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Persistent levels of IL-10 play a central role in progressive immune dysfunction associated with chronic viral
infections such as HIV, but the underlying mechanisms are poorly understood. Because IL-10 affects the phe-
notypic and functional properties of DCs, which are responsible for initiating adaptive immune responses, we
investigated whether IL-10 induces changes in DC phenotype and function in the context of HIV infection. Here,
we show that IL-10 treatment of immature and mature human DCs in culture induced contrasting phenotypic
changes in these populations: immature DCs exhibited aberrant resistance to NK cell-mediated elimination,
whereas mature DCs exhibited increased susceptibility to NKG2D-dependent NK elimination. Treatment of
immature and mature DCs with HIV resulted in potent IL-10 secretion and the same phenotypic and functional
changes observed in the IL-10-treated cells. Consistent with these in vitro data, LNs isolated from individuals
infected with HIV exhibited aberrant accumulation of a partially “immature” DC population. Together, these
data suggest that the progressive immune dysfunction observed in chronic viral infections might be caused in
part by IL-10-induced reversal of DC susceptibility to NK cell-mediated elimination, resulting in the accumula-

tion of poorly immunogenic DCs in LN, the sites of adaptive immune response induction.

Introduction

DCs serve as immunological sentinels that monitor tissues for
pathogens or tumor cells (1, 2). In tissues, DCs exist as imma-
ture, highly phagocytic cells that continuously sample the
extracellular milieu for non-self antigens (3, 4). In this state,
immature DCs express low levels of MHC class I (MHC-I) and
MHC-II antigens. However, after tissue damage or encoun-
ter with a danger signal from a non-self antigen, a cascade of
events occurs that allows DCs to shut down antigen uptake,
upregulate antigen presentation, express MHC-I and -II mol-
ecules, migrate out of tissues, and begin to express costimula-
tory molecules required for the induction of adaptive immune
responses (3). These events ensure that DCs efficiently prime an
immune response that is responsible for clearance of the infec-
tion or tumor. In this capacity, DCs serve as the principal bridge
between innate and adaptive immune responses (5).

Once mature, DCs express high levels of MHC in conjunction
with an array of costimulatory molecules specifically tuned to
potently induce T and B cell responses (6, 7). In contrast, immature
DCs express low levels of MHC antigens and costimulatory mol-
ecules and have been shown to be poorly immunogenic, instead
delivering strong tolerogenic signals (8, 9). Immature or incom-
pletely mature DCs that aberrantly gain the potential to migrate to
lymphoid organs have been implicated in a number of pathologic
conditions, including asthma, cancer, and viral infections. Thus,
as a result of the potent immunogenic or tolerogenic capacity of
DCs, their function must be tightly regulated, and escape from
this regulation can result in immunopathology (4, 9, 10).
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NK cells are innate lymphocytes that patrol the body, survey-
ing for tumor or infected cells that do not express self MHC-I
(11, 12). In this capacity, NK cells are involved in the rapid elimina-
tion of autologous immature DCs that aberrantly enter the periph-
eral circulation, while sparing mature DCs, because of differences
in MHC-I expression (13, 14). This NK cell-mediated quality con-
trol of DC populations ensures that only immunogenic mature
DCs are able to gain access to inductive sites. Several groups have
postulated that NK cells are involved in the tight control of DCs,
as they regulate the DC populations that gain access to second-
ary lymphoid tissues by rapidly eliminating tolerogenic DCs that
express low levels of MHC on their surface to prevent induction of
tolerant responses (14-16).

NK cells express a wealth of receptors in different combinations
(17, 18). These receptors can be either inhibitory or activating in
nature, and it is therefore the balance of these opposing signals
that dictates the activation state of an individual NK cell clone
(19). Loss of MHC-I results in diminished inhibitory signals
(which normally dominate), followed by an activating signal upon
ligation of an activating receptor on the NK cell, required for the
release of cytolytic granules or immunomodulators. Ferlazzo et al.
have shown that activated NK cells eliminate immature DCs via
the activating NK cell receptor NKp30 (16).

