in the female genital
mucosa

The main route of HIV-1 transmission is across genital mucosal
surfaces, and therefore the presence of iNKT cells and CD1d+ DCs
in the female genital mucosa was investigated. Endometrial and
cervical samples from women undergoing hysterectomy were en-
zymatically digested and analyzed for the presence of iNKT cells and
mDCs by flow cytometry (Supplemental Fig. 4). iNKT cells were
readily detected in the endometrium (0.001–0.58% of T cells,
n = 10) as well as in the cervix (0.001–0.15% of T cells, n = 10)
(Fig. 5A), at frequencies similar to what is usually observed in
peripheral blood in the Swedish population (0.001–0.94% of
T cells, n = 74). The three subsets of iNKT cells, that is, the CD4+,
CD8+, and double-negative subsets, were detected in the tissues
when sufficient events were recorded (Supplemental Fig. 4A). Next,
DCs were identified as previously described (50) (Supplemental
Fig. 4B) and found at similar frequencies in endometrial and cer-
vical tissues. Interestingly, CD1d expression was more frequent in

DCs in the endometrium than in the cervix (Fig. 5B). CD1d+ DCs
expressed higher levels of the main HIV-1 receptors CD4 and CCR5
compared with CD1d2 DCs (Fig. 5C), suggesting that DCs more
susceptible to HIV-1 infection express the CD1d lipid Ag presen-
tation machinery. DC-SIGN was expressed at similar levels in
CD1d+ and CD1d2 DCs (Fig. 5C).
To investigate the localization of CD1d+ APCs in the mucosa by

in situ staining, CD1d was costained together with HLA-DR,
which was used as a surrogate marker for APCs in the tissues.
The CD1d+HLA-DR+ cells displayed a scattered distribution in
the lamina propria of the endometrium, mainly located adjacent to
or within the glandular epithelium (Fig. 5D). In the ectocervix, the
CD1d and HLA-DR coexpressing cells were located in close

FIGURE 4. Innate targeting of HIV-1–infected cells by iNKT cells is

inhibited by Nef and Vpu. (A) mdDCs were infected with ΔnefΔvpu
DHIV3 for 6 d before coculture with iNKT cells for 4 h in the presence of

brefeldin A. Following cytospinning, cells were fixed, permeabilized, and

stained with anti–IFN-g mAb, anti-p24 mAb, and DAPI. IFN-g, red; p24,

green; DAPI, blue. +, IFN-g+ iNKT cells in contact with mdDCs; white

circles, DCs. Image captured using a 360 objective. (B) Quantification of

iNKT cell IFN-g production after coculture with DHIV3 wt or DHIV3

DnefDvpu–infected mdDCs (n = 13). (C) mdDCs infected with DHIV3

DnefDvpu were treated with anti-CD1d mAb (n = 6) or NB-DGJ inhibitor

for 24 h (n = 7) before coculture with iNKT cells and quantification of

iNKT cell IFN-g production. *p , 0.05, **p , 0.01, ***p , 0.001 by

Wilcoxon signed rank test.
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proximity to the basal membrane or in the parabasal layer of the
epithelium. APCs expressing CD1d thus reside at the mucosal
sites where HIV-1 transmission can occur.

Discussion
The results of the present study indicate that productive HIV-1
infection in DCs induces changes in expression of CD1d and
endogenous glycolipid Ag. In the absence of functional Nef and
Vpu expression, these two changes act as danger signals and allow
an innate-like recognition and a rapid response by iNKT cells. The
notion that this may represent a significant immune mechanism to
defend the host during initial transmission events is supported by
the observation that HIV-1 carries Nef- and Vpu-dependent mech-
anisms that inhibit this CD1d surface upregulation and Ag pre-
sentation (24–27). In this study, distinct transmitted founder viral
isolates display differential CD1d downregulation capacity, and a
similar pattern was evident in our recent analysis of a library of Vpu
sequences showing a wide range of activity against CD1d (27).
Different HIV-1 strains may thus be differentially successful in
inhibiting the TLR7-mediated upregulation of the CD1d Ag pre-
sentation pathway (Fig. 6). This mode of immune evasion could be
particularly relevant at the earliest stages of infection where
iNKT cells may act at the site of transmission to prevent HIV-1–
infected DCs from spreading the virus to peripheral secondary
lymphoid organs.
Recognition of CD1-presented lipid and glycolipid Ags is im-

portant for immune responses against bacteria, whereas the im-
portance of this mode of recognition is less obvious for viral
infections, as viruses do not encode those types of Ags. Never-
theless, several viruses have the capacity to interfere with CD1d
surface expression, including HSV-1 (51, 52), Kaposi sarcoma–
associated herpes virus (53), human papillomavirus (54), and
HIV-1 (24–26, 55). The results by Zeissig et al. (56) indicated that
hepatitis B virus infection of hepatocytes induces alterations in

endogenous lipids that can be recognized by both invariant and
noninvariant NKT cells and contribute to hepatitis B virus–specific
immunity in mice. Our finding that iNKT cells respond to HIV-1
infection by recognition of elevated levels of CD1d and endogenous
lipid Ag indicates a novel immune defense strategy against HIV-1.
It also supports the notion that the interference with CD1d ex-
pression observed in several viral infections may more generally
represent viral immune evasion mechanisms from iNKT cell rec-
ognition of endogenous CD1d-presented Ag.
Activation of iNKT cells in tissues, including the mucosa, can be

expected to have both local direct effects and systemic effects on
both innate and adaptive immunity. In the interaction with the
infected target cell, the iNKT cells may produce IFN-g, with direct

FIGURE 5. DCs that express CD1d, CD4, and CCR5 are present in the female genital mucosa. (A) Representative FACS plots for identification of

iNKT cells in the female genital mucosa. (B) Frequency of DCs, CD1d expression on DCs, and frequency of CD1d+ DCs in the endometrium and cervix

(n = 11). Where paired samples were available, those data points are connected with a solid line. (C) Comparison of CD4, CCR5, and DC-SIGN expression

mean fluorescence intensity (MFI) on CD1d2 and CD1d+ DCs in the endometrium (n = 10). (D) In situ staining for DAPI (blue), CD1d (red), and HLA-DR

(green) in the endometrium, Scale bar, 120 mm. Images were collected with a320 objective. *p, 0.05, **p, 0.01 by Mann–Whitney U test in (B) and by

Wilcoxon signed rank test in (C).

FIGURE 6. Proposed model of iNKT cell immune surveillance in the

genital mucosa. Effectiveness of iNKT cell immune surveillance depends

on competition between the immuno-evasive capacity of infecting HIV-1

strains as well as the TLR7-mediated upregulation of the CD1d Ag pre-

sentation pathway.
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antiviral effects, and TNF as well as chemokines that will promote
local inflammation. It is also possible that iNKT cells may me-
diate direct cytolysis of infected cells, although such targeting of
cells may also be indirect via the recruitment of, and cross-talk
with, NK cells. The recent observation that iNKT cells mature and
accumulate in the small intestine already at the fetal develop-
mental stage opens the possibility that this mode of immune
recognition of viral infection may be operative at this site as well
(57). At the systemic level, iNKT cell activation may promote
both cellular and humoral adaptive immune responses, in line with
the well-characterized adjuvant effect of these cells (58). The idea
that this effect can be important in the genital mucosa is supported
by the finding in mice that systemic and mucosal IgG responses
against vaginal immunization with HSV-2 glycoprotein is strongly
enhanced by inclusion of exogenous aGalCer Ag (59). It is pos-
sible that natural activation of iNKT cells by the mechanisms
described in the present study will have similar effects, and ap-
proaches to harness this effect in vaccinology could be very
fruitful. Exploitation of naturally presented endogenous ligands
may avoid exhaustion of the iNKT cell compartment, which can
be a problem with the artificial superagonist Ags (60). Interest-
ingly, Kain et al. (49) recently reported that a-linked GlcCer is an
endogenous CD1d-presented ligand for iNKT cells. Use of such
endogenous Ags may open new possibilities for iNKT cell–based
therapeutics and vaccine adjuvants.
The HIV-1 accessory proteins Vpu and Nef have multiple effects

targeting the innate immune response (55). With regard to CD1d,
the two proteins have complementary mechanisms to prevent
CD1d-mediated Ag presentation, where Nef inhibits surface ex-
pression and triggers internalization from the surface, and Vpu
inhibits CD1d recycling back to the surface from early endosomal
compartments. That HIV-1 maintains these two mechanisms to
prevent recognition of CD1d-presented Ag strongly supports the
importance of such responses in immune defense against this vi-
rus. At the same time, the observation in this study that trans-
mitted founder viral strains may differ in their ability to inhibit
CD1d expression supports the notion that inhibition of iNKT cell
targeting is incomplete and variable between viruses. This is
further supported by our recent observation that the different Vpu
proteins encoded by a broad set of HIV isolates are differentially
effective in downregulating CD1d (27). Collectively, these ob-
servations suggest that there is a dynamic range of effectiveness of
these viral immune evasion mechanisms, and we speculate that
this allows iNKT cells to exert immune surveillance of variable
efficiency during distinct transmission events. We can identify a
population of DCs expressing CD1d in the female genital mucosa,
along with detectable levels of iNKT cells. It is therefore possible
that iNKT cell targeting of infected DCs is an important innate
immune mechanism in the earliest stages of transmission to a new
host. It will be important to study the detailed mechanistic aspects
of HIV-1 Vpu and Nef inhibition of CD1d-mediated Ag presen-
tation. The results of such studies may give clues as to how to
therapeutically counteract these effects and possibly design novel
microbicidal agents to help prevent HIV-1 infection.
In summary, we have investigated the ability of iNKT cells to

recognize HIV-1–infected DCs. The findings indicate that pro-
ductively infected DCs respond to HIV-1 replication in a TLR7-
dependent manner and upregulate both CD1d and the endogenous
GlcCer Ag. Importantly, this allows iNKT cells to recognize and
respond specifically to rare HIV-1–infected DCs in a mixed cul-
ture, and this response is actively inhibited by viral immune
evasion mechanisms. To our knowledge, these findings represent
the first demonstration of human iNKT cell recognition of virus-
infected DCs, and they support a model where innate iNKT cell

responses may play a role in the immune defense of the female
genital mucosa during the initial stages of HIV-1 transmission.
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