Several features of an effective immune response are altered
in the context of chronic viral infections (20, 21). These include
high levels of immune activation and generation of dysfunctional
T cell responses (22-24). In the context of lymphocytic chorio-
meningitis virus (LCMV) infection, chronic elevated levels of the
immunosuppressive cytokine IL-10 appear to be central to the
observed inability of mice to control variants of the virus that
establish chronic infection (LCMV clone 13; ref. 25). Blockade of
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IL-10 during LCMYV clone 13 infection resulted in resolution of
the infection, demonstrating the critical role of this cytokine in
skewing the antiviral immune response (26). Similarly, HIV infec-
tion is associated with elevated levels of IL-10 in the peripheral
circulation, which suggests that this immunosuppressive cytokine
may also contribute to lack of disease control in this viral infec-
tion. However, the mechanisms by which IL-10 skews the immune
response are poorly understood.

IL-10 has been reported to have a profound impact on both
phenotypic and functional properties of DCs, resulting in the dif-
ferentiation of tolerogenic DCs that causes poor T cell induction
(27-30). Interestingly, chronic LCMV infection has previously been
associated with changes in DC phenotype in LNs that are remi-
niscent of tolerogenic DC accumulation (25); such changes are
potentially responsible for the induction of dysfunctional adaptive
responses. Given the critical nature of NK cell regulation of DC
populations, we hypothesized that similar changes occur in the LN
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Figure 1

Accumulation of aberrant DC populations in the LNs of HIV-infected
individuals. Shown are mean + SEM of (A) HLA-DR and HLA-I (i.e.,
HLA-A, -B, or -C) and (B) costimulatory molecules CD40, CD83, CD80,
and CD86 on the surface of CD3-CD14-CD56-CD11c* DCs in PBMCs
and LNs from HIV-infected and HIV-negative donors. *P < 0.05.

DCs of HIV-infected individuals and that these changes are attrib-
utable to IL-10-induced alterations in NK cell-mediated quality
control of DCs. In the present study, we observed accumulation
of phenotypically altered DCs in the LNs of HIV-infected sub-
jects that exhibited a more immature-like tolerogenic phenotype.
In addition, we demonstrated that HIV-induced IL-10 secretion
resulted in profound changes in the phenotype of both immature
and mature DC populations, rendering partially mature DCs resis-
tant to deletion by NK cells while making mature DCs susceptible
to NKG2D-mediated NK cell elimination. These effects of IL-10
likely disrupt the access of normal DC populations to inductive
sites, which may have a profound impact on the quality of the anti-
viral adaptive immune response.

Results
Accumulation of partially mature DC populations in LNs from HIV-infected
individuals. Chronic viral infections are associated with declining
adaptive immune function (20, 21, 31), including the accumulation
of dysfunctional T cells that express inhibitory receptors on their
surface, including programmed death receptor 1 (PD-1; ref. 31).
However, it is uncertain whether the observed dysfunction is
caused by direct effects of chronic viral replication on T cells or
indirect mechanisms that act to induce poorly functional T cell
responses. It is possible that early changes in the repertoire of DCs
may result in the generation of progressively dysfunctional T cell
responses, specifically at inductive sites. To test whether chronic
HIV infection was associated with changes in DC populations in
the peripheral circulation and LNs, we characterized the matura-
tion phenotype of DCs in the peripheral blood (PB) and LNs of
10 individuals within the first year of untreated HIV infection as
well as 5 HIV-negative controls. DCs were remarkably different in
the PB compared with those in the LNs (Figure 1). Interestingly,
DCs in the LNs exhibited significantly higher levels of HLA-DR
and HLA class I (HLA-I) expression — indicating that these cells
had received maturation signals — compared with those in PB
(P=0.001and P=0.007, respectively; Figure 1A). However, despite
elevated levels of HLA molecules, these cells expressed significantly
fewer of the costimulatory molecules CD40 and CD83 in the LNs
of HIV-infected versus HIV-negative individuals (P = 0.001 and
P=0.01, respectively; Figure 1B). These data suggest that untreated
early HIV infection is associated with aberrant accumulation of
DCs that pass NK cell quality control because of their normal
levels of MHC-I and -II, but exhibit a more immature/tolerogenic
phenotype as a result of reduced levels of costimulatory molecules.
These data potentially reflect earlier selection of aberrant DCs in
vivo as a result of differential deletion of particular DC popula-
tions in the LN, or because of novel recruitment of these aberrant
DCs after exposure to viral replication.

IL-10 modulates HLA-I expression on DCs. Central to the immunologic
dysfunction observed in chronic viral infections, such as HIV, HCV,
and LCMV, are persistent elevated levels of the immunoregulatory
cytokine IL-10 (20, 32). Previous work has demonstrated that in vitro
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culture of both immature and mature DCs with IL-10 results in pro-
found phenotypic changes (30). To characterize the effect of IL-10
on DC expression of MHC-I, we cocultured immature and mature
monocyte-derived DCs in the presence or absence of IL-10 for 2 days
and then measured MHC-I surface expression. As expected, MHC-I
expression was significantly lower on immature than mature DCs in
the absence of IL-10 (P = 0.0002; Figure 2, A and B). In the presence
of IL-10, mature DCs lost MHC-I expression (P = 0.008); however,
MHC-I level increased on the surface of IL-10-treated immature DCs
compared with untreated immature DCs (P = 0.02; Figure 2, A and B).
Thus, IL-10 has opposite effects on MHC-I expression levels on
immature and mature DCs, potentially rendering them differentially
susceptible to NK cell-mediated lysis.

IL-10 modifies DC susceptibility to NK cell-mediated deletion. Given
the profound differences in MHC-I expression on immature and
mature DCs after treatment with IL-10, we tested the hypoth-
esis that these changes render IL-10-treated DCs differentially
susceptible to NK cell-mediated lysis. Thus, IL-10-treated and
untreated immature and mature chromium-labeled DCs were
cocultured with autologous NK cells for 6 hours. As reported
previously, immature DCs were susceptible to NK cell-mediated
lysis, whereas mature DCs were resistant to lysis (Figure 2C). After
IL-10 treatment, immature DCs became resistant to NK cell-medi-
ated elimination at all effector/target ratios compared with the
untreated immature DCs (P < 0.05, all comparisons; Figure 2C).
In contrast, IL-10 treatment rendered mature DCs susceptible
to elimination by autologous NK cells compared with untreated
mature DCs (P < 0.05, all comparisons; Figure 2C). Thus, it is
likely that IL-10-induced changes in MHC-I expression renders
immature DCs resistant while rendering mature DCs susceptible
to elimination by autologous NK cells.
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IL-10 skews DCs toward a tolerogenic phenotype. In addition to
changes in MHC-I expression, we determined whether IL-10 treat-
ment of immature and mature DCs affects the expression of other
maturation markers. Similar to its effects on MHC-I, IL-10 slightly
increased MHC-II expression on immature DCs, while downregulat-
ing it on mature DCs (Figure 3, A and B), as previously reported (30).
Although MHC-II expression on immature DCs did not reach the
levels expected based on ex vivo DCs observed in the LNs of HIV-
infected individuals (Figure 1), in vitro treatment of DCs resulted
in the upregulation of this molecule on these cells, which typically
express little MHC-I. Thus, it is possible that in vivo immature DCs
may be generated with a greater dynamic range of MHC-II expres-
sion, allowing NK cells to specifically select for those with higher
levels of this molecule on their surface, or that additional signals
in the LN may stimulate enhanced expression of MHC-II, but not
of other molecules. Moreover, increasing concentrations of IL-10
appeared to increase the expression of MHC-II on the surface of
immature DCs (Supplemental Figure 1; available online with this
article; doi:10.1172/JCI40913DS1). This indicates that at higher con-
centrations of IL-10 — which may occur in particular microenviron-
ments — immature DCs may upregulate this molecule to a greater
extent. Furthermore, IL-10 treatment of immature DCs resulted in
reduced expression of CD86, which suggests that despite the increase
in HLA-DR, these DCs do not upregulate the required costimulatory
molecules expressed on fully mature immunogenic DCs. Conversely,
IL-10 stimulation of mature DCs resulted in reduced CD11¢, CD83,
CD86, CD40, and HLA-DR expression. Furthermore, IL-10 was able
to alter both immature and mature DC phenotypes at even 100-fold
lower concentrations of the immunoregulatory cytokine (Supple-
mental Figure 1), demonstrating the substantial impact of IL-10,
even at low doses, on the phenotype of DCs.
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IL-10 treatment of immature and mature DCs results in a more tolerog

enic DC phenotype. (A) Expression pattern of a range of phenotypic

markers on the surface of immature and mature monocyte-derived DCs in the presence of medium alone or IL-10. (B) Mean + SEM of the

phenotypic markers for all 5 experiments. *P < 0.05.

Recently, 2 negative regulators of T cell function, programmed
death ligand 1 (PD-L1) and PD-L2, have been implicated in regu-
lating the quality of T cell responses induced by DCs. We therefore
monitored IL-10-treated immature and mature DCs for changes
in these 2 molecules. Immature DCs significantly upregulated
PD-L1 (P = 0.004) and exhibited an overall shift in the expression
of PD-L2 after treatment with IL-10 (Figure 3, A and B). Interest-
ingly, PD-L1 and PD-L2 were both downregulated on mature DCs
after treatment with IL-10. Thus, IL-10 treatment results in a par-
tially mature tolerogenic phenotype on immature DCs.

NKG2D-dependent elimination of IL-10—treated DCs. NK cell-
mediated elimination of target cells is controlled by a delicate
balance of inhibitory and activating signals (19). The loss of
1908
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inhibitory signals tips the balance away from inhibition, but is
not sufficient to induce killing by an NK cell; a second activat-
ing signal is critically required to induce the functional killing
of the target cell. The activating C-type lectin NKG2D has been
implicated in NK cell-mediated control of several viral infec-
tions and tumors (33). Given the multifunctional role of this
activating NK cell receptor, we examined whether it could also
be involved in activation of NK cells by IL-10-treated DCs. We
stained IL-10-treated or untreated immature and mature DC
populations with an NKG2D-fusion construct. The NKG2D-
fusion construct did not bind to either of the immature DC
populations (Figure 4A), which suggests that IL-10 was not
inducing NKG2D ligands on the surface of immature DCs.
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NK cells eliminate IL-10-treated mature DCs in an NKG2D-dependent manner, which is blocked by IL-10R blockade. (A) Binding capacity of an
NKG2D-fusion construct and expression of MIC-A/B on immature and mature DCs in the presence of medium alone or IL-10. (B) Coexpression
levels of MIC-A/B and MHC-| on the surface of immature or mature DCs in the presence and absence of IL-10. (C) Mean + SEM capacity of
NK cells to lyse IL-10—treated mature DCs in the absence or presence of an NKG2D-blocking antibody (n = 5). (D) Mean + SEM percent lysis
of mature DCs by autologous NK cells after maturation in the presence of medium alone, IL-10 alone, and IL-10 plus IL-10R-blocking antibody
— either during maturation in vitro (culture) or during the NK cell/DC killing assay (killing). *P < 0.05; **P < 0.01.

However, the NKG2D-fusion construct bound to the IL-10-
treated mature DC population, but not the untreated mature
DCs, which demonstrated that NKG2D ligands are upregulated
on the surface of mature DCs only after IL-10 treatment.

NKG2D binds to a number of different stress-inducible
ligands, including MHC-1 homolog A (MIC-A), MIC-B, and
UL-16-binding proteins (ULBP-1-ULBP-3; ref. 33). To iden-
tify whether MIC-A or -B were upregulated on the surface of
IL-10-treated mature DCs, we stained IL-10-treated and untreat-
ed immature and mature DCs with antibodies against MIC-A/B.
Although the antibody did not bind to either of the immature
DC populations, it did bind to the IL-10-treated mature DCs,
but not to IL-10-treated immature DCs (Figure 3B). These data
suggest that the MIC-A and MIC-B are upregulated on mature,
but not immature, DCs after treatment with IL-10.
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As the upregulation of MIC-A/B was modest on the whole IL-10-
treated mature DC population, we sought to ascertain whether
there was any relation between DCs that upregulate MIC-A/B
expression and those that lose MHC-I expression, as these would
represent the most vulnerable population of DCs for NK cell-medi-
ated elimination. We costained the different DC populations for
MIC-A/B and MHC-I simultaneously in the presence or absence
of IL-10 in 4 separate individuals (Figure 4B). The level of MHC-I
increased remarkably on the surface of IL-10-treated immature
DCs, in the absence of any changes in MIC-A/B levels (Figure 4B).
In contrast, MHC-I expression declined dramatically in nearly
half the mature DCs in the presence of IL-10, of which nearly half
potently upregulated MIC-A/B (Figure 4B). These data suggest that
the NKG2D ligands MIC-A and MIC-B are upregulated specifically
on IL-10-treated mature DCs that have lost MHC-I expression.
Number 6 1909
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NK cell-induced lysis of IL-10—treated mature DCs is mediated by
NKG2D. The above data demonstrated that IL-10 treatment of
DCs results in the upregulation of NKG2D ligands and down-
regulation of MHC-I on the surface of mature DCs. To define
the potential role of these NKG2D ligands in NK cell-mediated
lysis of autologous IL-10-treated mature DCs, we attempted to
measure the involvement of NKG2D in NK cell-mediated DC kill-
ing by blocking this receptor with a blocking antibody. Whereas
IL-10-treated mature DCs were lysed efficiently, NKG2D block-
ade prior to coculture with autologous IL-10-treated mature DCs
resulted in a nearly 80% reduction in NK cell-mediated killing of
autologous DCs (P = 0.0001; Figure 4C). Thus, NKG2D-dependent
activation of NK cells constitutes a principal mechanism by which
NK cells recognize and eliminate IL-10 treated mature DCs.

IL-10 receptor blockade during coculture restores mature DC resistance to
NK cell-mediated elimination. To definitively determine whether IL-10
is responsible for modulating DC susceptibility to NK cell-mediated
elimination, as well as to define at which step IL-10 blockade reverses
mature DC susceptibility to NK cell-mediated elimination, mature
DCs were treated with an IL-10 receptor-blocking (IL-10R-blocking)
antibody, either during maturation in vitro or during the NK cell/DC
killing assay. Although IL-10R blockade had no impact on mature DC
elimination during the chromium release assay, treatment of mature
DCs with the IL-10R-blocking antibody during the maturation pro-
cess dramatically reduced DC susceptibility to elimination by autol-
ogous NK cells (Figure 4D). These data strongly suggest that IL-10
renders mature DCs susceptible to NK cell-mediated lysis indirectly
via alterations in DC phenotype rather than through potentiation of
NK cell-mediated lysis of DCs during coculture.
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HIV alters DC maturation and phenotype analogously to IL-10. To
assess whether the observed differences in IL-10-mediated DC
phenotypic modifications are also observed after DC coculture
with HIV, we characterized the surface expression of the above
markers on both immature and mature monocyte-derived DCs
cultured in the presence or absence of an RS virus. Coculture
with HIV induced partial maturation of immature DCs, result-
ing in elevated levels of CD83, HLA-DR, and HLA-I expression,
but not CD80 or CD86 expression, on immature DCs (Figure
SA). Remarkably, this phenotype of HIV-treated immature DCs
was similar to the observed DC populations in the LNs of HIV-
infected individuals (Figure 1). In contrast, HIV-treated mature
DCs exhibited reduced expression of CD83, CD86, HLA-DR, and
HLA-I (Figure 5A). Additionally, both immature and mature DCs
upregulated PD-L1 after coculture with HIV. Furthermore, cocul-
ture of DCs with HIV resulted in potent secretion of IL-10 by
both subsets of DCs (Figure 5B), as previously described (34), and
supernatant from these cocultures induced similar changes in DC
phenotype (data not shown). These data suggest that HIV-induced
modulation of DC phenotype may be attributable in part to
autocrine IL-10-induced effects.

To determine whether monocyte-derived DC exposure to HIV
renders immature and mature DCs differentially susceptible to
NK cell-mediated elimination, we performed a similar NK cell/DC
killing assay in the presence of HIV. Immature and mature DCs
were cocultured for 2 days in the presence of HIV, then placed in
coculture with autologous NK cells. As we showed for IL-10 treat-
ment of DCs, HIV pretreatment resulted in an inverted susceptibil-
ity of DCs for elimination by NK cells: immature DCs were resis-
Number 6
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tant to elimination, whereas mature DCs were robustly eliminated
by autologous NK cells (Figure 5C). These data demonstrate that
HIV itself, which induces IL-10 secretion from DCs, can reverse
DC susceptibility to NK cell-mediated elimination.

Discussion

Chronic viral infections are characterized by the development of pro-
gressive T cell dysfunction (21, 31), and IL-10 has been recently impli-
cated in this process (25). However, the mechanisms by which IL-10
induces this dysfunction are still poorly understood. Here we show
that IL-10 reversed the susceptibility of immature and mature DCs for
NK cell-mediated deletion. Whereas NK cells are normally involved in
the elimination of immature DCs and the preservation of immuno-
genic mature DCs (13, 14), coculture with IL-10 or HIV resulted in the
rapid elimination of mature DCs, while immature DCs were spared.
This IL-10/HIV-mediated redistribution was also observed ex vivo in
LNs from HIV-infected individuals, in such a way that HIV infection
was associated with accumulation of DCs with normal MHC-I and -1I
expression, but also with reduced levels of costimulatory molecules,
potentially reflective of an aberrant selection of a more immature/
tolerogenic population of DCs prior to entry into the LN. Interest-
ingly, IL-10/HIV-induced elimination of mature DCs was attribut-
able to downregulation of MHC-I and upregulation of MIC-A/B. In
contrast, in the presence of IL-10/HIV, poorly immunogenic imma-
ture DCs upregulated MHC-I and were protected from NK cell-medi-
ated elimination. Thus, IL-10-induced immune dysfunction may be
related, at least in part, to the modification of DC populations able to
gain access to inductive sites, where they may profoundly modulate
the quality of the adaptive immune response.

The tolerogenic impact of IL-10 has been illustrated in several
recent studies (35, 36). Most notably, the delivery of an antigen in
the presence of IL-10 results in antigen-specific tolerance (30). In
addition, ex vivo IL-10 treatment of freshly isolated APCs (myeloid
DCs) has been shown to alter APC phenotype, downregulating pro-
liferation and differentiation of Th1 cells in vivo (35) as well as in
vitro (30). The immunosuppressive activity of IL-10 has been linked
to blockade of proinflammatory cytokine production, downregula-
tion of antigen presentation, downregulation of costimulation, and
reduced expression of costimulatory molecules (35). In the present
study, we evaluated IL-10-induced phenotypic changes on DCs and
how these relate to alteration in DC susceptibility to NK cell-medi-
ated elimination. IL-10 treatment resulted in a dramatic altera-
tion in the phenotype of both immature and mature DCs. After
coculture with IL-10, both mature and immature DCs expressed
low levels of costimulatory molecules (Figure 3); however, only
mature DCs lost MHC-I and -II expression (Figure 2). In contrast,
the immature DCs upregulated MHC molecules potently after
exposure to IL-10, which suggests that immature and mature DCs
respond differentially to the same immunosuppressive cytokine.

Previous work has shown that NK cells eliminated immature
DCs robustly via NKp30 (16), while sparing mature DCs (13, 14),
but not via NKG2D. Here we showed that IL-10 reversed the sus-
ceptibility of immature and mature DCs for NK cell-mediated
deletion. IL-10 treatment resulted in the robust protection of
immature DCs from elimination by autologous activated NK cells.
In contrast, mature DCs upregulated NKG2D ligands and were
rapidly eliminated in an NKG2D-dependent manner by autolo-
gous activated NK cells (Figure 4). These changes in DC suscepti-
bility to NK cell-mediated elimination were reflected by aberrant
accumulation of immature-like DCs, with elevated expression of
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MHC-I in ex vivo LNs from HIV-infected individuals compared
with those from HIV-negative individuals (Figure 1). Furthermore,
HIV induced IL-10 secretion by DCs and led to similar changes in
HLA-I and NKG2D ligand expression on DCs (Figures 4 and 5),
which suggests that HIV may induce these aberrant changes in DC
phenotype via upregulation of IL-10, which acts in an autocrine
manner on producing cells (Figure 5). Chronic HIV infection is
associated with a gradual accumulation of anergic CD3-CD56- NK
cells that lose the capacity to kill (37, 38); however, the observed
redistribution of DC subsets was detectable as early as the first
year of HIV infection, before the observed accumulation of these
functionally exhausted NK cells. This finding suggests that
although NK cell-mediated deletion may wane over time, these
early changes may occur rapidly, contributing to early changes in
the functional quality of emerging adaptive immune responses.
Thus, HIV induced IL-10 production may result in the early aber-
rant accumulation of immature poorly immunogenic DCs that
may be responsible for priming inefficient T cell responses.
Several studies have shown that immature DCs, which aberrantly
gain access to inductive sites, deliver tolerogenic signals as a result
of low-level expression of costimulatory molecules (9, 10). Here we
showed thatIL-10 treatment resulted in the upregulation of HLA-DR
and MHC-I on immature DCs, but not in the expression of CD40,
CD80, CD83, and CD86, costimulatory molecules required for effi-
cient priming of T cell responses (Figure 3). Similarly, DCs in the LNs
of HIV-infected individuals also exhibited a more immature pheno-
type, with low-level expression of costimulatory molecules (Figure 1);
however, these DCs exhibited higher levels of MHC-I and -II
expression compared with immature treated DC populations
(Figures 3 and 5). This discrepancy may reflect NK cell-mediated
selection of tolerogenic DCs with normal expression of MHC-I and
-II molecules (which may be induced in vivo and possibly at higher
doses of IL-10) or could be due to additional signals other than IL-10
that may occur in vivo and cumulatively alter the phenotype of
DCs during infection. Interestingly, IL-10 treatment of immature
DCs also led to the upregulation of PD-L1 and PD-L2, expressed
on the surface of exhausted T cells (Figure 3). PD-L1/L2 have also
been shown to be induced via the stimulation of DCs with HIV-
encoded TLR7/8 ligands (39), which are also responsible for the
upregulation of IL-10 (40). Thus, the combined lack of expression of
costimulatory molecules, along with the upregulation of inhibitory
ligands, may amplify the induction of tolerogenic T cell responses.
These data are consistent with a model in which HIV-induced, IL-10-
mediated changes in DC populations in the LNs of HIV-infected
individuals may contribute to induction of dysfunctional adaptive
immune responses unable to clear or contain the viral infection.
Serum levels of IL-10 increase rapidly following several acute viral
infections (41, 42). The synergistic induction of both proinflamma-
tory and this antiinflammatory stimuli may play a profound role
in the general regulation of the potency and duration of the anti-
viral response. However, the mechanism by which IL-10 mediates
its effects early in infection is not understood. Based on the results
presented here, it is plausible that early IL-10 may be involved in
limiting the window of time in which DCs are able to gain access to
inductive sites, by regulating DC susceptibility for NK cell-mediated
elimination. Thus, as IL-10 accumulates, DCs leaving tissues may
become more vulnerable to NK cell-mediated elimination with pro-
gressive infection, limiting the number of DCs that gain access to
LN. Therefore, IL-10 may recruit the activity of NK cells to regulate
the size of the adaptive immune response during early infection.
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Based on our present findings, we propose a mechanism by which
IL-10 induces immune dysregulation in persistent viral infections,
using HIV infection as a model. Exposure of DCs to HIV resulted in
secretion of large quantities of IL-10 that significantly modulated DC
phenotype in an autocrine manner, resulting in the rapid elimination
of mature DCs in an NKG2D-dependent manner. In contrast, imma-
ture DCs upregulated MHC-I and were protected from deletion by
DCs, resulting in their accumulation in LNs, where they may induce
dysfunctional adaptive immune responses. Further investigation is
warranted to define qualitative differences in adaptive immune prim-
ing by these aberrant DC subsets that accumulate in the LN during
early HIV infection. However, given this aberrant deletion of DCs in
an NKG2D-dependent manner by NK cells, it is plausible that new
targeted therapies aimed at blocking NKG2D-dependent elimination
of mature DCs early in HIV infection may reduce the elimination of
mature DCs that would still have the potential to induce higher-quality
T cell responses required for antiviral control. This strategy may also
overcome some of the more generalized effects of IL-10 blockade and
may result in specific amelioration of the immune defects induced by
prolonged exposure to virus replication.

Methods

Subjects. A total of 26 subjects (10 HIV infected and 16 HIV negative) was
recruited for this study. The 10 HIV-infected subjects were recruited in early
HIV infection (i.e., within the first year of infection), prior to initiation of
antiretroviral therapy. For all HIV-infected individuals, at least 1 PBMC and
at least 1 LN time point was obtained during the first year of HIV infection.
The average viral load for these individuals was 2.4 x 10 RNA copies/ml
(range, 5 x 10! to 3.5 x 10° copies/ml), and the average CD4" T cell count was
419 cells/ul (range, 175 to 810 cells/ul). The local and Massachusetts General
Hospital Institutional Review Boards approved the study, and each subject
gave written informed consent.

LN biopsies. Axillary LN biopsies were performed under local anesthesia
after written informed consent was obtained. LN samples were placed in nor-
mal saline at 4°C and immediately transferred to the laboratory for further
processing. Mononuclear cells were mechanically liberated from lymphoid
tissue, and LN mononuclear cells were frozen in FCS plus 10% DMSO. Fresh
PBMCs were separated from PB by density gradient centrifugation using
Ficoll-Hypaque (Sigma-Aldrich) and frozen in FCS plus 10% DMSO.

Generation of monocyte-derived DCs. PBMCs and plasma were isolated using
standard Ficoll separation from the blood of HIV-negative donors. Plasma
was sterile filtered using steriflip (Millipore Corp.). PBMCs were washed and
incubated in a 75-cm? cell culture flask at 37°C (5% CO,). After 1 hour, the cell
layer was pressure washed with warm HBSS (Mediatech Inc.) to remove non-
adhering cells. Cells were incubated for 5 days in RPMI, P/L, HEPES, and 1%
autologous human serum. At days 0, 2, and 4, IL-4 and GM-CSF (CellGenix)
were added to final concentrations of 20 and 10 ng/ml, respectively. At day 5,
cells were incubated at 4°C for 30 minutes, supernatant was harvested, and
the remaining cells were collected by washing 3 times with ice-cold PBS. Mat-
uration was performed subsequently for 2 days in the presence of 5 ng/ml
tumor necrosis factor-a, 5 ng/ml IL-1f, 150 ng/ml IL-6, and 1,000 ng/ml
prostaglandin-E2 (R&D Systems). Both immature and mature DCs were
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cultured thereafter in the presence or absence of IL-10 at 40 ng/ml (R&D
Systems) and in some instances a IL-10R-blocking antibody (Biolegend).

DC maturation phenotype. The maturation status of myeloid DCs was
evaluated by flow cytometry after maturation in the presence or absence
of 40 ng/ml IL-10 (R&D Systems) or 105 infectious units of HIV. DCs were
stained with 2 different panels of antibodies. Panel 1 included biotin-
conjugated CD80, FITC-conjugated CD83, allophycocyanin-conjugated
CD40, PE-Cy5.5-conjugated CD11c, PE-Cy5-conjugated MHC-I, allophy-
cocyanin-Cy7-conjugated HLA-DR, PE-conjugated MIC-A/B, and Pacific
Blue-conjugated CD3-CD14-CD19 (BD Biosciences). Panel 2 included
PE-Cy7-conjugated PD-L1, allophycocyanin-conjugated PD-L2, PE-Cy5-
conjugated MHC-I, allophycocyanin-Cy7-conjugated HLA-DR, Pacific
Blue-conjugated CD3-CD14-CD19 (BD Biosciences), and PE-CyS5.5-con-
jugated CD11c (Invitrogen). Cells were then washed, and a streptavidin-
cascade yellow was added to Panel 1. Panel 1 was washed once more, after
which all tubes were resuspended in 200 pl of 2% paraformaldehyde until
they were acquired on a flow cytometer. At least 3 x 10° cells were acquired,
and data were analyzed using FlowJo.

NK cell enrichment. Pure NK cell populations were generated from whole
blood by negative selection using the Stem Cell Rosette Sep cocktail (Stem
Cell Technologies). Whole blood was incubated for 20 minutes in the presence
of the cocktail, and pure NK cells were collected following Ficoll separation.
The average purity of bulk NK cell populations was 93.8% (range, 92.4% to
97.5%). Bulk NK cells were washed twice and resuspended at 10 x 10° cells/ml
in RPMI 1640 containing 10% heat-inactivated FBS, 2 mM L-glutamine, and
50 IU/ml penicillin supplemented with 50 U/ml IL-2.

Chromium release assay. The ability of NK cells to lyse autologous DCs was
examined using a standard chromium release assay. Mature and imma-
ture DCs, pulsed with IL-10, HIV, or neither, were labeled with 50 uCi
Na,(51Cr04) (New England Nuclear) for 1 hourat 37°C, 5% Co,. The target
cells were washed 3 times and then placed in coculture with autologous
NK cells at effector/target ratios of 50:1, 25:1, and 10:1 in the presence or
absence of an IL-10R-blocking antibody (Biolegend). Supernatant was har-
vested onto a filter membrane plate after a 6-hour incubation at 37°C and
5% CO,. The percent lysis was calculated as (sample count - spontaneous
release)/(maximal release - spontaneous release).

Statistics. To test for differences in the mean among several populations,
an ANOVA with a Tukey’s correction was used for all comparisons with
Pvalues less than 0.05. Error bars represent SD. A Pvalue less then 0.05 was
considered significant.
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